Proceedings of FEL 2006, BESSY, Berlin, Germany

MOAAUO1

COHERENCE OF E-BEAM RADIATION SOURCESAND FELS—-
A THEORETICAL OVERVIEW

Avi Gover, Egor Dyunin, Tel-Aviv University, Ramat Aviv, Isragl.

GENERAL FORMULATION FOR
RADIATION EMISSION FROM
MICROSCOPIC CHARGES

This publication is mostly tutorial. It presents a general
time-frequency modal-expansion linear formulation for
radiation excitation from charges. This, however, can be
employed to analyze front-line FEL research problems.
Starting from description of synchrotron undulator
rediation, the model is extended to describe the coherence
characteristics of stimulated emission devices (FEL
amplifiers and oscillators), and then further extended to
the SASE regime. It is then employed to point out
directions for development of coherent X-UV FEL
sources.

The starting point of our formulation is the genera
Maxwell Equations driven by particulate point charge
sources (the source dimension is smaller than the
emission wavelength):
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where in general the point sources may be free electrons,
atomic electric dipoles or atomic magnetic dipoles and

spins[1]:

N
P=ij5(r—rj(t)) 2

In this article we focus on free el ectrons.

Maxwell Equations can be exceedingly simplified in the
frequency domain. In the frequency domain it is possible
in many structures to expand the radiation field in terms

of acomplete set of eigenmodes { Eq }:
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This certainly can be done in a waveguide, but also in
free-space, where one can use a discrete set of modes like
Hermit-Gaussian modes, commonly used in laser physics,
or continuous modes — like plane waves. In this latter case
the summation of q degenerates into integration over
transverse wave numbers.

After modal expansion it is possible to simplify
Maxwell's set of 3-D differential equations into a simple
infinite set of first order ordinary differential equations for
the complex amplitudes Cq(z,@) [2,3]. These can be
solved for each mode at steady state, if the initial
condition C4"(@) (the complex amplitudes at the entrance
to the interaction region) is given (see Fig.1). The forma
solution for the increment of the complex amplitudes in
the case of free electron microscopic chargesis:
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For any charges in the interaction volume the output
amplitudes C,”" can be calculated. Thus the entire output
radiation field can be calculated then by substituting
{Cq"”‘} back into the expansion series (3), or using it
otherwise to calculate optical parameters.

Fig.1: Excitation of radiation modes by particulate charges
(Frequency Domain).
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This suggests the following picture for modal
excitation: the field amplitude increment of each mode is
composed of the sum of contributions from the individual
electrons, which correspond to the “wavepackets’ emitted
by the individual electrons. To calculate the increment to
the radiation mode amplitude, one must solve a contour
integral along the trajectory of each electron and sum up
the wavepacket contributions.

In principle, the trajectories can be expanded in series
in terms of the field amplitudes C,. To zero order, the
trajectories of the electrons are not modified by the
radiation field and we know them explicitly. In this case
the contour integrals can be performed straightforwardly.
If all the electrons have the same trajectories (a narrow
beam), then their wavepacket amplitudes are identical,
except for a “start oscillation” or “entrance time” phase
factor [3]:

CM (0)=CiN(w)+ Y (@)5 6™ + Y ac (9

j= =

The contribution of the electrons to the total field
depends to zero order in the fields on the phase relation
between the wavepackets. These contributions (second
term in (5)) give rise to the spontaneous or superradiant
emission of the electron beam [3]. At higher order of
expansion in terms of the fields, the modification of the
electron trajectories by the fields, gives rise to stimulated
emission or stimulated absorption, represented by the last
term of (5).

Once one calculated the mode amplitudes (5) it is
possible to substitute them in (3) to find the total field.
Alternatively, one can use them to calculate optica
parameters as radiation mode power or spectral energy
(both are quadratic forms of Cy):
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Several physical situations can be distinguished,
corresponding to the manner the amplitudes in (5)
combine in the complex Cy(w) plane to produce the total
radiation field. These are shown graphically in Fig.2 [3].
Let us now neglect the stimulated emission terms, and
assume no input field Cy"(w) = 0. When one absolute
value square the second term in (5) and then average over
the electron phases j, one can distinguish two cases,
corresponding to two different emission processes:

(1) The electron entrance times are random (Fig.2a). In
this case only the non-mixed terms in the square of the
sum do not average down to zero

N ity _iat,
(( Ye @.e% ) =0), consequently the spectra
=L j=#i -
i

energy is proportional to the number of particles N. This
process is referred to as spontaneous emission or shot
noise emission, and radiation spectral energy (6) is
proportional to:

N 2
Z e| aloj
iz
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(2) The €electron entrance times are correlated (Fig.2b):
either they enter in a bunch of duration shorter than the
rediation period, or periodicaly a the radiation
frequency. In these cases the wavepackets emitted by the
individual electrons interfere in phase with each other,
and the spectral power is proportional to N*
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Fig.2: Superposition of mode wavepacket amplitudes of electrons Cy; in the complex plane: &) spontaneous emission,

b) superradiant emission, c) stimulated emission.
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We term this emission process “superradiance’,
following Dicke [4], who analyzed this case for an
ensemble of molecules having electric or magnetic
dipoles, employing a full quantum formulation (note
though that the superradiance effect is classical even in
Dicke's problem [1]). Superradiant emission is aso
termed coherent emission, asin CSR [5].

(3) When the mode field amplitudes at entrance do not
equal to zero (C4" + 0) (Fig.2c), the electron trajectories
may be modified by the presence of the radiation field,
and the integral (4) will result in, beyond the zero order
expansion approximation, a field-dependent radiation
term (third term in (5)). This is the stimulated Emission
term. In first order expansion in the fields (linear regime),
neglecting inter-mode scattering, and this term is
proportional to the mode field amplitude:

N st
Y. ACS = C
j=1

and therefore produces radiation wavepackets in phase
with the incoming wave of amplitude C,", and the total
rediation is coherent.

UNDULATOR RADIATION OF A SINGLE
ELECTRON

The formalism and classification described in the
previous section can be applied to any kind of radiation
mechanism: undulator, synchrotron, Smith-Purcell etc.
[3,6]. We now concentrate on the case of radiative
emission in an undulator. Expressing the radiation field
both in frequency domain and time domain, helps to
understand the coherence characteristics of undulator
radiation and FEL devices. We therefore will employ on
occasions inverse Fourier transform on the radiation
expressions which are generaly derived in this
formulation in the frequency domain.

The frequency domain amplitude of a wavepacket

)
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Fig.3 The spectral emission curve of undulator radiation

of single electron emission.
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emitted into transverse mode q by a single electron
traversing through an undulator is calculated from (4):

CiM(w) = —%{—e Iv (0)-Eq ;1) dt} )

Theresult is:
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where 6(w)L = (Vﬂ— k, (o) - ijL =(w-wghy is the
z
detuning parameter); tg :2—”:L—L is the slippage
Ao Vv, Vg
time, and an, the synchronism frequency, is defined from
O(ay) = 0. Subgtituted in (6), this is a resonant emission
linewidth function, centered on the synchronism
frequency, and having a frequency bandwidth equal to the
inverse of the slippage time (Fig.3):

Note that the amplitudes (10) of the wavepackets qu"“‘
of different electrons differ only by a phase factor (as in
)

One can describe the wavepacket field in the time
domain by performing an inverse Fourier transform over
the complex amplitude function (10):

E(r 't) = Fil{cq (Z, a))Eq (rJ_)eikz (w)z }=
t-z/v, +ty /2

e
s
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(11)

In the time domain, the wavepacket is composed of two
simple truncated sinusoidal waveforms (Fig.4). The high
frequency radiation wavepacket of dlippage time duration
ty1 arrives first after a retardation time L/vy; then the
electron arrives after time L/v, and at the end the low
frequency wavepacket, corresponding to backward
emission in the electron rest-frame, arrives with a
radiation (back-dippage) time Livg, [7]. Here vy, Vg are
the group velocities of the waves propagation in a
waveguide enclosure [7]. In free space vy = C, Vg = -C
and the low frequency wavepacket is actually emitted
backward also in the lab frame. In any case this low
frequency wavepacket is not important for the present
discussion and will be neglected in the subsequent
discussion.
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Fig.4: Time domain waveform of asingle electron
emission wavepacket.
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Fig.5: Superradiant (coherent) radiative emission from
amacropulse train of e-beam bunches:

a) current waveform; b) time domain picture of the
train of phase coherent radiation wavepackets;

¢) spectral power of the radiation field waveform (b).

UNDULATOR RADIATIVE EMISSION OF
A BUNCH OF ELECTRONS

If we consider now emission from a bunch of N
electrons, its resultant radiative emission field will be
composed of a superposition of wavepackets like the one
in Fig4 [3]. In the frequency domain the emission
amplitude from all electrons (10) is the same except for a
phase factor. Therefore the spectral emission curve is the
same function as of a single eectron (Fig.3). It is
multiplied by N in the case of spontaneous emission
(when ty is random - see Eq.7) or by N? in the case of
superradiant emission (when |ty-to| < 277w - see Eq.8).
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EMISSION OF A PERIODIC TRAIN OF
ELECTRON BUNCHES

Examine now superradianat radiative emission from a
train of electron bunches, for example a macro pulse of an
RF accelerator (Fig.5a).

The periodic bunches radiate independently of each
other. The resultant radiation waveform (Fig.5b) is a
temporal periodic sequence of the single bunch
wavepackets of Fig4 (only the high frequency
wavepackets are considered). The duration of the electron
beam macropulse is T, = Ny*27/a,: the number of
electron bunches N, times the bunching period. The
duration of the wavepacket is ty = N,*277 0, the number
of wiggles N,, times the optical radiation period. The
Fourier transform of the wave is dominated by these two
time constants. Fig.5c displays the spectral power of this
waveform (frequency domain) for the common case
where ty << 2w/, In this case there is no overlap
between the wavepackets, and consequently there are
several harmonics under the emission curve.

In the frequency domain, the macropulse spectral
emission curve is the product of the single eectron
emission curve (the absolute value square of (10) — Fig.3)
and the macropulse “form factor” [3]:

B sin(Np7zow | o) 2
MM(w)_|:Npgn(EW/Wb):| (12)

The emission is wide band (2ty), but if one can filter
out one harmonic, or if a4, > Aay , it will have a narrow
linewidth corresponding to the macropulse duration
(under the condition of stability of the bunching
frequency during the entire macropulse duration). This
observation will be important also for the later discussion
on the case of FEL oscillator and SASE.

A nice verification of this concept was demonstrated by
the MIT research group [8] who measured superradiant
Smith-Purcell coherent emission using an RF Linac beam.
Carefully filtering out the radiation emission at the 14"
harmonic of the microbunch repetition rate within the
macropulse by heterodyne detection techniques, they
measured the exceedingly narrow linewidth of the total
waveform of the macropoulse radiation. It was indeed
27T, corresponding to the duration T, of the e-beam
macropul se.

If the electron bunch has a finite duration ty,, then the
expression for radiation spectral energy includes also a
"bunch—form factor"

1”/% . 2
— [ 1(t)e'at

Mo(o]? =
Q—”/wb

(13
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(whichisequal to unity aslong ast, << 27/a@).

This, in practice, limits the harmonic number ny, that can
have appreciable amplitude out of the infinite numbers of
harmonics that the macropulse form factor (12) admits, to

Ny << 2m/oty, (14)

If the waveform of the electron-beam current does not
contain high harmonics (e.g. it is sinusoidally modulated)
then there will be no harmonics under the spectra energy
curve in Fig.5b except the fundamental (ny=1), and its
amplitude will be appreciable only within the bandwidth
of the single electron emission  spectrum
(w-a) < Aw= 27lty. The narrow linewidth (dw~ 27T),)
radiation of the prebunched FEL follows the detuning
curve of Fig.3 as demonstrated experimentally in [22].

Single harmonic radiative emission can take place also
at high harmonic ny of the bunching frequency . This
will happen (under the condition (14)) if the spacing
between the harmonics exceeds the emission bandwidth:

Op > Ang =271/ty

15
or Ny <2m/wgtg =Ny, (15)

In this case, the wavepackets train of Fig.5b merges into
an harmonic wave of the macropulse duration Tp,

FEL AMPLIFIER

Our main interest is in stimulated emission. Many of
the spectral features of superradiant emission discussed
above apply quite closely also to stimulated emission in
an amplifier configuration. The derivation of the
increments AC,* in the wavepacket amplitudes (third term
in Eq.5) in the amplifier case is more involved, since it
requires the calculation of the modification of the electron
trajectories by the input radiation field. When thisis done,
it is found that aso in this case the electron beam is
bunched. The classical stimulated emission from an
electron beam, aways involves electron beam density

\ Ao =7t

GainT

>

O O ®

Fig.6: The FEL Linear regime small-gain curve.
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bunching. Contrary to superradiance the bunching is not
set ab-initio, before entrance into the interaction region,
but it is created by the input radiation signal, at the signa
frequency, in the first part of the wiggler.

As well known, in a CW (or long pulse) FEL amplifier
the single mode (1-D) incremental power gain is givenin
the linear (small signal) small gain regime by (see Fig.6)
[6, 16]:

4P

= -QCsnc(p(0)/2) (16)

The frequency @ of the electron bunching and the
conseguent radiation is determined by the input radiation
signa. Thus the bandwidth of emitted radiation is
determined by the bandwidth of the input signal, and if it
is monochromatic then the output radiation is temporally
coherent (except for admixture of noise (spontaneous
undulator radiation) power emitted in the wiggler. Note
however that the gain curve (16) (Fig.6, which is the
derivative of the spontaneous emission spectral curve
Fig.3) is quite wide still — about one half the width of the
spontaneous emission curve Aay = 7ty.
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Fig.7: RF-Linac FEL Amplifier in the time domain.
a) multi-frquency coherent input signal
b) Electron beam macropulse current waveform
¢) Amplified signal.
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Fig.8: Spectral power of the amplifier output radiation
waveform of Fig.7c.
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If the electron beam is not continuous, of course, its
temporal wave-form will modify the spectrum of the
amplifier radiation output. Let us consider an FEL
amplifier fed by a train of electron beam pulses
(microbunches) from a continuously operating RF-
LINAC (see Fig.7b). The electron macropulse duration,
micropulse duration and repetition period are typically
Tp=10 us, T, ~ ps, Tre ~ ns respectively. The radiation
signal period (say isthe visible spectral region) 2z/a, ~ fs
and the dlippage time Ny27/ay ~ 10 — 100 fs, are both
much shorter than the pulse duration T,

Fig.7 depicts this case in the time domain. For didactic
reasons we assume that the input radiation (Fig.7a) is a
coherent multi-frequency wide spectrum signal, wider
than the gain bandwidth of the FEL (day ~ afty). The
output signal (Fig.7c) is time gated by the waveform of
the electron beam (Fig.7b) and also frequency filtered by
the gain bandwidth of the FEL during the pulse duration.

The same case is displayed in the frquency domain in
Fig.8. Only radiation frequencies within the gain
bandwidth ty of the gain curve Fig.6 are amplified.
Among the amplified frgeuncies only the ones which are
harmonics of the bunching frequency o, within a
A < To >
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Fig.9: The time domain waveform of the radiation
wavepackets emitted at saturation by an RF-Linac FEL
oscillator during the electron beam macropul se.

Ad\NqE’Ut/d(D
G = URy / ( Aw = 7ty
1 Py ’/// //r\
- N T, / —
p \ /X
0 — >
Onae @a)
d\N OUI/d
AW /0w I
/ N G[h = l/Rn
| P
i #
— \\// P \ / S~
TN D
0 —>
Omx “h)

Fig.10: The spectral power and modes structure of
saturated FEL oscillator — a)multiple modes, coherently
mode-locked in an RF-Linac FEL, b) Single mode
operation in aquasi-CW or long pulse (electrostatic
accelerator) FEL.
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frgeuncy deviation Aw ~ 24T, will contribute coherently
to a Fourier transformation of the waveform in Fig.7c
(carried out over the entire macropulse). Consequently the
amplified signal spectrum will contain harmonics of aj, of
linewidth 24T,.

RF -LINAC FEL OSCILLATOR

In laser physics it is customary to present an oscillator
as an amplifier with feedback. In each round-trip a
radiation wave-packet synchronous with an overlapping
e-beam bunch gets amplified and is reflected back by
mirrors into the entrance to the interaction region. It is
assumed that the bunching frequency is commensurate
with the round-trip frequency of the resonator: a new e-
beam bunch arrives together with the radiation pulse, and
the amplification process continues up to steady state
saturation.

How does the saturation of an RF Linac FEL look in the
time domain? Fig.9 displays the steady state waveform of
the oscillator radiation in the time domain. It displays
radiation pulses emitted synchronousely with the RF
bunches, somewhat modified by the slippage effect (asin
the amplifier case — compare to Fig.7c).

In the frequency domain (Fig.10a), the single path gain
curve is the same as in the amplifier (Fig.8), and the RF
frequency of the e-beam bunches is synchronized (by
cavity length detuning) with the round-trip frequency of
the radiation pulses — namely the longitudinal modes of
the resonator. In addition, in the oscillator there is a gain
threshold condition: P./P, > 1/R:. In the oscillation
build-up process al modes (harmonics) are initially
excited. But at saturation only modes with gain higher
than the threshold are filtered in, and have a chance to
survive the oscillation build-up process (Fig.10a).

The steady state output is as in the superradiant
emission case (Fig.5) afinite coherent sum of longitudinal
modes that lie within the gain bandwidth w/ty of the FEL.
This finite sum of harmonic frequencies looks in the time
domain as a periodic train of radiation pul ses synchronous
and with good overlap with the macropulses of e-beam
bunches train that provides the gain. This is an exact
analogue of an actively locked conventional "mode locked
laser". Also inthis casg, if the RF frequency is stable over
the macropulse, the coherence of the harmonics is very
high (if they are filtered out), and is determined by the
duration of the macropulse dw ~ 24T, Namely, the
consecutive radiation wavepackets are coherent with each
other throughout the macropulse (assuming a single
bunch per round-trip).

It is worth noting that high coherence between the
radiation wavepackets emitted by consecutive
microbunches was measured in a long-wavelength FEL
oscillator [19]. This was measured both for the
spontaneous and stimulated emission of the FEL. It is
remarkable that this coherence was observed when there
are several microbunches in the resonator at the same
time (RF bunching period shorter than the cavity round-
trip time). This is explained there as the result of high

FEL Prize and New Lasing
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stability of the ebeam RF frequency and the
microbunches envelop shapes. It is argued that in the
parameters regime of the FELIX FEL [19], the
microbunch formfactor (16) is appreciable of the emission
frequency, and the superradiant (coherent) undulaotr
radiation related to the stable shape of the micropulse
current waveform dominates the random shot noise
radiation, and consequently determines the phase of all
wavepackets. This happened both under conditions of
saturated stimulated emission (oscillator lasing) and
absence of stimulated emission (no overlap of the
recirculating wavepackets).
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Fig.11: Spectrogram of the radiation output from an
electrostatic accelerator FEL oscillator [9].

a) Multimode spectrum evolving into single mode
operation during the oscillation build-up periods.

b) Fourier transform limited spectrum of the surviving
single mode.

Table 1: Intrinsic Linewidth Conditions
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CW (ELECTROSTATIC ACCELERATOR)
FEL OSCILLATOR

What would happen in a CW or a long pulse FEL
oscillator (like an electrostatic accelerator FEL)? In this
case, there are longitudinal modes due to the round-trip
periodicity, but there is no active mode locking. In
principle, many longitudinal modes can co-exist within
the gain bandwidth, and there is no external que that can
phase-lock them.

The oscillation build-up stage involves in this case a
mode competition process, which arises when the
oscillator approaches saturation and arrives to the non-
linear regime. In the FEL, as in other "homogenously
broadened lasers’, this process ends with single mode
operation (see Fig.10b). The single mode laser radiation
linewidth is very narrow corresponding to the pulse
duration. It is given by the Fourier transform limit
Aine ~ 27Ty, and it tends to zero as Tp— « (CW
operation). An experimental confirmation for the mode
competition process and the Fourier transform limited
linewidth of the single-surviving mode in an Electrostatic
Accelerator FEL was provided in the Israeli FEL [ 9] (see
Fig.11). In [9] a relative linewidth A ay = 10° was
measured at frequency f, = 100 GHz corresponding to a
pulse duration T, ~ 10 us.

What determines the linewidth in the limit Tp — «?
This fundamental problem was addressed aready in the
early days of conventional masers [11] and lasers [12]. In
principle the oscillator line breadth is determined by a
process of admixture of incoherent radiation with the
coherent stored radiation field in the cavity. This process
leads to random phase drift of the radiation mode
amplitude C, at the saturation stage (the amplitude is
locked by the saturation process). In a maser the intrinsic
linewidth results in from incoherent black body radiation
emission into the cavity [11]. In a conventional laser, the
limiting factor is the quantum spontaneous emission [12].
In the FEL the limiting factor is the spontaneous
undulator radiation emission (or the electron beam shot
noise) [9, 13]. The three intrinsic linewidth expressions
arelistedin Table 1.

HIGH GAIN FEL AMPLIFIER

Our analysis of the FEL in the linear regimeis based on
the Pierce TWT model for TWT [14, 6]. It is found that
the amplitude of the radiation mode Cy(L) in an FEL
amplifier of interaction length L, depends on the input
field amplitude Cy(0) (regular FEL), but aso on the
amplitudes of the e-beam velocity and current (density)
pre-modulation [15, 16]:

Cq(L, w)=H E(a)) Cq (0,0)+H Y (w) v(,0)+H ! () 1(@,0)
(17)

where the transfer functions are:
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In these formulas we use the “conventional”

parameters: @ - detuning parameter; /"— gain parameter;
6y — space-charge parameter with reduction factor; L —
interaction length; I, — electron beam current, Ae, —
effective mode area. Here &k = k-ky is the modification
to the wavenumber of mode q (at fixed frequency @) due
to the interaction. Solution of the Pierce cubic dispersion
equation 18.5 and substitution into (17, 18.1-18.3) results
in the output radiation field amplitude for all gain regimes
and any initial conditions.

In the high gain tenuous beam regime (72 >> 6,6pr,1)
one gets for an FEL amplifier:

~ 2~ 2 ~ 2
Po(L. ) =[AE]"-[Cq 0.0 = [T Py(0.0)
(19.1)

for acurrent (density) pre-bunched FEL :

P (L) <[ FE " Pb[lt)%ﬁr(o’ of

(19.2)

for avelocity pre-bunched FEL:
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Here

‘I:i FEL‘Z = ie\/gf L .e_(W—%)z/(AwHG )7 (19.4)
9
is the power transfer function of the high gain FEL, and

3¥4 T
Adhe :Eﬂwg‘%

is the full width of /e of maximum of the high gain FEL
gain curve and

(19.5)

SASE FEL

The current and velocity modulation amplitudes in
(19.2, 19.3) may be deterministic (prebunching) or
random (noise). The video presentation in the
transparencies demonstrates the meaning and significance
of the current and velocity coherent modulation and noise
processes.

The SASE FEL is based on amplification of electron
beam noise in the FEL high gain regime. To analyze this
case it is proper to calculate spectral energy and spectral
power parameters instead of the single frequency gain and
radiative power parameters (19.1-19.3):

qu 2 /i~ 2

Wotloer) e
dﬁ:1<%> 02
do T\ do

where the averaging is over the electrons random entrance
timesand T is an averaging time duration longer than the
dlippage time .

The SASE FEL is nothing but a single path high gain
FEL with an effective beam-prebuncing input signal due
to current shot noise and velocity shot noise. Near the
synchronism frequency its spectral power is a sum of the
amplified current and velocity shot noise sources:

dPy ! )

(21.1)

do 7« T

2 \F(o,w)\z
HFELH’[%]{LJ < >
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ﬂng FEL R kZL 2 <|\72(O, 0))|2>
do =« Vo (I |_)2 T
(21.2)
where
<\r ©, a))‘2>
—=dy (22.1)
(v.000) e .
= = |—| .| (22.2)
b

Here dv, isthe axia velocity spread of the electron beam.

Usually the current shot noise is considered the main
source for SASE input power and the velocity noise is
neglected. Thisis not self evident. For this assumption to
be valid (21.1) should exceed (21.2). Considering (22.1,
22.2) thisleadsto the condition

(23)

SPIKING IN SASE-FEL AND THE
IMPUL SE RESPONSE FUNCTION

Since the SASE-FEL is awide band amplifier of awide
band incoherent signa (the shot noise), it is no wonder
that the spectrum of its radiation output is relatively wide
and its temporal waveform is characterized by a random
sharp structure (spiky). Fig.12 [10, 17] displays the
typical spectrum of a single SASE radiation pulse
(Fig.12a), the averaged spectrum over many pulses
(Fig.12b) and the spiky time-domain waveform of a
single radiation pulse (Fig.12c). One should note that the

MOAAUO1

relatively high bandwidth of the averaged radiation
spectrum (UT.y) is related to the characteristic duration
of the spikes (T.on). It is also noteworthy, that the single
pulse spectrum contains spectral lines that are very
narrow (1/T,) — corresponding to the duration of the e-
beam micro bunch - but appear at random centre
frequencies.

Since the shot noise spectrum is uniform, the average
spectrum of the SASE is determined merely by the
transfer functions (18.2, 18.3). Consider now only the
current shot noise. It is useful to expand the logarithm of
the exponentially growing term in (18.3) (including the
phase, namely the imaginary part) to second order in
terms of frequency ® around the synchronism frequency
@, In the high gain (tenuous beam limit) this resultsin:

A (zwy=_"b oi7/12 V3+i)ry/2,,
" T 3Bz

e /B0 )22 a0, ) ik

(24

where Aayg is the width of the high gain FEL gain curve.
Indeed this spectral width is the linewidth Ay ~ UTeon
of the SASE average spectrum shown in Fig.12b.

It is instructive now to calculate the "impulse response
function" corresponding to the complex transfer function
(24). This is draightforwardly found by applying an
inverse Fourier transformation on (24):

E(zt) = Re{(FbAa)HG 1334 [2zf +3) IbFz)

expliz/12+ (W3 +i)7z1 2]
o +i{ o~ 2-to - (a0ni - 210 f8]

exp{— (4o )2('[ —%—to)2 /8}}

This function is displayed in Fig.13. It depicts (within
the quadratic expansion approximation a Gaussian wave
form envelope of width Ty ~ 1/ Aaye. It @so reveals an

Lih < Ty =
|
i -t 1 TV !
I i i Tooh| |
| r "\
Y )
@ (b) (©

Fig.12: Simulation data of SASE radiative emission [9, 16]:
a) Single pulse spectral power, b) Spectral power averaged over many pulses, c¢) Timedomain "Spiky" intensity

distribution of asingle pulse.
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inherent (negative) chirp of the centre frequency

do d?
==2 = —(dwyg /2

a2 (26)

The impul se response function (25) is the coherent field
wave-form created by an impulse of charge (of duration
much shorter than the radiation wavelength), which is

A

4
E(t) 4.7/ A®nc

—

wwﬂmﬂﬂﬁ A >
UVUUU N

Fig.13: The time domain charge-impul se response func-
tion of an FEL in the high gain regime (Eg. 20).

|(Lw,t)
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— b

—1 i r
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Fig.14: Spikes emission in SASE FEL within the
micropulses duration: @) Random emission

b) Phase-locked coherent spikes emission initiated by
subharmonic current prebunching.

Prebunching can be produced by atrain of superimposed
positive or negative current impulses or any stable perio-
dic current waveform of high harmonic contents.
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superimposed at entrance over a uniform e-beam current
lp. it is quite natural to identify it with the spikes
phenomenon shown in Fig.12c. The physical picture of
the phenomenon is based on appearance of random
electron bunches (current fluctuation) on the electron
beam current entering the interaction region. This current
is uniform on the average, but fluctuates because of the
randomness of electrons generation in the cathode ("shot
noise"). The random electron bunches start radiating
superradiantly right at start, and their radiation
wavepackets dominate over the spontaneous radiative
emisson from the other uniformly (but randomly)
injected electrons. Due to the forward dlippage effect of
the radiation wavepacket and the high gain stimulated
emission process, the random electrons, that are flowing
within a cooperation length v,T.,, ahead of the initial
radiating random bunch, are induced to emit at the same
frequency and phase (except for the inevitable chirp
effect), and consequently a coherent wavepacket (Fig.13)
is emitted. The output wavepacket duration
Teon= @ Aays (determined by the high gain FEL
bandwidth 19.4) is the minimal width of the spike. Spikes
that are excited by random bunches in time always shorter
than T, merge into one spike. Assuming there are always
enough random bunches to negate presence of long
"silent" spaces between the spikes; one can estimate that
the average number of spikes in a bunch of duration T is
To/Teon [10]. Fig.14a displays the spikes waveforms of this
physical model. It should be compared to the simulation
spiky pattern of Fig.12c. If Ty =T, then there is only

one spike in the macropulse duration [17]. In this case the
SASE radiation is as coherent as can be (Fourier
transform limited). Its spectral width is = 7/Teop = 7/Ty, .
It can be narrowed down only if pulse stretching
techniques can be employed.

CONDITIONS FOR COHERENT X-UV
FEL

It is well known that the radiation output of SASE FEL
is spatialy coherent (due to the optical guiding effect).
This is the reason why SASE FELs can be so much
brighter than any other existing radiation source in this
spectral regime. However there will be even greater
interest in this source if it would be also temporally
coherent and stable (pulse to pulse). How can a SASE
FEL be turned into a coherent radiation source?

dP dP/de
do A
Aws
—>
A®Hc
—>
(1) L

Fig.15: Spectral power of the coherent radiation output
of the FEL amplifier (red) and the SASE (shot noise)
radiation (blue).
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Realizing that the SASE-FEL is an amplifier of noise, it
is evident that what is required is a coherent input signal.
The input signal can be a coherent radiation wave (thisis
sometimes called seed radiation injection), and there has
been intensive studies of developing an appropriate
coherent seed radiation sources based on high harmonic
multiplication of intense laser pulses in gas. Another
scheme is based on filtering the undulator synchrotron
radiation after a few sections of the undulator, and
reinjecting the narrower bandwidth radiation into the
undulator for high gain amplification.

Another approach for attaining coherent emission from
SASE-FEL is based on coherent prebunching of the
electron beam (within the duration of its pSec
microbunches) at the radiative emission frequency of a
high power optical laser or its subharmonics. This process
can be repeated in several steps, in which the bunched
radiation is amplified at high gain, and then high
harmonics of the electron bunching are filtered out and
amplified again, and so on (High Gain High Harmonic
Generation — HGHG [21]).

In al of these schemes the condition for attaining
coherent high power output radiation is that the coherent
input signal will be significantly larger than the noise. In
the first case of seed radiation injection (coherent
amplification) a simple criterion can be inferred by
comparing (19.2) to (21.1-22.2). Assuming the current
shot noiseis dominant, this condition is:

P;(0)>> R, %Aa)

(27.1)
(/L)

Here Aw is the frequency bandwidth of the detection
system in which inevitable (now undesirable) SASE
radiation is collected. If there are no means of filtering
available, then Aw=Adwyz - the SASE radiation
bandwidth. In any case Aa, 7Ty, < Aw< Aays, Where
Aay is the linewidth of the injected input radiation and
T, is the Fourier limited bandwidth of the finite pulse.
Similar condition can be derived for the required
prebunching current required to dominate the current
shot-noise by comparing (19.2) to (21.1, 22.1):

o, a))(z > el Ao (27.2)
T

PHASE LOCKING THE SPIKES

If sufficient coherent seed radiation input power is
attainable it makes the output power of the FEL amplifier
coherent as well. But other aspects of the seed radiation
injection approach, as tunability and operating
wavelengths range still need to be addressed. The current
prebunching approach may provide more options of
frequency tunability and short wavelengths availability.

FEL Prize and New Lasing
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But its realization requires more intricate conceptual
schemes.

Much insight into this problem may be gained from the
physical description of the radiation processes in the
previous section. In particular it is worth noting the
striking correspondence between the emission of single
mode undulator radiation wavepackets by a single
electron (or single bunch) (10) (in the frequency domain)
and (11) (in the time domain) and the corresponding
expressions of spectral transfer function (24) and impulse
response function (25) in the case of FEL in the high gain
regime. In the first case the wavepackets emission process
is spontaneous (or superradiant in the case of a bunch)
and no supporting medium is required for the wavepacket
emission. In this case Eq.11 (Fig.4) is the explicit time-
domain expression of the wavepacket emitted in the
undulator from a particulate charge of one electron (e). In
the second case, (EQ.25) (Fig.13) is the radiation
wavepacket emitted by a current impulse of a unit charge,
and the excitation of this wavepacket is conditioned on
the presence of an electron beam medium (assumed
uniform) in front of the beam current impulse. Its
emission process involves stimulated emission and
bunching of the e-beam, in contrast to the first case.

In both cases the coherence of the total radiation of the
e-beam depends on the phase relation between the emitted
respective wavepackets by the charged particles or by the
bunches. In the first case, when the electrons enter into
the undulator at random, the superposition of the radiation
wavepackets (11) in (5) produces incoherent radiation (or
more correctly - partiadly coherent radiation with
coherence time tg). Analogously, in the SASE case, the
superposition of the impulse response waveforms (23)
from random bunches (the “spikes’) produces partialy
coherent radiation of coherence length Teo, ~ 1/ A@y.

How can we turn the SASE radiation to be coherent? In
analogy to the case of superradiant emission from a
periodic train of bunches it is suggested that periodic
superposition of current impulses on top the uniform
current of the microbunch will phase-lock the spikes into
a coherent train of wavepackets with distinct phase
relation of the “carrier” radiation waves along the entire
microbunch (see Fig.14b as opposed to Fig.14a). This
situation is analogous to the one described by Fig.5.

How to create the sub optical period current impulsesis
still an open challenge. It is important to note that the
current perturbation does not have to be positive (see third
pulse in Fig.15b). It can be of any shape, aslong asiit is
kept periodic along the pulse with accuracy (stability)
better than one optical period (which may be AttoSeconds
in the X-UV regime!), and aslong asit is “sharp” enough
to produce significant current amplitude of Fourier
harmonics to satisfy (27.2).

It is noteworthy that the prebunching frequency does
not need to be egual to the radiation emission frequency
and it can be a high sub-harmonic of this frequency. In
this case the coherent spectrum may contain severa
harmonics as in Fig.5c, however as discussed in that
context, each harmonic would be coherent throughout the

11
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entire duration of the pulse, and its linewidth is Fourier
transform limited (277T,). In principle the harmonics can
be filtered out by physicad means or by numerica
processing of the data acquired by a coherent detection
system datain a spectroscopic application.

Note that if single harmonic operation is desired it is
not necessary that the prebunching frequency be equal to
the radiation frequency. It is only required that the
bunching frequency a, (sub-harmonic ny of the radiation
frequency @, will be larger than the FEL high gain
bandwidth (compare to (15)):

(28)

The spectrum will look then as in Fig.5b, but with a
single harmonic frequency of linewidth 24T, under the
amplifier gain curve. In time domain the radiation
waveform will look then as in Fig.14, without spacing
between the overlapping phase locked spikes. In the
extreme limit of (25) the waveform would be a single
coherent wavepacket along the entire pulse (microbunch)
duration T,

As mentioned above, realization of the high harmonic
bunching schemes is dtill a challenge. We examine in
principle (Fig.16) a scheme of optical laser bunching,
employed on a uniform electron beam, which is trapped
by the ponderomotive wave of a wiggler and an external
coherent bunching laser. Fig.16a displays the & y phase-
space electron distribution of one pondermotive period
exactly after one quarter period of synchrotron oscillation
[16]. The current distribution along one bunching period
is shown in Fig.16b and its Fourier harmonic amplitudes
are shown in Fig.16c. Notice that significant amplitudes
can be attained even at very high harmonics. However, in
practice realizing the sharp current waveform structure of
Fig.16b may be difficult, because of the electron beam
energy spread and finite emittance. One should also bear
in mind that in this scheme aso velocity (energy)
modulation of the beam is generated collateraly, and this
contribution of to the radiation power (18.2) should be
taken into account, including the consideration of the
relative phase between the velocity and the current
modulation.

A third scheme that should be considered for phase
locking and increasing the coherence of the radiation in a
SASE FEL consists of imposing periodic perturbation on
the wiggler (e.g. periodic dispersive sections) [20]. The
filtering effect of the periodic structure may be viewed as
the analogue of linewidth narrowing of radiation emitted
in a Fabri-Perot resonator. It is speculated (but needs
further study) that if the SASE FEL in such a structure
arrives to saturation within the wiggler length, nonlinear
process of mode competition between the filtered spikes
will lead to further increase of coherence and stability in
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Fig.16: Bunching of a cold beam by the pondermotive wa-
ve (pendulum equation model [15]):

a) Electron detuning phase distribution in one period after

one quarter period of synchrotron oscillation

b) Corresponding current waveformin one bunching period
¢) Fourier harmonic amplitude of the waveformin (b).

analogy to the CW FEL oscillator case discussed
previous.
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EVOLUTION OF FELS OVER THE LAST 34 YEARS

W.B. Colson, NPS, Monterey, California

Abstract

The concept of the free electron laser (FEL) started 34 years
ago with Madey’s 1972 paper. The basic mechanism which
employs a beam of free electrons to amplify co-propagating
light has remained essentially the same as further develop-
ments have demonstrated high peak power, high average
power, high gain, optical guiding, continuous tunability and
reliability. FELs have operated at wavelengths from the far
infrared, infrared, visible and down to the ultraviolet. The
realization of high gain has lead to the generation of soft x-
rays and soon hard x-rays where there are no mirrors. About
a hundred FELs and user facilities are distributed around
the world, and in many ways the FEL has become a "per-
fect" source of coherent electromagnetic radiation. FELs
are in encyclopedias, in laser textbooks, with several text-
books specifically on FELs, and have clarified several phys-
ical principles for stimulated emission and laser physics.
Today a Google search on "free electron lasers" produces
nearly 13 million hits. The accomplishments during this
time have been many, but none so important as establishing
a community. Prospects for future directions are also briefly
considered.
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LASING AT 13 NM OF THE SASE FEL AT FLASH

E. Schneidmiller, M.V. Yurkov, DESY, Hamburg

Abstract

We present the recent result from FLASH (VUV FEL at
DESY): lasing at 13 nm, the shortest wavelength ever gen-
erated in free electron lasers.
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FIRST LASING AT SCSS

Tsumoru Shintake” and SCSS Team
RIKEN/JASRI/SPring-8, Hyogo 679-5148 Japan.

Abstract

On 20 June, the first lasing was observed at 49 nm in
SCSS prototype accelerator for Japanese XFEL project. A
challenging approach: 500 kV gun using CeBg single
crystal thermionic cathode generates low emittance beam
from 500 kV gun, followed by velocity bunching, and
magnetic chicane bunch compression, the measured
emittance at 50 MeV was 3 mw.mm.mrad normalized.
When we firstly closed undulator, we observed narrow
spectrum of amplified SASE signal. Radiation energy per
pulse is around 1 pJ/pulse at moment.

INTRODUCTION

Unique combination of three key technologies: the in-
vacuum short period undulator, the C-band high gradient
accelerator and low emittance injector using thermionic
electron source make possible to realize SASE-FEL at 1
A within available site length at SPring-8 less than 800 m.
It was named as SCSS: SPring-8 Compact SASE Source
[1]. From year of 2001, we have been carrying out R&D
on the key components: the electron gun, injector, C-band
klystron modulator with oil-filled compact design, high
resolution beam position monitor, digital rf signal
processing system, etc.

TEST ACCELERATOR

In order to test this challenging scheme, and check all
hardware components developed in our R&D [2], we
constructed prototype accelerator in 2004-2005 as shown
in Fig. 1. Beam line layout is shown in Fig. 4. We use four
C-band accelerating structures, 1.8 m long each, energy
gain 32 MV/m maximum. With maximum beam energy

Fig. 1 Tunnel view in SCSS prototype accelerator.

*shintake@spring8.or.jp
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of 250 MeV, the shortest wavelength of VUV-radiation at
50 nm can be obtained.

We commissioned beam operation in November 2005
and spent a few months to repair some hardware and
software. From May 2006, we started dedicated beam
tuning to demonstrate first lasing.

FIRST LASING EVENT

Two in-vacuum undulators were installed, whose
undulator period is 15 mm, minimum gap is 3.5 mm,
nominal K value is 1.3 and one undulator length is 4.5 m.
In the beam tuning, we firstly opened the gap to 20 mm
and passed the e-beam through gap and transported into
the beam dump. We tuned the beam optics upstream of
the undulator. We setup the optics, in coming beta-
matching and focusing Q-magnet in between two
undulators.

Normal ized Spectrum
Intensity ; : | : :
1+ d
F FEL
0.5+ i
Normal
Undulator Radiation |
(500 times magnified) |
0 0 i

46 47 48 49 50 51 52
Wavelength (nm)
Fig. 2 Radiation spectrum at the lasing condition, 0.25 nC
per bunch and 250 MeV. Peak at 49 nm is the coherently
amplified signal (6000 times) from the spontaneous
undulator radiation (blue line).

(MW) Peak Power
015— | T
L FEL
01k ]
0.05- ]
Normal .
L Undulator Radiation
L (10 times magnified) |
0

02 03 04
Charge (nC)
Fig. 3 Peak output power v.s. bunch charge. Using photo

diode, peak height was detected from averaged pulses.
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As shown in Fig. 3, when we varied the

Injector C-band Main Acc. Undulator

C-band Linac

Undulator

c4 v

u-1

Fig. 4 SCSS prototype accelerator, two undulators of 15 mm pitch, 250

MeV e-beam, generates VUV-radiation.

Q-scan Emittance Measurement
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* Q-magnet provide horizontal focusing.

+ From image width emittance is estimated.
* (~ 100 micron-meter)

1

F OTR
Profile

Fig. 5 Beam profile during Q-san emittance measurement.

Transition radiation from Au coating of optical mirror
was monitored by CCD camera.

Measurement of Beam Emittance
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Fig. 6 Beam width as a function of focusing power. At
beam energy 50 MeV, charge 0.25 nC, length <I psec.

On 15 June, evening, we firstly closed the gap in the
upstream undulator, and measured radiation spectrum,
where the spectrum width was already quite narrow
peaked at 49 nm, and totally different from the natural
spontaneous radiation, as shown in Fig. 2. The spectrum
width is around 1% FWHM, which is much narrower than
the spontaneous undulator radiation, while it is dominated
by e-beam energy fluctuation, at moment.

FEL Prize and New Lasing

bunch charge, the lasing power drastically
changed. This threshold phenomenon
indicates high FEL amplification. The power
has not yet reached the saturation. Further
tuning is required. Detail analysis is now
undertaken.

EMITTANCE MEASUREMENT

At the injector end, the velocity bunching
and chicane bunch compression have been
completed, where the beam energy reaches
to 50 MeV, bunch charge is 0.25 nC and the
bunch length is 1 psec or less, which
depending on  operation  condition,
specifically phase & amplitude tuning of
238 MHz and 476 MHz cavities.

We measured projected emittance right before the C-
band accelerators, using Q-scan method. By reversing
polarity of one of the Q-magnets to provided strong
focusing in X- and Y-direction, and measured the
minimum beam width. By varying focusing power, the
beam width response was measured as Fig. 5. By fitting
the beam size data as a function of the Q-magnet focusing
strength as shown in Fig. 6, we found the normalized
projected emittance of around 3 m.mm.mrad for both X-
and Y- directions. The slice emittance was also measured
at 50 MeV beam dump, it was 2 mt.mm.mrad, where the
measurement was limited by spatial available resolution
of profile monitor. Probably, the slice emittance is still
lower than 1 m.mm.mrad [3], but we do not have
instrument to measure it at moment.

We repeated many measurements in this kind, always
observed emittance around 3~4 m.mm.mrad. This
experimental data indicates that the velocity bunching in
our system does not largely deteriorate the projected
emittance for compression ratio exceeding 100 times.

CONCLUSION & SCHEDULE

We measured the e-beam emittance and observed first
lasing in the SCS prototype accelerator. From this
experiment, superior performance of the thermionic gun
and injector system has been demonstrated.

Analysing the experimental data carefully, we refine
hardware design, and start XFEL construction this year.

e-Beam
Dump
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THE FIRST LASING OF 193 NM SASE, 4™ HARMONIC HGHG AND
ESASE AT THE NSLS SDL*

X.J. Wang, Y. Shen, T. Watanabe, J.B. Murphy, J. Rose and T. Tsang, BNL, Upton, NY 11973, USA

Abstract

The first lasing of three types of single-pass high-gain
FELs, SASE at 193 nm, 4™ harmonic HGHG at 199 nm
and ESASE at the Source Development Lab (SDL) of
Brookhaven National Laboratory (BNL) is reported. The
saturation of 4™ harmonic HGHG and ESASE FELs was
observed. We also observed the spectral broadening and
instability of the 4™ harmonic HGHG.

INTRODUCTION

After the successfully experimental demonstration of
Self-Amplified Spontaneous Emission (SASE) and High-
Gain Harmonic Generation (HGHG) around the world[1-
4], great progress was made recently in reducing the
SASE wavelength [5-6]. We present recent progress in
both SASE and HGHG at the the National Synchrotron
Light (NSLS) Source Development Lab (SDL). The new
lasing of three types of the single-pass high-gain FELs at
the NSLS SDL, SASE at the 193 nm, the first lasing of
the 4th harmonic HGHG and ESASE is reported in this
paper.

After a short description of the SDL facility, we will
present the preliminary experimental characterization of
new lasing of three types of single-pass high-gain FELs.
We will first discuss the experimental characterization of
the new lasing of a SASE FEL at 193 nm. The first lasing
and saturation of the 4™ harmonic HGHG at 199 nm with
a 795 nm seed laser is presented. With the same
experimental setup of the 4™ harmonic HGHG, we
observed first lasing of the laser enhanced SASE at 210
nm after detuning the electron beam energy. The first
successful demonstration of ESASE [7-8] not only will
open a new avenue to improve the performance of a
SASE FEL, but will also greatly expand the HGHG
tunability.

THE NSLS SDL

The SDL is a laser linac facility dedicated for linac
based light source technology R&D and applications. The
main components of the SDL are a high-brightness
electron accelerator, an RF synchronized Ti:Sapphire
laser system, a High Gain Harmonic Generation (HGHG)
FEL, together with sophisticated electron and photon
beam instrumentation. The accelerator system of the SDL
consists of a 1.6 cell BNL photo-injector driven by the
Ti:Sapphire laser system and a S-band traveling wave
linac. After the recent electron beam energy upgrade [9],
the maximum electron beam at the SDL is about 250
MeV. The magnetic chicane bunch compressor at the
SDL produces sub-ps long electron bunches with a peak
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current of a few hundred amperes. The high brightness
electron beam transits the three magnets used for the
HGHG and laser seeded FEL amplifier (Fig.1): a
modulator undulator, a dispersion magnet and the 10 m
long radiator undulator (named NISUS) (Table 1).

One of the unique features of the SDL laser system is
that it was designed in such a way that a single laser
system is used to drive both the photocathode RF gun and
to provide a seed laser pulse. This setup make it possible
to achieve sub-ps timing jitter between the seed laser and
the electron beam. The seed laser used for the experiment
has a bandwidth of 7 nm (FWHM), the pulse length can
be adjusted from 100 fs to 6 ps (FWHM). Table 1 lists the
undulators, seed laser and electron beam parameters used
for the single-pass high-gain FELs presented here. The
matching optics for the seed laser focuses the seed laser
into the HGHG modulator on axis while a mini-chicane is
used to manipulate the electron beam to by-pass the seed
laser mirror. There are 16 beam profile monitors (BPM)
uniformly distributed along the NISUS and they have
been used both for e-beam matching and trajectory
studies. There is a dipole magnet after the NISUS
undulator which bends the electron beam to the beam
dump. The beam profile monitor in front of the beam
dump was used to monitor the electron beam energy and
energy modulation. The FEL radiation can also be
transported by a periscope to the diagnostic station for
characterization. The diagnostics station allows us to
characterize the FEL output.

Table 1: the SDL accelerator, seed laser and HGHG
magnet parameters.

e-beam Energy (MeV) 180 - 210
e-beam peak current (A) 300 - 400
e-beam bunch length (FWHM, ps) ~1
Emittance (rms, mm-mrad) 2-4
Seed laser wavelength (nm) 795
Seed laser pulse length (FWHM, ps) ~2-3
HGHG modulator period (cm) 8
HGHG modulator length (m) 0.8
HGHG modulator K 1.67 -3.02
HGHG dispersion magnet Rsg (mm) 0-5
HGHG radiator period (cm) 3.89
HGHG radiator length (m) 10
Undulator parameter of the radiator 1.1

FEL Prize and New Lasing
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Figure 1: The SDL HGHG magnets and schematic of the 4™ harmonic HGHG.

FEL CHARACTERIZATION

The major steps of the single-pass FEL experiment are
electron beam and trajectory optimization, seed laser and
e-beam synchronization, and FEL output characterization.

193 nm SASE Characterization

We first present the experimental characterization of a
SASE FEL generated by the HGHG radiator — NISUS
undulator. SASE was first used to optimize the electron
beam and its trajectory inside the NISUS undulator. For
the NISUS undulator, the shortest SASE FEL wavelength
at the SDL should be about 150 nm when the electron
beam energy chirped is taken into consideration. The UV
Ocean Optics spectrometer and joulemeter used for
characterizing the FEL are in the open air, which limits
the minimum observable SASE wavelength to about 193
nm. Fig.2 is the shortest single-shot SASE spectrum
obtained. The spectrometer resolution is about 0.7 nm.
The maximum SASE energy is about 1 uJ when 5%
transmission is assumed.
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Figure 2: The shortest SASE spectrum at the SDL.

The First Lasing of the 4th Harmonic HGHG

To improve the performance of the SASE FEL, BNL
has been performing R&D on laser seeded and HGHG
FELs. Prior to April 2006, the shortest wavelength
achieved is the 3" harmonic HGHG at 266 nm [4].

FEL Prize and New Lasing

As part of the recent electron beam energy upgrade [9],
extensive modification of the HGHG modulator was done
to make it possible to achieve HGHG at harmonics as
high as seven . A new vacuum chamber and a stronger
motor drive were installed. After the successful lasing of
SASE at 193 nm, the electron beam energy was tuned to
202.5 MeV for the 4™ harmonic HGHG with the seed
laser at 795 nm. The synchronization of the seed laser and
electron beam was realized in two steps. First we
observed the SASE and seed laser using a fast photo-
diode at the diagnostics station to make the two of them
within 100 ps. The final synchronization was realized by
observing the electron beam energy modulation while
adjusting the seed laser delay line. With the seed laser
pulse length at about 2 ps (FWHM) and a peak power of
50-100 MW, we successfully observed the first lasing of
the 4™ harmonic HGHG at 199 nm (Fig. 3). The slight
difference of the measured central spectrum from the 199
nm could be explained by the seed laser bandwidth, and
that will be discussed in more detail later.
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Figure 3: The 4™ harmonic HGHG spectrum.
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The HGHG dispersion magnet was adjusted to optimize
the output of the 4™ harmonic HGHG. The HGHG energy
was measured at the diagnostics station while the electron
beam was steered off the trajectory along the NISUS
undulator. Fig. 4 plots the maximum energy of the 4™
harmonic HGHG along the NISUS using the techniques
just described. It can be clearly seen that the energy
growth of the HGHG deviates from the exponential
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growth which indicates the saturation of the 4™ harmonic
HGHG.
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Figure 4: The log plot of the 4™ harmonic HGHG energy
along the NISUS undulator.

Experimental Characterization of the HGHG
Spectrum Broadening and Instability

As we pointed out earlier, the HGHG spectra stability
and width are not as stable and narrow as we expected.
We decided to explore this more by taking hundreds of
single-shot HGHG spectra using the UV spectrometer
with 0.7 nm resolution. Fig. 5 plots four of the typical
HGHG spectrums obtained. The electron beam energy
stability is one of the first considerations for the source of
this instability. We measured the shot-to-shot electron
beam energy fluctuation to be about 0.2% (Full width),
which could contribute to about 0.4% fluctuation in the
HGHG spectrum. But we observed as large as a 2%
fluctuation of the HGHG spectrum. After carefully
analyzing the data, we concluded that the dominant source
of the HGHG spectrum fluctuation is the seed laser
bandwidth.
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Figure 5: The 4™ harmonic HGHG spectra.
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In all of the previous HGHG experiments [4], the seed
laser pulse length is much longer than the electron beam
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bunch length. The effective seed laser bandwidth sampled
by the electron beam is much narrower than the seed laser
bandwidth. So the HGHG bandwidth observed in earlier
experiments is dominated by the electron beam bunch
length. In our 4" harmonic HGHG experiment, to increase
the seed laser power, the seed laser pulse length employed
is comparable to the electron beam bunch length (2 ps vs.
1 ps). When timing jitter and drifting are taken into
consideration, the electron beam will sample the full
range of the seed laser bandwidth. Fig. 5 shows the
HGHG spectral fluctuation is about 2%, which is
comparable to the seed laser bandwidth. The spectral
broadening shown in Fig. 5 is well above the spectrometer
resolution, which could be explained by the electron beam
distribution and mismatch between the electron beam
energy and the seed laser [10].

The First Lasing of ESASE at 210 nm

We also explore the tuning range of the HGHG
modulator undulator. For this study the seed laser
wavelength and power were kept constant while the
electron beam energy was adjusted. We observed no
significant change in electron beam energy modulation as
the electron beam energy was adjusted from 190 MeV to
208 MeV. This corresponds to + 5% energy tuning. Since
our modulator has only 10 periods, the observed tuning
range is well within our expectation.

Taking advantage of the large tuning range of the
HGHG modulator, we moved the electron beam energy to
197 MeV to demonstrate ESASE [7-8]. The resonance
wavelength of the HGHG radiator at 197 MeV is about
210 nm, which is beyond the seed laser bandwidth. We
successfully observed first lasing of a laser enhanced
SASE FEL at the 210 nm (Fig. 6) using the same HGHG
arrangement. The intensity of the ESASE is a couple
orders of magnitude stronger than SASE without the seed
laser.
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Figure 6: ESASE Spectrum vs. 4™ harmonic HGHG.

FEL Prize and New Lasing



Proceedings of FEL 2006, BESSY, Berlin, Germany

SUMMARY AND ACKNOWLEDGMENT

We present the new lasing of a SASE FEL at 193 nm,
and the first ever lasing of the 4th harmonic HGHG and
ESASE. We have experimentally investigated the spectral
instability and broadening of the HGHG FEL; the
bandwidth of the seed laser is one of the major sources of
the HGHG spectral instability. This observation could
have important implications for a future X-ray FEL based
on a cascaded HGHG concept, where a short broad band
seed laser will be employed. By taking advantage of the
large tuning range of the HGHG modulator we have
successfully demonstrated the first lasing of the so called
ESASE. Our experiment shows that ESASE not only will
open a new avenue to improve the performance of a
SASE FEL, but will also greatly expand the HGHG
tunability. More detailed analysis and simulation of the
experiments presented here will publish in the future.

We are grateful for support from the NSLS and its staff,
and this work is partially supported by the Office of Naval
Research (ONR) and U.S. Department of Energy under
contract No. DE-AC02-98CH1-886.
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STATUS OF THE LINAC COHERENT LIGHT SOURCE

D. Dowell, SLAC, Menlo Park, California

Abstract

The world’s first x-ray free electron laser, the Linac Coher-
ent Light Source (LCLS), is currently under construction
at the Stanford Linear Accelerator Center (SLAC). This fa-
cility uses the last kilometer of the SLAC 3 km Linac to
produce 1.5 to 15 angstrom photons in a 100 meter long un-
dulator with up to 15 GeV electrons. The production of the
high-brightness electron beam requires the construction of a
new RF photocathode gun and a 135 MeV injector at the 2/3
point of the SLAC Linac. In addition, two stages of chicane
compressors will be installed for compressing the electrons
to a 22 micron bunch length, boosting the peak current to
3.5 kiloamperes. The bright, dense electron bunches then
radiation via the SASE process in the long undulator. The
coherent x-ray beam propagates through a gas attenuator
and various diagnostics, before delivery to the experimen-
tal stations in the Far Hall. The design features and status
of this novel facility will be presented.
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RESULTS AND LESSONS FROM FLASH

B. Faatz, DESY, Hamburg

Abstract

Since first lasing beginning of 2005, we have continuously

extended the wavelength range and improve the performance
of FLASH. With regular blocks of accelerator and FEL stud-
ies and user beam time, we have now covered a wavelength

range between 13 and 45 nm, at power levels between 5

and 50 pJ. Depending on user demands, we have delivered
single bunch or multiply bunches at repetition rates of 1

MHz or 250 kHz. The latest results of the machine perfor-

mance will be shown. In addition, the specific problems that
have been encountered and our solutions during the past 18

months will be discussed. Finally, future plans for FLASH
will be presented.
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THE EUROPEAN XFEL PROJECT

R. Brinkmann, Deutsches Elektronen-Synchrotron (DESY), D-22607 Hamburg, Germany
for the XFEL Team

Abstract

The European X-ray Free Electron Laser XFEL is a 4th
generation synchrotron radiation facility based on the
SASE FEL concept and the superconducting TESLA
technology for the linear accelerator. This multi-user
facility will provide photon beams in a wavelength
regime from 0.1nm to 5nm in three FEL beam lines and
hard X-rays in two spontaneous radiation beam lines,
serving in total 10 experimental stations in the first stage.
The project is in an advanced planning and technical
preparation stage and its construction as a
European/International facility near DESY in Hamburg
will start in 2007. This talk gives an overview of the
overall layout and parameters of the facility, with
emphasis on the accelerator design, technology and
physics.

INTRODUCTION

The XFEL was originally proposed as part of the
TESLA facility, first in a version integrated with the linear
collider using the same linac [1,2], in a later version with
its own separate linac [3]. In February 2003 the German
Government announced the decision that the XFEL
should be realized as a European project, with 60% of the
funding provided by Germany (Bund and Lé&nder
Hamburg and Schleswig-Holstein) and 40% requested
from partner countries. In mid-2003 an XFEL project
group was established at DESY which, together with
partner institutes, pushed forward the preparation work
necessary to achieve the status of readiness for start of
construction by 2006. Besides the optimization of the
overall design, main objectives in this phase are
preparations for the site and civil construction (including
the legal procedure for construction permission),
industrialization of major technical components and
detailed studies of beam physics and the FEL process.
The XFEL has a strong link to the FLASH (VUV-FEL)
facility at DESY [4 - 6], which is in nearly all respects
(accelerator technology, FEL operation, photon beam
lines and user experiments) truly a pilot facility for the
future project.

The project organization at the international level is
supervised by a steering committee (ISC) with members
from all countries interested in participating in the project.
Up to date, 13 countries (Figure 1) have signed the XFEL
Memorandum of Understanding for the preparation phase.

The ISC is supported by two working groups: STI for
scientific and funding issues and AFI for administrative
and funding issues. In 2005 ISC nominated a European
Project Team (EPT), with the main charge to deliver the
technical and administrative documents required for the
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process of negotiations and decisions at the political level
towards achieving the final go-ahead for the project.
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Figure 1: Signature countries of the European XFEL MoU
as of August 2006.

In July 2006, an updated Technical Design Report
(TDR) was completed [7] and delivered to ISC. The
report had previously been reviewed and endorsed by STI
and additional experts from the international scientific
community. In addition, the administrative documents
have been essentially completed and reviewed by AFI.

LAYOUT AND PARAMETERS

The main components of the XFEL Facility are the
injector, the linear accelerator, the beam distribution
system, the undulators, the photon beam lines, and the
instruments in the Experiments Hall (see Figure 2).

These components are distributed along an essentially
linear geometry, 3.4 km long, starting on the DESY
campus in the northwest part of the city of Hamburg, and
ending in the neighbouring Federal State of Schleswig-
Holstein, south of the city of Schenefeld, where the
Experimental Hall is located. Permission for construction
and operation on this site was recently (July 2006)
obtained (concluding a so-called Plan Approval
Procedure) and publicly announced by the authority in
charge (LBEG Clausthal-Zellerfeld).

E xperimental Hall (Pnssi‘ble future extension)
Jd b

Undulators
and Ph ntnn
EEEI‘I‘IlII‘IES,

1.2 km

Beam
Distribution
Sy=tem
Figure 2: Site and schematic layout of the European

XFEL Facility.
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The basic functions of the main components are
schematically described in the following: In the injector,
electron bunches are extracted from a solid cathode by a
laser beam, accelerated by an electron RF gun and
directed towards the linear accelerator with an exit energy
of 120 MeV. In the linear accelerator, consisting of a
1.6 km long sequence of superconducting accelerating
modules, magnets for beam steering and focusing, and
diagnostic equipment, the electrons are accelerated to
energies of up to 20 GeV (17.5 GeV is the energy
foreseen for the standard mode of operation of the XFEL
facility at 0.1nm FEL wavelength). Along the accelerator,
two stages of bunch compression are located, to produce
the short and very dense electron bunches required to
achieve saturation in the SASE process. At the end of the
linac follows a beam transport section with collimation,
stabilization feedback and diagnostics systems, after
which the individual electron bunches are fed into one or
the other of two electron beam lines by the beam
distribution system. The linac and beam transport line are
housed in a 2.1 km long underground tunnel (Figure 3).

Figure 3: Layout of the 5.2 m diameter linac tunnel.

In the initial configuration the user facility has 3 SASE-
FEL and two spontaneous radiation undulator beam lines
(Figure 4) with in total 10 experimental stations. The site
layout permits a later extension of the facility by another
5 beam lines. Independent wavelength tuning by
undulator gap variation is foreseen and, together with
electron beam energy variation, a total wavelength range
of 0.1 - 5 nm (FEL) and 0.014 — 0.2 nm (spontaneous
radiation) can be covered. The peak brilliance of FEL
radiation (Figure 5) is in the range 10% - 5.10%
photons/0.1%bw/s/mm?/mrad®. The baseline operating
point for 0.1nm wavelength (SASE1l) at 17.5 GeV
electron energy has been chosen on the basis of extensive
studies of the FEL process with a relatively conservative
assumption on the minimum undulator gap (10mm). At
the design electron beam emittance (ey = 1.4 mrad-mm,
see below) very good transverse coherence of the FEL
radiation is predicted [8]. The magnetic lengths of the
undulators (105 — 210 m) include a safety margin of at
least 20% w.r.t. the calculated saturation lengths.
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Figure 4: Schematic layout of the beam lines in the user
facility.

10 LILALLLL BN LLLL BN R L R BN R

1 0 B FLASH

- (Sey e ~ -

3
10" - 1
B ® FLASH "
1029 . -

Peak Brilliance [Photons/(s mrad” mm’ 0.1% BW)]

107 .
1025 B PETRA Il 20m ID
uze
B UEEBS
23
= BESSY A
102
10" e IR 2. u 3.. bl 4 4 aan - W .
10" 10° 10° 10* 10° 10
Energy [eV]

Figure 5: Peak brilliance of X-ray FELs versus 3rd
generation SR light sources. Blue spots show
experimental performance of the FLASH facility.

ACCELERATOR COMPLEX

The layout of the accelerator is schematically shown in
Figure 6 and its main parameters are summarized in Table
1. The beam energy required for 0.1 nm photon
wavelength in the SASE1 and SASE2 beam lines is 17.5
GeV. The linac design energy of 20 GeV thus already
includes the potential to reach a lower wavelength of
about 0.08 nm. The required peak power per RF station is
well below the limit of the 10 MW multibeam Klystrons.
This de-rated mode is beneficial for highly reliable
operation on one hand and for an upgrade potential
regarding beam energy or duty cycle on the other.
Likewise, the cryogenic system is laid out with an
overhead of 50% with similar operational benefits.

The electron beam is generated in a laser-driven
photocathode RF gun and pre-accelerated in a single
superconducting accelerator module. The injector is
housed in an underground enclosure separate from the
linac tunnel, so that it can be commissioned at an early
stage, well before installation work in the linac tunnel is
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completed. Furthermore, there is space foreseen for a
completely separate and radiation-shielded second
injector, which can be constructed, commissioned and
maintained independently from the operation of the first
injector.

beam lines

Collimation
Diagnostics
Feedback

20GeV

116 modules
29 RF stations

(o]

[23+2 RF stations |

\\
1.7 km ———«—0.4km —

c-
2+1 RF stations
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3rd h., 2 modules |

\ 1 RF station
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i

Figure 6: Schematic layout of the accelerator.

Table 1: Main parameters of the XFEL accelerator.

Energy for 0.1 nm wavelength 17.5 GeV
(max. design energy) (20 GeV)
# of installed accelerator modules 116

# of cavities 928

Acc. Gradient (104 act. mod.) at 20 GeV 23.6 MV/m
# of installed RF stations 29
Klystron peak power (26 active stations) 5.2 MW
Loaded quality factor Qey 4.6 x 10°
RF pulse length 1.4 ms
Beam pulse length 0.65ms
Repetition rate 10 Hz
Max. average Beam power 600 kW
Unloaded cavity quality factor Q, 10%

2K cryo load (incl. transfer line losses) 1.7 kW

Max. # of bunches per pulse (at 20 GeV) 3,250 (3,000)

Min. bunch spacing 200 ns

Bunch charge 1nC

Bunch peak current 5 kA
Emittance (slice) at undulator 1.4 mmxmrad
Energy spread (slice) at undulator 1 MeV

The results from simulation studies of the RF gun show
that a normalized beam emittance below 1mrad-mm at the
design RF field of 60MV/m on the cathode is achievable,
even if the thermal emittance is somewhat larger than
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originally expected, as measurements performed at the
PITZ facility (DESY-Zeuthen) indicated [9]. A high
priority of the future program [10] at PITZ will be on the
verification of the XFEL gun design parameters, with
improvements expected from higher cathode field and
optimized laser profile.

After transfer to the main accelerator tunnel (see the
layout sketched in Figure 7), the beam is further
accelerated by one linac unit (4 accelerator modules with
8 cavities each, driven by one RF station) to an energy of
0.5 GeV before entering the first bunch compression
stage. A third harmonic (3.9 GHz) RF system is foreseen
to optimize the longitudinal phase space properties. After
acceleration to 2 GeV with three linac units the beam
enters the second (final) compression stage, after which
the 1nC bunch peak current has increased to 5 kA (o, =
23um for a 1nC bunch), a factor of 100 higher than the
initial peak current from the RF gun. Considerable
attention has been paid to foresee beam diagnostics
stations in order to assess the beam phase space properties
after the compression process in great detail [11]. Beam
simulation studies of the compression system (see [12] for
a recent overview of simulation code developments) show
that the slice emittance growth due to space charge and
CSR effects can be kept at a low level and there is room
for further parameter optimization beyond the nominal
design bunch parameters [13].

By

ooster Linac
with 3x4 Modules Linag

Figure 7: Layout of the XFEL bunch compression system.

The large compression factor and resulting short
bunches (70fs rms) require timing, synchronization and
diagnostics devices at the fs level. A considerable R&D
program is ongoing in this field, see e.g. [14 — 16] for
recent developments. Furthermore, extremely accurate RF
control is required in the low-energy part of the
accelerator [17].

Final acceleration to a nominal maximum beam energy
of 20 GeV takes place in the main part of the linac,
consisting of 25 RF stations and 100 accelerator modules
in total. Downstream from the linac follows a
conventional beam line for installation of the beam
collimation and trajectory feedback systems, as well as
providing distribution of the beam into the different
undulator beam lines, including the connection to a future
upgrade of the user facility with more beam lines. A
combination of slow and fast switching devices permits to
generate bunch trains of different time patterns for
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different experiments without having to generate and
accelerate bunch trains with strongly varying transient
beam loading. A fraction of each bunch train will be used
to accurately stabilize the following bunches in position
and energy by means of a fast feedback system [18]. After
having passed through the undulators, the “spent” beam is
stopped in radiation shielded solid absorbers. An
additional beam dump is installed in the beam distribution
shaft XS1, just upstream from the undulator beam lines. It
allows to commission or to operate the accelerator while
installation or maintenance work is ongoing in the
undulator tunnels.

The layout of the linac includes precautions for energy
management in case of RF component failure. The section
between the two bunch compression stages consists of
three RF units with four accelerator modules each, out of
which only two have to be active to accelerate the beam
to 2 GeV at the design gradient. Likewise, the main
section of the linac (from 2 to 20 GeV) has an overhead
of two RF stations. This guarantees that in case of an RF
unit failure there is sufficient energy reserve to maintain
both the beam energy at the second bunch compressor
stage as well as at the end of the linac. Tunnel access for
repair of RF stations during scheduled operation time can
thus be safely avoided. In practice, the reserve stations
will not be left idle when not needed. Instead, all
available stations will be operated with reduced gradient
and in case a station fails the gradient will be increased in
the other sections such as to keep the beam energy
constant.

Operational Flexibility

The single set of basic reference parameters in Table 1
does not cover the full range of operational flexibility of
the linac. There is, within certain limits, a considerable
flexibility regarding operation parameters, based on built-
in performance reserves of its technical components.
Operation at lower beam energy, thus extending the
photon wavelength range to softer X-rays, is an obvious
possibility. On the other hand, based on the experience
gained with the superconducting TESLA cavities, it can
be realistically expected that the linac can be operated at
an accelerating gradient somewhat above the specified
design value of 23.6 MV/m at 20 GeV. An increase of the
gradient to about 28 MV/m would permit a maximum
beam energy of 24 GeV, thus significantly extending the
photon wavelength range to harder X-rays, provided that
simultaneously also an improved injector beam quality
becomes available to be able to maintain saturation of the
SASE FEL process. In addition to the possibility of
higher beam energies, the available reserve in the RF and
cryogenic systems can also be used for increasing the
linac repetition rate and thus the duty cycle of the pulsed
linac. At sufficiently low beam energy, a 100% duty
cycle, i.e. continuous wave (CW), mode of operation is
conceivable, an option which is only possible with a
superconducting linac. This option is viewed as not being
part of the first stage of the XFEL facility but is
considered as a future option. A preliminary set of
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possible parameters for CW operation is shown in Table
2.

Table 2: Sketch of possible parameters for a future option
of operating the linac in CW mode.

Beam energy 7 GeV
Accelerating Gradient 7.5 MV/m
# of CW RF stations 116

RF power per accelerator module =20 kw
Beam current 0.18 mA
Loaded quality factor Qe 2 x10’
Bunch frequency 180 kHz
Unloaded quality factor Q, 2-10%

2K cryogenic load =~3.5 kW

PROJECT COST AND SCHEDULE

An in-depth re-evaluation of project construction costs
has been performed as part of the project preparation
work (see the TDR [7] for more details). In year 2005
prices, the construction costs are 986 M€, out of which
736 ME are capital investment and 250 M€ personnel
costs (including overhead). A breakdown of the
construction costs is shown in Figure 8 and the budget
time profile in Figure 9.

XFEL construction cost distribution

17% 27% Olinac

W Acc sub-systems
OUndulator & photon
O Control & operation
9% B Infrastructure

@ Civil construction

19%

4% 24%

Figure 8: XFEL construction cost distribution.

The project schedule assumed for the profile of Figure
9 is based on an expected project go-ahead decision in the
beginning of 2007. After a construction period of 6.5
years, beam through the linac and the first beam line
(SASEL1) is scheduled for 2013 and first user operation for
2014. There will be a transition phase until end of 2015,
during which operation of beam lines takes place in
parallel  with completion of construction and
commissioning of others. By 2016 the entire facility will
be operational. The yearly operation budget (in 2005
prices) has been estimated at 83 M€, including
administrative overhead and user support.
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Figure 9: XFEL budget profile, including preparation phase

and transition from construction to operation.
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OPTICAL KLYSTRON ENHANCEMENT TO SASE X-RAY FELS

Yuantao Ding*, Paul Emma, Zhirong Huang', SLAC,Menlo Park, CA 94025, USA
Vinit Kumar?, ANL, Argonne, IL 60439, USA.

Abstract

The optical klystron enhancement to self-amplified
spontaneous emission (SASE) free electron lasers (FELS)
is studied in theory and in simulations. In contrast to a
seeded FEL, the optical klystron gainin a SASE FEL isnot
sensitive to any phase mismatch between the radiation and
the microbunched electron beam. The FEL performance
with the addition of four optical klystrons located at the
undulator long breaks in the Linac Coherent Light Source
(LCLS) shows significant improvement if the uncorrelated
energy spread at the undulator entrance can be controlled to
avery small level. In addition, FEL saturation at shorter x-
ray wavelengths (around 1.0 ,&) within the LCL S undulator
length becomes possible. We also discuss the application
of the optical klystron in a compact x-ray FEL design that
employs relatively low electron beam energy together with
a shorter-period undul ator.

INTRODUCTION

An x-ray free electron laser (FEL) operated in the self-
amplified spontaneous emission (SASE) mode is the pri-
mary candidate for the next-generation light source and is
under active development around the world [1, 2, 3]. In
such a device, based on the achievable el ectron beam qual-
ities such as peak current and transverse emittances, the to-
tal length of the undul ator required to reach the x-ray inten-
sity saturation usually exceeds 100 m. The electron beam
energy spread istypically too small to affect the SASE per-
formance.

To enhance the FEL gain, the optical klystron concept
has been invented by Vinokurov and Skrinsky [4] and has
been successfully implemented in many FEL oscillator fa-
cilities such as the Duke FEL [5]. An optical klystron
consists of two undulators, separated by a dispersive sec-
tion (a magnetic chicane). The dispersive section con-
verts beam energy modulation into density modulation and
hence speeds up the gain process. Theoretical studies of
the optical klystron in high gain FEL amplifiers show that
its performance depends critically on the electron beam
energy spread [6, 7, 8]. More recently, Neil and Freund
[9] have studied a distributed optical klystron configura-
tion using the LCL S parameters. Based on the FEL ampli-
fier smulations that start with a coherent seed, they point
out that the performance of the optical klystron for short-
wavelength FELs is very sensitive to the exact slippage of

* Electronic address: ding@slac.stanford.edu. On leave from IHIP,
Peking University, Beijing, China.

T Electronic address: zrh@slac.stanford.edu.

¥ Current address: G-20, ADL Building, Raja Ramanna Centre for Ad-
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the electron beam relative to the radiation in the dispersive
section. Thus, the magnetic fields of the chicane must be
carefully designed and controlled to very high precision.

Motivated by the very small uncorrelated energy spread
of the electron beam that has been measured in a photo-
cathode RF gun [10], we study the possible optical klystron
enhancement to SASE x-ray FELs. We show that a SASE
optical klystron is not sensitive to the relative phase of the
electron beam to the radiation as long as the electron dlip-
page length in the dispersive section is much longer than
the coherence length of the radiation. Based on extensive
SASE simulations, we illustrate the gain enhancement of
the optical klystron to the LCLS and a compact x-ray FEL
scheme.

ONE-DIMENSIONAL ANALYSIS

In this section, we analyze an optical klystron configura-
tion with a magnetic chicane between two high-gain FEL
undulators and extend the previous theoretical treatments
[6, 7, 8] to the high-gain SASE operating mode. A detailed
description may be foundin [11].

A magnetic chicaneintroducesan energy-dependent |on-
gitudinal delay of the electron relative to the radiation,
which can be expressed as a change of the radiation phase
“seen” by the electron:

k-R
*756 + k, Rs66 @)

Al =
Here \, = 27 /k, = 2mc/w, isthe FEL resonant wave-
length, Rse is the momentum compaction of the chicane,
and 6 = (v — 70)/70 isthe relative energy deviation. The
first term in EQ. (1) describesthe overall phase slippage be-
tween the FEL radiation and the reference electron having
the energy vomc? , and the second term describes the rel-
ative phase change for an electron with a dightly different
energy. Following the one-dimensional (1D) theory of Kim
[8] but keep the overall phase slippage, we write down the
optical klystron (OK) enhancement factor to the radiation
field E, at the scaled frequency v = w/w,:

OK
— Eu

R(v) = Emo OK

- 1— df%efipk,,.uRsegeik,,,y356/2

@
12 [ dg 5

where ¢ = 6/p is the normalized energy variable, p is the
FEL Pierce parameter [12], i isthe complex growth rate of
the radiation field in each undulator, ;. = (—1 +i/3)/2
for a beam with a vanishing energy spread, and V () isthe
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energy distribution of the electron beam with the normal-
ization [V (£)dE = 1.

The first term in the numerator of Eq.(2) represents the
contribution from the radiation in the first undulator, while
the second term in the numerator represents the contribu-
tion of the microbunched el ectron beam. For a seeded FEL
with v = 1, k. Rs6/2 = 2mn(n = 1,2,3,...) yields a
nearly matched phase (i.e., constructive interference be-
tween two terms). The optical klystron is then optimized
for a matched phase. However, in the hard x-ray wave-
length range, changing Rs¢ of the chicane by a fraction
of 1 Angstrom can result in a complete phase mismatch.
Thus, there can be large fluctuationsin the radiation power
due to small fluctuationsin the magnetic fields as observed
in Ref. [9]. Even when the magnetic fields are held con-
stant, a small energy jitter (on the order of 10 ~*) can also
mismatch the phase.

Nevertheless, SASE FEL s start from shot noise and have
a relatively wide bandwidth. For a given value of Rsg,
the phase may be mismatched for one particular wave-
length but may be properly matched for another wavelength
within the SASE bandwidth. Thus, we should integrate
over the SASE spectrum S(v) to obtain the optical klystron
power gain factor as:

G = / RS () 3

For an el ectron beam with a Gaussian energy distribution
of rmswidth o5 < p (i.e., ¢ < 1), we can integrate Eq.
(1) over energy and Eq. (3) over frequency (assuming a
Gaussian average SASE spectrum) to obtain

1 2 2_2 D?g¢?
G = 9 5+ D% exp(—D?0¢?) + 2v/3Dexp | — 5
2.2
+ (4 +V3Dexp < D205 ) cos (%) 4

~pexp (227 in (2) ) exp (2222
Pl 2 ) )BT\ T3

where D = k,.Rs6p. The power gain factor G asafunction
of the chicane strength R 56 is shownin Fig. 1 for two typ-
ical values of the rms energy spread o 5, assuming atypical
rms SASE bandwidth o, = p.

When Rs¢ isvery small, the optical klystron operates as
a phase shifter, and the FEL power is oscillatory depending
on the relative phase between the radiation and the electron
beam. As k,.Rss05 — 1, the optical klystron gain peaks
and starts to decay exponentially dueto the smearing effect
of the intrinsic energy spread. Thus, the phase matching
is no longer important when the optical klystron is near its
peak performance.

A simple physical picture emerges in the time domain.
The path length difference between the SASE radiation and
the electron beam passing the dispersive section is about
Rs6/2 = 1/(2kr05) = A /(4mos) @t the optimal chicane
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Figure 1. (color) 1D power gain factor with relative energy
spread o5 = 0.1p (redline) and o5 = 0.2p (blueline)

setting. Since the typical SASE coherence length is on the
order of \,./(47p) [13, 14], it ismuch smaller than the path
length differenceintroduced by the chicane when the beam
energy spread o5 < p (anecessary condition for the oper-
ation of the high-gain optical klystron). Therefore, thereis
no place for the el ectron beam to match the radiation phase
after the beam is slipped from the SASE radiation more
than a few temporal spikes. The radiation power averaged
over many statistically independent spikes is then not sen-
sitive to the exact dlippage introduced by the chicane.

UNCORRELATED ENERGY SPREAD

Since the uncorrelated energy spread playsacrucial role
for the gain enhancement of the optical klystron, we ana-
lyze here two main sources of energy spread. Oneis from
the gun and the linac, which formstheinitial energy spread
at the entrance of the FEL undulator; while the other is the
guantum diffusion due to spontaneous radiation along the
undulator, which leads to an increase of energy spread after
the electron beam is injected into the undulator. The un-
correlated energy spread of electron beams generated from
a photocathode rf gun can be extremely small, at an rms
value of 3to 4 keV from both measurements [10] and sim-
ulations. Nevertheless, a microbunching instability driven
by longitudinal space charge and coherent synchrotron ra-
diation in the accelerator system may be large enough to
significantly degrade the beam qualities including the en-
ergy spread [15, 16]. This microbunchinginstability occurs
at much longer wavelengths than the FEL microbunching
and requires much larger R56 (from bunch compressor chi-
canes) than the optical klystron chicanes. To maintain a
relatively small energy spread after compression and ac-
celeration, alaser heater [15, 16] will be used inthe LCLS
injector to increase the rms energy spread from 3 to 40 keV.
After atotal compression factor of about 30, the slice rms
energy spread at the undulator entrance can be controlled
to 1 x 10~* at 14 GeV, which is tolerable for the SASE
FEL at 1.5 A. However, consi dering the gain enhancement
of the optical klystron (see Fig.1), a smaller energy spread
(eg., 5 x 107 or 0.1p) is desirable. This may be achiev-
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able by dropping the heater-induced energy spread to 20
keV at the expense of the increased microbunching insta-
bility gain. For a smooth enough photocathode drive laser
profile, this higher instability gain may still be tolerable
after acceleration and bunch compression. Thus, the final
slice energy spread at the undulator entrance may be kept
a5 x 1075 for the LCLS.

The energy diffusion due to spontaneous radiation along
the undulator was discussed by Saldin et al [17]. This en-
ergy diffusion rate increases with v* and K3 for K2 >> 1.
FortheLCLSat A\, = 1.5 A and K = 3.5, the rms energy
spread increasesfrominitial valueof 5x 1072 to 1 x 10~ *at
the undulator position of 40 m due to the spontaneous radi-
ation. We will include this effect in the FEL simulationsto
be discussed below.

THREE DIMENSIONAL SIMULATIONS

Three-dimensional (3D) simulation code Genesis 1.3
[18] is used to explore the LCLS gain enhancement with
a distributed optical klystron configuration for two differ-
ent radiation wavelengths of 1.5 A and 1.0 A and a very
compact x-ray FEL at 1.5 A.

We place four 4-dipole chicanes in the first four long
breaks between LCLS undulator sections (at 12, 24, 36,
and 48 m) to form a distributed optical klystron configu-
ration. For each chicane, the optimal gain enhancement
is obtained by scanning the chicane dipole magnetic field
strength. Two initial rms energy spread valuesof 1 x 10 >
and 5 x 10~° at the entrance of the undulator are used in
the 3D simulations. While we consider the energy spread
of 5 x 10~° may be achievablein the LCL S with areason-
ably smooth drive-laser profile or with the low-charge op-
tion [19], the energy spread of 1 x 10 ~° requiresto switch
off the laser heater completely and is probably not allowed
by the microbunching instability in the linac. It is still in-
cludedin the simulationsin order to study the best possible
optica klystron performance and the influence of sponta-
neous energy diffusion in the undulator.

Fig. 2 shows the FEL power gain along the undulator
with and without optical klystrons at the resonant wave-
length of 1.5 A for K = 3.5 (the current LCLS design pa-
rameters), with an electron peak current of 3.4kA and nor-
malized rms emittance of 1.2 um. The saturation length
is shortened by 13 m using these optical klystrons with an
initial energy spread of 5 x 10 =5 and Rs¢ of the chicanes at
around 0.25, m (with a small variation for each chicane).
Note that a 10% variation of the chicane R values does
not make a visible difference for the FEL output power.

To alow for the LCLSto reach 1.0 A without increasi ng
the beam energy, the undulator gap may be increased by
2 mm to reduce the undulator parameter to K= 2.7. The
3D simulation results are presented in Fig. 3, using a peak
current of 3.4kA and normalized rms emittance of 1.2 um.
Without any optical klystron, the nominal LCL S beam can-
not reach SASE saturation at this wavelength. With the
addition of four optical klystrons as described here, the sat-
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Figure 2: (color) SASE FEL power along the undulator
without any optical klystron (blue solid curve), and with 4
optical klystrons for the initial rms energy spread of 1 x
10~? (magenta dashed curve) and 5 x 10> (green dotted
curve). The FEL wavelength is 1.5 A, and the undulator
parameter K = 3.5.
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Figure 3: (color) SASE FEL power along the undulator
without any optical klystron (blue solid curve), and with
4 optical klystrons for the rms energy spread of 1 x 10~°
(magentadashed curve) and 5 x 10 ~° (green dotted curve).
The FEL wavelengthis 1.0A, and the undulator parameter
K=27.

uration distance is shortened by about 26 m and is well
within the LCLS total undulator length. At this K value
and using a lower beam energy (11.0 GeV), simulations
also show the FEL at 1.5 A approximately save 25 m of
saturation length compared to that without any optical kly-
stron.

It is clear from these numerical examples that a simul-
taneous reduction in beam energy and undulator parameter
for the same radiation wavelength is beneficial for the opti-
cal klystron enhancement, where the energy diffusion due
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Figure4: (color) SASE FEL power along the undulator at a

peak current of 2kA without any optical klystron (blue solid

curve) and with 4 optical klystrons(magentadashed curve),

and at peak current of 3kA without any optical klystron

(green dotted curve). The FEL wavelengthis 1.5A and the
undulator parameter K = 1.3.

to spontaneous radiation in the undulator is much reduced.
Inspired by the Spring-8 Compact SASE Source (SCSS)
design [3], we study the possibility of using a relatively
low energy electron beam together with a short-period un-
dulator to drive a compact x-ray FEL with the aid of the
distributed optical klystrons. A 1.5-cm period in-vacuum
undulator with K = 1.3 is used according to the design
parameters in SCSS. To produce 1.5-A FEL radiation, the
necessary electron energy is about 5 GeV. Rather than a
standard peak current of 3 KA as described in Ref. [3],
we assume a lower peak current of 2 kA and an rms en-
ergy spread of 100 keV (or 2 x 10~5) at the undulator en-
trance. A smaller peak current allows for a smaller energy
spread and may also help reduce the microbunching insta-
bility gainin the accelerator, aswell as any wakefield effect
in the small gap, in-vacuum undulator. Fig. 4 shows the
simulation results for the SASE mode without any optical
klystron (for both 3-kA and 2-kA bunches) and with four
optical klystrons (for a 2-kA bunch). The latter saturates at
around 50 m of the undulator distance, which is still about
10 m shorter than the higher-current case without any opti-
cal klystron.

SUMMARY

Thesmall, experimentally measured uncorrel ated energy
spread from RF guns offers the opportunity to consider
applications of optical klystrons in x-ray FELs. In con-
trast to a seeded FEL, our study shows that the optical kly-
stron gain is not sensitive to the relative phase between the
SASE radiation and the electron beam, and that the radia-
tion power isvery stablewith arelatively largetuning range
of optical klystrons. 3D simulations of the LCLS with a
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distributed optical klystron configuration show significant
gain enhancement if the slice energy spread at the undula-
tor entrance can be controlled to a very small level. The
improved performance can be used to obtain the FEL sat-
uration at shorter x-ray wavelengths for a fixed undulator
length or to relax the stringent requirement on the beam
emittance. The exploration of optical klystrons in a very
compact x-ray FEL alsoindicates promising results. There-
fore, we think that the optical klystron configuration can be
an easy "add-on” to SASE x-ray FELSs provided that elec-
tron beams with very small energy spreads are obtainable
at thefinal beam energy.

We thank J. Wu and S. Reiche for useful discussions, J.
Galaydaand R. Ruth for their encouragement on this work.
This work was supported by Department of Energy Con-
tracts No. DE-ACO02-76SF00515.
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STATUS OF JAPANESE XFEL PROJECT
AND SCSS TEST ACCELERATOR

Tsumoru Shintake” and SCSS Team
RIKEN/JASRI/SPring-8, Hyogo 679-5148 Japan.

Abstract

On 20 June, the first lasing has been observed at 49 nm
in SCSS test accelerator, which is prototype machine for
Japanese XFEL project. A challenging approach is
employed in injector system: a low density electron beam
is generated from 500 kV gun using thermionic cathode,
followed by velocity bunch compression by factor of a
few 100 times, and magnetic chicane bunch compression.
The injector created high quality and high density
electron bunch, whose measured emittance was 3
m.mm.mrad normalized with 800 A peak current and 1
psec pulse width or less. When we firstly closed the gap
in one undulator in 15" June, we observed the SASE
signal at 49 nm. Using two undulators, the signal
amplification gain reached 10°, which is close to the
saturation level. The average radiation energy is 1 micro-
J/pulse at moment, we need more beam tuning.

The XFEL project aiming at generating 1 A coherent
intense X-ray laser based on SASE using 8 GeV normal-
conducting accelerator has been funded. The construction
is scheduled 2006-2010, and beam operation will start in
2011.

INTRODUCTION

SCSS project has started in 2001 [1]. Unique
combination of three key technologies: the in-vacuum
short period undulator, the C-band high gradient
accelerator and low emittance injector using thermionic
electron source make possible to realize SASE-FEL at 1
A within available site length at SPring-8 less than 800 m
as shown in Fig. 1. It was named as SCSS: SPring-8
Compact SASE Source because of this reason. From year

[ SCSS-XFEL has been appraved in January 2006 [
8GeV, 0.8 A, SASE-FEL
Construction 2006-2010, at SPring-8
Beam commissioning ~2010
s -

Fig. 1: The XFEL will be build at SPring-8 site.

*shintake@spring8.or.jp
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of 2001, we have been carrying out R&D for key
components: the electron gun, injector, C-band klystron
modulator with oil-filled compact design, high resolution
beam position monitor, digital rf signal processing system,
etc [2]. In order to check performance of developed
hardware components and verify system performance,
especially the low emittance electron injector, we
constructed prototype accelerator for XFEL in 2004-2005
as shown in Fig. 2. The tunnel length is 60 m long, the
maximum electron beam energy is 250 MeV, the shortest
lasing wavelength is around 50 nm. From May 2006, we
started dedicated beam tuning to demonstrate first lasing.

In 2006, the Japanese MEXT: Ministry of Education,
Culture, Sports, Science and Technology has decided
construction of XFEL at SPring-8 site. The project is
aiming at generating 1 A coherent intense X-ray laser,
which is based on SASE using 8 GeV normal-conducting
accelerator. Figure 2 shows the computer image of the
facility, the XFEL will be constructed right next to the 1
km beam line. The construction is scheduled 2006-2010.

One big benefit to have XFEL at SPring-8 site is to
share human resources and sample preparation facilities
in the existing 8 GeV synchrotron light source.

CHOICE OF ACCELERATOR
TECHNOLOGY

We have decided to use normal conducting linear
accelerator technology at C-band frequency (5712 MHz).
It is “warm” technology, not super conducting ‘“cold”
technology. The reason why we chose this technology is

(1)  Since C-band accelerator can generate high

Fig. 2: Tunnel view in SCSS test accelerator.
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gradient, as high as 35 MV/m, with reasonable
cost. Technology is available right now.

(2)  Pulse repetition frequency of C-band accelerator
is limited to 60 pps maximum, and average flux
becomes quite lower (about 1/100 times) than
the case of super conducting machine. The
special feature of XFEL radiation is extremely
high peak power (~ 2 GW) and short pulse
duration (~30 femot-sec), and most of all
scientific case to make use these features does
not request high average flux. The existing
SPring-8 3" generation light source provides
high average flux, thus XFEL and SPring-8 are
complementary facilities in the same site.

CHOICE OF ELECTRON SOURCE

The SASE-FEL at 1 A wavelength region requires high
quality electron beam of extreme parameter: peak current
> 2 kA, low slice emittance ~ 1 t.mm.mrad, and low slice
energy spread < 10, Additionally, it requires fairly long
undulator line, near 100 m long, where the beam
trajectory has to be guided in a straight line within small
error < 10 um. In this alignment, we use high resolution
e-beam position monitors, and relay on beam-based-
alignment. To perform this alignment, the electron beam
has to be very stable, and also the beam hallow
component and dark-current must be negligibly small
(clean beam).

The transverse electron beam size at the undulator
section is order of 30 um, from this beam the X-ray is
radiated with diffraction limited condition, thus the X-ray
beam spot is also quite small, which is order of 100 um at
the sample located 30 m or 100 m downstream from the
undulator. Pointing of the radiated X-ray beam follows e-
beam trajectory, therefore, e-beam trajectory angle has to
be fairly stable, such as, 3 urad, and otherwise X-ray does
not hit small samples.

In order to make such a stable and clean beam, first of
all, the initial condition of electron beam trajectory, or the
emission condition of the electron from the source has to
be very stable. One candidate to meet this requirement is
the thermionic cathode.

The LaBgs or CeBg have been widely used in the
scanning electron microscope, because of its high
brightness and superior performance of quick recovery
from contaminations [3]. Since they operate at high
temperature near 1800 K, no any residual gases can
condensed on the cathode surface. Additionally, there is
constant rate of cathode material evaporation from the
surface, which provides continuous activation, and also
self-cleaning process. If we use a high quality single
crystal, a very flat surface is formed in a single atomic
layer after evaporation, which provides very uniform
emission density and ensures no emittance break
associated with rough cathode surface or non-uniform
emission density sometimes observed in Ba-oxide
cathode materials.
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It should be noted that the pin-shaped cathode is
commonly used in electron micro scope, since it provides
extremely high brightness, i.e., small emission area
provides small emittance while high current density,
which meets imaging optics in microscope. However, it
can emit fairly low current beam, typically less than 1 ULA.
In contrast, the SASE-FEL requires a few Ampere beam
from the cathode, thus we use a flat surface. We chose
CeBg rather than LaBg, because of longer life time. At
1700 K operation temperature, expected lifetime is 20,000
hours for 100 wm material loss due to evaporation.

We use rod shape CeBg of 3 mm in diameter as shown
in Fig. 3. We extract 1 A beam via 10 MV/m acceleration
field in the gun (500 kV/5cm), which is in the temperature
limited condition. The theoretical normalized emittance
due to thermal motion at the cathode is 0.4 m.mm.mrad.
The emittance was carefully measured at the gun using
double slits, it was 1.1 m.mm.mrad including tail
component for 1 A beam current. Eliminating tail
components from the data, we estimated the net emittance
of core beam as 0.6 t.mm.mrad [3].

CeB; Cathode & Heater Assembly

=

CeB; Cathode 3 mm Diameter
Emittance 0.4 m.mm.mrad
(thermal emittance, theoretical )
Beam Current 3 Amp.

at 1450 deg.C

(using graphite heater)

Current Density > 40 Alem?

Fig. 3: CeBg single crystal thermionic cathode for low
emittance electron source.

BUNCH COMPRESSION

In the X-ray FEL for 1 A wavelength, very high peak
current is required for e-beam to obtain high SASE-FEL
gain. Nominal beam current value of 3 kA is required in
our design. We can not generate such beam from any kind
of electron sources, therefore we compress the bunch
length in longitudinal direction by means of velocity
bunching in injector and magnetic chicane bunch
compressor. We designed the compression factor as 20, 18,
8 in velocity bunching at injector, the first and second
bunch compression system, respectively. Big question is
how we maintain low emittance value from the gun to
undulator through these compressions.

In the injector and bunch compressors, if the following
conditions are satisfied, the slice emittance can be
conserved.

(1) Radiation damping or
synchrotron radiation is small.

excitation  through
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250MeV e-beam, generates VUV-radiation.

(2) There is no highly nonlinear optics, which mix
particle in radial direction, resulting in non laminar
flow.

(3) There is no over-bunching process, which mixes
and overlaps two or more slice components from
different z-positions.

To satisfy above condition, we designed the injector
system based on “adiabatic compression” scheme: the gun
with beam chopper generate 1 A x 1 nsec x 500 kV beam,
then velocity modulation by 238 MHz sub-harmonic
buncher cavity, followed by velocity bunching along a
drift section, then the space charge effect becomes severe
as raising peak current, then 476 MHz booster cavity
accelerates beam energy to 1 MeV, relativistic effect
lowers the space charge effect, followed by velocity
bunching, and inject into the S-band standing wave
accelerator, and capture single bunch.

In order to test this challenging scheme, and check all
hardware components developed in our R&D [4], we
constructed prototype accelerator in 2004-2005 as shown
in Fig. 2. Beam line layout is shown in Fig. 4. We use four
C-band accelerating structures, 1.8 m long each, energy
gain 32 MV/m maximum. With maximum beam energy
of 250 MeV, the shortest wavelength of VUV-radiation at
50 nm can be obtained.

Q-scan Emittance Measurement

Injector

Pt b
. Compressor LM ot
- B T
B F:

Q-magnet provide horizontal focusing.
F OTR + From image width emittance is estimated.
Frofie +  (~ 100 micron-meter)

\ 2 4 [}

Fig. 5: Beam profile during Q-san emittance
measurement. Transition radiation from Au coating of
optical mirror was monitored by CCD camera.
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Undulator

Undulator

Fig. 4: SCSS prototype accelerator, two undulators of 15 mm pitch,

At the injector end, the wvelocity
bunching and chicane bunch
compression complete, where the beam
energy reaches to 50 MeV, bunch charge
is 0.25 nC and the bunch length is 1 psec
or less, which depending on operation
condition,  specifically  phase &
amplitude tuning of 238 MHz and 476
MHz cavities.

We measured projected emittance
right before the C-band accelerators,
using Q-scan method. By reversing
polarity of one of the Q-magnets to
provided strong focusing in X- and Y-
direction, and measured the minimum
beam width. By varying focusing power,
the beam width response was measured
as Fig. 5 and 6. We found the normalized projected
emittance of around 3 w.mm.mrad for both X- and Y-
directions. The slice emittance was also measured at 50
MeV beam dump, it was 2 mw.mm.mrad, where the
measurement was limited by spatial available resolution
of profile monitor.

We repeated many measurements in this kind, always
observed emittance around 3~4 m.mm.mrad. This
experimental data indicates that the velocity bunching in
our system does not largely deteriorate the projected
emittance for compression ratio exceeding 100 times. For
more detail, refer the report by H. Tanaka [6].

FIRST LASING EVENT

Two in-vacuum undulators were installed, whose
undulator period is 15 mm, minimum gap is 3.5 mm,
nominal K value is 1.3 and one undulator length is 4.5 m.
In the beam tuning, we firstly opened the gap to 20 mm
and passed the e-beam through gap and transported into
the beam dump. We tuned the beam optics upstream of
the undulator. We setup the optics, in coming beta-
matching and focusing Q-magnet in between two
undulators.

VUV Beam

Measurement of Beam Emittance

0.03 —T 7T
N’E I Normalized Emittance : 2.9 .mm.mrad -
E 9|
2] L i
=1
5 0.02@ -
o]
o | é 1
& o 3
2 ]
w5 001} y i
) L] » .
= i
2 oo ]
w L 4
0 AR T SR (B NRT < R R
0 0.5 1

Focusing Magnet Strength 1/f (m™)

Fig. 6: Beam width as a function of focusing power. At
beam energy 50 MeV, charge 0.25 nC, length < 1 psec.
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Normal ized Spectrum
Intensity . . . . :
1L 4
FEL
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Undulater Radiation |
(500 times magnified)
0 L 1
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Wavelength (nm)
Fig. 7:Radiation spectrum at the lasing condition, 0.25 nC
per bunch and 250 MeV. Peak at 49 nm is the coherently
amplified signal (6000 times) from the spontaneous
undulator radiation (blue line).

On 15" June evening, we firstly closed the gap in the
upstream undulator, and measured radiation spectrum,
where the spectrum width was already quite narrow,
peaked at 49 nm, and totally different from the natural
spontaneous radiation, as shown in Fig. 7. The spectrum
width is around 1% FWHM, which is much narrower than
the spontaneous undulator radiation, while it is dominated
by e-beam energy fluctuation, at moment.

As shown in Fig. 8, when we varied the bunch charge,
the lasing power drastically changed. This threshold
phenomenon indicates high FEL gain. The power has not
yet reached the saturation.

By varying K-value of undulator, response of the power
gain was measured. Comparing to numerical simulation
we determined the electron beam brightness as 270 ~ 310
A/(n.mm.mrad)’ in the undulator.

FROM TEST ACCELERATOR TO XFEL

To obtain enough FEL-gain at 1 A, we need ten times
higher brightness than the test accelerator case, i.e., 3 kA
at | mmm.mrad. This will be easily obtained by the
second stage bunch compressor at high energy (designed
compression factor is x 8, at 1.8 GeV).

On the other hand, about the X-ray energy, we need
improvement. The lasing pulse energy in the test
accelerator is 1 micro-J/pulse average, which is about ten
times lower than theoretically predicted value for 0.25 nC
charge. This is partly due to the fact that the second
undulator field is not perfectly matched with requirement,
and may be also due to non-uniform charge distribution in
electron bunch [6]. While we do not have enough data to
determine amount of charge contributed to lasing, it may
be 10% or less.

In XFEL machine, to raise fraction of charge for lasing
and increase total charge, we improve injector design as
follows.

(1) Run the electron gun at 2 A beam current (twice
higher than test accelerator case). The cathode
and gun handle this beam without loosing cathode
lifetime and breaking emittance.
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Fig. 8:Peak output power v.s. bunch charge. Using photo
diode, peak height was detected from averaged pulses.

(2) Use L-band accelerator instead of S-band at the
buncher cavity, which makes beam acceptance 8-
times larger. In the test accelerator, acceptance is
limited upstream end of the S-band standing-
wave buncher. Lowering frequency twice, all
structure dimensions will scale twice larger,
resulting in larger acceptance in X, y, z-directions.

(3) Flat-topping cavities will be used in the injector.
Since we use rf-field to compress bunch, the non-
linear curve associated with cosine-function
creates non-uniform charge distribution after
bunching. Applying higher harmonic cavity, we
can obtain a linear response function. This
technique is well known as “flat-topping cavity”
in traditional cyclotrons.

With this improvement, we will be able to generate

bunch to drive FEL with 1 nC charge, with emittance 1
n.mm.mrad and with uniform charge distribution.

CONCLUSION & SCHEDULE

We measured the e-beam emittance and observed first
lasing in the SCSS prototype accelerator. From this
experiment, superior performance of the thermionic gun
and injector system has been demonstrated.

Analysing the experimental data carefully, we refine
hardware design, and start XFEL construction this year.
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Abstract

In the Coherent Harmonic Generation Free Electron
Laser configuration, an external seed signal, a commer-
cial laser source, is focused inside the first undulator. The
interaction between the electron beam and this seed leads
to a more coherent light emission. Such devices are very
promising for short wavelength operation with a rather
compact facility. Experiments have been performed on the
UVSOR-II Storage Ring (Okazaki, Japan) with electrons
stored at 600 MeV, and using a 2.5 mJ Ti:Sa laser at 800
nm wavelength, 1 kHz repetition rate, and 150 fs up to
2 ps pulse duration, allowing emission at 266 hm. This
third harmonic has been characterised versus various pa-
rameters. Optimizations have been redlized on the elec-
tron beam and laser synchronisation. The dependency of
the harmonic signal on the gain (undulator gap, magnetic
functions) has also been studied. Theory is compared to
experiment using analytical model. These encouraging re-
sults make UV SOR-I1 storagering an activetest facility for
Coherent Harmonic Generation scheme, as well as apoten-
tial VUV sourcefor users experiments.

INTRODUCTION

Recent Free Electron Lasersaim at reducing the radiated
wavelength to the X-ray domain, the time duration to the
femto-second domain, and at improving the coherence of
the source. FELs based on linear accelerators are mainly
experimenting SASE [1], HGHG, and seeded configura-
tions. Coherent Harmonic Generation (CHG) is a seeded
FEL configuration based on storage ring [2, 3]. The seed
can be either the own spontaneousemission of the electrons
as demonstrated on DUKE [4] and ELETTRA [5] storage
rings, or an external source [6] such as a commercial |aser.
This paper presents the successful generation of the third
coherent harmonic of a Ti:Salaser in USOR-II.

In the Coherent Harmonic Generation configuration, the
laser isfocused in themodulator [ 7], and synchronized with
the circulating electron bunch. The electron beam is micro
bunched at fundamental and sub harmonic wavel engths of
the seeded laser. The light emission of the electronsisthen
enhanced in the radiator at the third harmonic of the seed,
i.e. 266 nm. Figure 1 presents the general scheme of the
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experiment.

>

Storage Ring

Optical Klystron

Seeding Laser

Blectiani Bt Coherent Emission

Figure 1: Coherent Harmonic Generation scheme on astor-
agering

The seeding laser used for the CHG experiment was ini-
tially optimized for Slicing and Coherent Synchrotron Ra-
diation experiments (CSR) [8], requiring high repetition
rate (1 kHz) and short pulse duration (150fs), and therefore
not perfectly adapted for generation of the third harmonic.
UVSOR-II facility can now provide coherent, short dura-
tion and intense light in the far infrared (using CSR) and
in the VUV range (using CHG) simultaneously, using one
single high power laser. Figure 2 illustrates a burst of CSR
emission observed in CHG operation.

[remy

I

S S S G S S PP A - S G T L S

Figure 2: Oscilloscope trace of CSR signal detected by a
bolometer observed in CHG operation.

Throught out this paper, an analytical model for CHG
will be reminded, followed by a description of the compo-
nents of the experiment. The first results and optimisation
on the third harmonic are finally presented.
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ANALYTICAL MODEL FOR CHG

In 1982, R. Coisson and F. De Martini [9] proposed an
analytical model to describe the Coherent Harmonic Gen-
eration process in an optical klystron. The intensity of the
light emitted by a relativistic electron bunch in an optical
klystron can be expressed as the sum of an incoherent and a
coherent term. The coherent term equals zero for randomly
distributed electronic phases. In the case of CHG process,
and assuming that the energy modulation only occursinthe
first undulator, the interaction between the electricfield £ 1,
and the electronsinduces an additional energy spread given
by:

(O = hE©),

where J are Bessel functions, depending of ¢ =
4(157;2/2)_ K isthe undulator deflexion parameter, \( the
spatial period, N the number of periods, ¢ the velocity of
light, e the electrons charge, m their mass, and ~ their nor-
malized energy. This energy spread results into an addi-
tional phase difference at the exit of the dispersive section,
equal at its maximum to: Aa = 47(N + Ng)Ay. Ny is
the number of equivalent periods of the dispersive section.
The intensity of the coherent emission no longer averages
to zero, and is given by the following expression:

Ay =

6Wcoh _

n2e?N? ,%Jﬁ(nAoz)(KN)\o
SwéQ

2420 (2
16megcA? vy A @)

n is the harmonic number, N, the number of electrons in
the bunch, f, the modulation rate, \; the seeded laser
wavelength, and:

Ap = 1/2(Jn41(n§) — Jn-1(né)). ©)
The intensity of the incoherent emission is given by:

5Wincoh _ n262Ne
SwsQ) 16megcA?

KNXo

(L+ fn)( PAL. 4
This model, already used for ACO [2] and Super-ACO [3]
storage rings configurations, allows apprehending Coher-
ent Harmonic Generation process and its dependency to
electron beam and seeded laser parameters. In addition,
calculations performed before the experimental sessions
provided with reasonabl e expectations on the generation of
the third coherent harmonic with UV SOR-I11 storage ring,
and its laser parameters.

CHARACTERISTICSOF THE
EXPERIMENTAL COMPONENTS

Electron Beam

For CHG experiment, UV SOR-I1 [10] facility (see Fig-
ure 3) was used in single bunch mode. The characteristics
of the electron beam delivered are given in Table 1. Ex-
periments have been performed with beam current up to
40 mA, since no beam instability occurs below this value.
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The modulator and radiator of UV SOR-11’soptical klystron
[11] areidentical and made up of 9 periods of 11 cm, sep-
arated by a 33 cm long dispersive section.

Figure 3: UVSOR-II storagering

Table 1: Characteristics of the el ectron beam on UV SOR-I|

Storage Ring for CHG operation.
Parameter (Unit) Symbol | Value
Energy (MeV) E 600
Circumference of the Ring (m) C 53.2
Cavity voltage (kV) Ver 100
RF Frequency (MH2z) frF 90.1
Harmonic number ny 16
Number of bunches stored ny 1
Period of revolution (ns) To 178
Momentum compaction @ 0.028
Synchrotron frequency (kHz) fs 194
Current (mA) 1 0-40
Natural Energy spread 0y 0.00034

Beam diagnostics

Four different diagnostics have been used to characterize
the output radiation of the radiator (which includes electron
beam radiations, and IR laser), and therefore the coherent
emission. For spectral selection, thelight issent to aninter-
ferometric filter (CVI-F25-265), centered at 266 nm with
25 nm bandwidth. The detection of the UV light is then
performed using a solar blind PhotoMultiplier (PM, Hama-
matsu, R759). In order to observe the coherent emission
at 1 kHz, among incoherent emission at 5.6 MHz, the PM
signal is observed on an oscilloscope, triggered by the laser
timing system. A streak camera (Hamamatsu, C5680) has
also been used. It allowsto follow thelongitudinal distribu-
tion of the electron bunch, and to measure relative position
in the time domain between laser pulse and electron bunch.
Thelight was spectrally characterised using a spectrometer
for spontaneous emission, and a monochromator followed
by the photomultiplier for the coherent emission.

FEL Prize and New Lasing
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Seeding Laser

The characteristics of the seeding laser system used are
given in Table 2. This system includes a mode-locked
titanium-sapphire (Ti:Sa) laser oscillator (Coherent, Mira
900-F) and aregenerativeamplifier (Coherent, Legend HE)
driven by a Q switched pump laser, which delivers high in-
tense femto-second pulses. Those elements are shown in
Figure 4.

Table 2: Seeded Laser characteristics

Parameter Value Unit
Wavelength 800 nm
Spectral width 12 nm
Repetition rate 1 kHz
Pulse duration (At) 0.15t02 ps
Average Power (Pr) 18 W
Diameter 115 mm
Gaussian quality factor 1.25
Polarization Horizontal

Figure 4: Photograph of the laser system used for CHG
experiment.

Synchronisation

The overlap in the modulator for the micro bunching of
the electronic distribution, requires a precise synchronisa-
tion of the laser pulse and the electron bunch, and there-
fore a specific timing system for UVSOR-II facility [12]
organized as following. The mode-locked Ti:Sa laser is
synchronised with the RF signal (frx) of the storagering.
In addition, the repetition frequency f of the Q switched
laser is based on the sub-harmonics of the revolution fre-
quency of the bunches f,...,=frr/nyg=5.6 MHz, leading to
fo=frev!5632=1kHz. To select and fix the electron bunch
with the laser pulse cuts, an RF bucket selector is used for
making the Q switching trigger signal. The timing of the
laser pulse within the bunch spacing timeis adjusted using
a phase shifter modifying the phase of the RF signal. The
condition of synchronisationis observed using in first stage
a photodiode, receiving both laser pulses and synchrotron
radiation (SR). More accurate tuning is further performed
using the streak camera, which temporal resolution reaches
10 ps.
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Alignment

Spatial overlap is an other key step in Coherent Har-
monic Generation. An accurate alignment of the IR laser
on the electronstrajectory has to be performed in the mod-
ulator. The electronic orbit of the FEL oscillator at 800 nm
has been selected for this trgjectory. Auto collimation was
then used to mark the seeded laser path from the laser hutch
through out the FEL cavity. Three periscopes made of two
flat mirrorsat 45° incidence allowed the transport of the IR
and a5 mlong focal lensits focusing inside the modul ator.
This allows to optimize the overlapping with the e-beam
and to increase the local energy. Both beams have horizon-
tal polarization. Figure 5 illustrates the experimental setup
for transport and alignment of the seeding laser.

Ti:Sa ST:;‘I;S
/ o
F & Flat Mirror
Focusing lens
R —
I Hb ﬁT—
[ | \ | Pirhole

Modulator Radiator

Figure 5. Setup of the laser transport to the FEL cavity.

OBSERVATION OF THE THIRD
COHERENT HARMONIC

A picture of the oscilloscope screen is presented in
Figure 6, illustrating the output radiation of the undula-
tors. Central peak correspondsto the radiation of the laser
heated electron bunch. The intensity at 266 nm is dramati-
cally enhanced thanks to the coherent emission at the third
harmonic of the seeding laser.

-

Figure 6: Oscilloscope trace of of the optical klystron out
put radiation. Central peak correspondsto the laser heated
bunch emission, and edged peaks to unheated bunch emis-
sion. Pp=1.78 W, At=1.12 ps, I=4.29mA. Time scale: 40
ng/division.

Figure 7 shows the streak camera image of CHG sig-
nal. Thisdiagnostic confirmsthe enhancement of theinten-
sity at 266 nm radiated by the heated electron bunches (see
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bright blue spots). In addition, the vertical axis of theimage
allows to evaluate the duration of the heated bunch radia-
tion: it is much shorter than unheated one's, and measur-
ment of the pulse duration is limited by the streak camera
resolution. The temporal coherence achieved with Coher-
ent Harmonic Generation allows to expect pulse durations
below 2 ps.

Figure 7: Photograph of the streak camera image. The
bright spots correspond to laser heated bunch emission (co-
herent emission). Full scales are 85 ms for the horizontal
and 700 psfor the vertical axis.

Once the Coherent Harmonic Generation systematic and
reproducible, the harmonic radiation was studied as afunc-
tion of various parameters.

According to the analytical model previously mentioned,
the number of coherent photons produced is proportional to
the sgquare of the number of electrons heated by the laser,
linearly related to the pesk current, assuming that the elec-
tron bunch duration is much wider than the laser pulse du-
ration (by two orders of magnitude). First results seem to
confirm the expected quadratic behaviour.

The third harmonic has then been studied versus syn-
chronisation. Using a 3 mA beam current, the laser pulse
position in time was shifted back and forth by 200 ps
from its initial position: where maximum UV intensity is
recorded. Coherent emission could be detected over 360
ps, with total disapearing for delays longer than 200 ps,
giving an rms width of 70 ps. Thisresult isin good agree-
ment with the rms bunch length measured at this current:
85 ps. Indeed, since the coherent emission is linked to the
electronic density, maximum emission is obtained when the
seeding laser heats the centre of the bunch, and a scan with
thelaser pulsein the time domain gives back the longitudi-
nal distribution of the bunch.

The undulator gap has a so been studied as avarying pa
rameter. CHG process is based on the amplification by the
radiator of the sub harmonics of the seeding laser wave-
length. To be properly amplified, this sub harmonic wave-
length must correspond to a resonant wavel ength of the op-
tical klystron, defined by the undulator parameter K, and
therefore by its gap. Consequently, a detuning of this pa-
rameter might kill the radiation at 266 nm. Indeed, CHG
emission is maximum for an undulator gap of 40.8 mm and
the signal vanishesfor gaps of 39.7 and 42.5 mm.
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CONCLUSION

Using a 1 kHz Ti:Sa laser, a Coherent Harmonic Gen-
eration FEL configuration has been successfully set up at
UV SOR-II facility. Short (below 2 ps), UV (266 nm), co-
herent laser pulses are delivered. In addition, both CHG
and CSR can be operated in parallel, using the same laser
system and experimental setup: an important step in the
devel opment of the fourth generation light sources.

More Coherent Harmonic Generation experiments on
UVSOR-II are to be performed in order to study the in-
fluence of the seeding laser characteristics: energy, diame-
ter, pulse duration, as well as shaping inside the modulator.
Observation of the fifth harmonic is al so foreseen.
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Abstract

This paper discusses different generation regimes of Vol -
ume Free Electron Lasers (VFELS) which utilize Volume
distributed feedback (VDFB). Dependence of VFEL oper-
ation on VDFB parametersis studied.

INTRODUCTION

VDFB significantly extends operation possibilities of
Free Electron Lasers (FELs). It was shownin [1] that prop-
erly parameters choice of VDFB geometry lowered down
the threshold current magnitude of generation. VDFB can
solve the problem of mode discrimination at great elec-
tromagnetic power generation in oversized systems. The
beam cross section in such systems significantly exceeds
wavelength. Large sizes of electron beam cross section al-
low to distribute power and to lower local load of system el-
ements. However, standard oversized system suffers from
excitation of great number of parasitic undesired modes.
As aresult, the destructive interference takes place, the co-
herence of radiation degrades and the generation efficiency
significantly reduces. So, analysis of electron beam dy-
namics dependence on VDFB parameters is of great im-
portance. Partly, threshold parameters of electron beamin-
stability in VFEL can be investigated by using linear the-
ory. For example, the first threshold point j; corresponds
to beginning of the electron beam instability. At this point
the first radiating mode appears. |Instability stage corre-
sponding to regenerative amplification is in the range of
parameters j; < j < j2 when generating mode is a-
ready appeared, but the radiation gain of this modeis less
than radiation losses of the coupled feedback mode. Such
system can amplify incident wave. Parameters at which
radiation gain becomes equal to absorption correspond to
the second threshold point. When magnitude of beam cur-
rent exceeds the second threshold value, generation pro-
cess occurs without incident wave. For current density j
intherange jo» < j < js the beam instability in short pe-
riod of time changesinto the stationary nonlinear saturation
regime. If current exceedsthe third threshold value j > j3,
the nonlinear stage becomes non-stationary. The threshold
currents mentioned above depend on parameters of VDFB.
So, variation of VDFB can change the type of generation.
For providing VFEL experiments and their interpretation it
is necessary to have theoretical description and numerical
simulation of effects considered. Here some such theoreti-
cal results are presented.

*Work supported by Belarus Foundation for Fundamental Research,
Grant FO6R-101.

T batrakov@inp.minsk.by 1 sytova@inp.minsk.by
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ENERGY TRANSFER IN VDFB SYSTEMS

Let's study energy exchange between electron beam and
radiation in the system with VDFB. Electromagnetic field
in this case can be expressed as

E = Z aq exp {ik,r —iwt} {e + ..
+e;s; exp [iTir] + ..}, 1)

where 7; are the set of reciprocal vectors, e; are unit polar-
ization vectors, s; are coupling coefficients between waves,
a,, are mode amplitudes which are determined from initial
and boundary conditions. Using the equation of electron
motion in the electromagnetic field and averaging over ini-
tial electron phasesthe following expression for mean elec-
tron energy can be obtained
e?(ue)? k2 ku .

e e L )

w C

Ay =

2m2udcy

where L. isthelength of interaction region,

F=Im [Z Ny (eXp lilvs —va)} = 1+

- (v — ve) 13

exp [—iv] — 1

)

n exp [—ivy] (v +1) — 1
iwiug

Ve, V[%

v; = (w—k;u) L, /u are parameters of detuning from syn-
chronism.

Control of Emission Line Shape by VDFB

Generally in the case of n-wave VDFB the energy trans-
fer (2) between electron and electromagnetic field depends
on n detuning parameters. This gives additional possibil-
ities to regulate the shape of emission line in comparison
with one-wave synchronism case.

Shapes of one-wave and different two-wave synchro-
nism lines is illustrated in Fig. 1. It is seen that corre-
sponding selection of parameter a = 7 — v5 increases the
width of amplification region by two times (compare the
curves "one-wave’ and "a=7"). Due to this fact, electron
beam will be synchronous with electromagnetic wave for
a longer time. So, more energy is transferred to electro-
magnetic wave that raises the laser efficiency. On the other
hand emission line can be narrowed by properly choice of
detuning parameters.
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one-wave

Vi

Figure 1: Emission line dependence on the relation between detuning parametersa = v, — v, for one and two-wave

synchronism.

REGENERATIVE AMPLIFICATION
(LINEAR STAGE)

Eigenmodes for two-wave VDFB are obtained from the
dispersion equation [1]

(w — ku)® {(k*c® — w?e) (k2c® — w?eo) —
2 2
wir) = — LWL (202 2y (k22 — ey
©)
Herek: = k+ 7,60 = 14 x0, 7 = XrX—7, Xo ad

X+ are polarizabilities of periodical structure with VDFB
which appear in the expansion of permeability:

e(rw)=1+ Z Xrexp{—irr}. (4)
Representing solutions of (3) ask = kg + néw/c, where
ko satisfies to the condition w — kgu = 0 the following
boundary conditions for mode amplitudes a ; can be writ-
ten:

Zai = a, Z sia; exp {ikd; L} = b,
a; a;
i = O Z 7 =" )
Thefirst and the second equalitiesin (5) correspond to the
continuity of electromagnetic field at the input (z = 0) and

the output (z = L) of VDFB structure, a and b are ampli-
tudes of incident waves. Thethird and the fourth equations

42

correspond to the density and current density continuity of
unperturbed at the input electron beam. Solving system
(5) one can obtain the following expression for intensity of
output el ectromagnetic waves:

T Bl B[ _
Io o lal® + 71 [b]?
= (e’ 167°n” ©)
nu/ -3 (kx,L.)* (Tin — )
where
M)3167r2n2
nu
Ty = ( I 1-pf4+ dmr
" kv L2 kL. me( b xTIme>
2n? L 212
r= —4—(7) kL3 (xo £ V=B Ix-| =77%)-
“(xo £ V=BIx-) fv),
Fly) = siny(2y +7n) smy y(y +7rn) cosy

y*(y + ™)’

Iy = |EO|2 +m IET|2 istheintensity of incident waves.
y = v1/2, B is diffraction asymmetry factor, v¢ and ~;
are diffraction cosines. Expression (6) isderived in the low
gain approximation.

It follows from (6) that /I, > 1 when T" >
Imxo (1 — 8 £ Imr/ (x-Imxo)) ( > J1 is the first
threshold point) and the amplification process starts. Fig. 2

FEL Theory
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Figure 2: Dependence of regenerative amplification coeffi-
cient on asymmetry factor g of VDFB.

demonstrates amplification dependence on VDFB geome-
try factor 5. So, VDFB can control amplification process.
When current reaches some critical value j > ;5 the oscil-
lation regime develops. Dependence of the second thresh-
old current on VDFB asymmetry is illustrated in Fig. 3.
It is seen that VDFB allows to control the second thresh-

200
180
160
140

120

100
2 4 6 8 70 P

Figure 3: Dependence of the second threshold current j o
on asymmetry factor 3 of VDFB.

old current too. Regenerative amplification (j1 < j < j2)
is stationary and can occur in linear or nonlinear regime
depending on magnitudes of I (nonlinear regime will be
discussed bellow). In contrary, oscillation regime has the
non-stationary character and the linear stage rapidly trans-
fers to the nonlinear one. To study nonlinear regime the
numerical simulation of VFELs must be carried out.

NUMERICAL SIMULATION OF THE
SYSTEM WITH VDFB

For n-wave VDFB from Maxwell equations in the ap-
proximation of slow varied amplitudes the system of n
equationsfor n strong coupled waves can be obtained Here
we restrict ourselves by considering three-wave VDFB.
The system for n-wave VDFB can be written by evident
generaization. So, using the field representation in the
formE = Zﬂ e F; exp {ik,r —wt}, i = 0,1,2 we ob-
tain the following nonlinear equations:

FEL Theory
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aEO 8E0 1 it 1
8(wt) +703(kz) + 2lEO 2X1E1 2X2E2

= 2mj® /0 [77 2R (exp(—iO(t, 2, p)+

exp(—iO(t, 2z, —p))) dp,

OB, OB,
awt) T ok

)~ $X-1Eo + 3l B — (M

tX2-1E> =0,

0FE; 0FE;

1 1
(i) + 2k sX—2F0 — 5x1-2F1

+%Z2E2 =0.

Herel; = (k%c2 — w2€0) Jw?. v0, 71, 72 arethree VDFB
cosines.

System (7) must be supplemented with equationsfor the
phase dynamics:

IOt z,p) _ _ed (k — MY
dZ2 m73w2 z dz
‘Re (EO eXp(i@(tazap))’ (8)
dO(t,0
O0.0) _ .y, ©1t,0,p) = p.

In (8) it was proposed that the electron beam is syn-
chronous with the wave Eqy only. The integral form of
beam current in the right hand side of (7) is obtained by
averaging over the following initial phases of electronsin
the beam: entrance time of electron in interaction zone wt g
and transverse coordinate of entrance point in interaction
zonek r;.

Equation (8) depends on these two initial phases only in
combinationk ; r; — wt (that appearsininitial condition
for phase a =z = 0). Therefore, in the mean field approxi-
mation doubl e integration over two initial phases can bere-
duced to the single integration. As the result, the averaged
current in right hand side of the first equation of (7) differs
from expressions frequently used in literature (in which the
current is used in the form [ d© exp {—i0)}).

Regimes of VFEL Generation (Nonlinear Stage)

VFEL dynamics simulated on the basis of the system
(7) and (8) isillustrated in Fig. 4 - 7. In the Fig. 4 the
regimes of regenerative amplification and stationary gener-
ation are presented. It followsfromthisFig., that theregion
of regenerative amplification is rather narrow. This region
j1 < j < jo is marked by two dotted lines. Therefore,
the idea to control amplification by regulating VDFB pa
rameter S (and other VDFB parameters) seems to be very
useful. Let’snote, that the region of regenerative amplifica-
tion by corresponding choice of VDFB parameters can be
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Figure 4: Amplification and oscillation regimes for three-
wave VDFB. Vertical dotted lines (A and B) shows posi-
tions of thefirst and the second threshold currents.

increased for three-wave VDFB in comparison with two-
wave VDFB ([2]).

When electron beam current increases, generation re-
mains stationary up to the third threshold current ;3. Then
a j > js non-stationary periodic regime of generation
starts. Fig. 5 demonstrates temporal dynamics of genera-
tioninthisregion ( > j3).

[E|
1200 —
MMM,
800 —
| 2%}
400 —| -
B ——
1 E| ——
B ——
0 \ L B
0 5E-8 1E-7 1.5E-7 2E-7

t,ns

Figure 5: Current exceeds third threshold value (j > j3).
Periodic regime of oscillation for three-wave VDFB.

Oscillations appear at discrete number of frequencies at
further current increase.

At some current value dynamics becomes chaotic and
the regions with continuous frequency spectrum appears
(Fig. 6 and Fig. 7).

CONCLUSION

In the paper presented it was shown that VDFB alows
to regul ate the generation regime. Changing VDFB param-
eters at given current value can transfer generation process
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Figure 6: Chaotic oscillation regime.
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Figure 7: Fourier transform of E correspondingto chaotic
generationin Fig. 6.

between different regimes. In addition n-wave VDFB al-
lows to discriminate parasitic modes at generation of great
power in large volume. First experimentswith VFEL gen-
eration was presented in [3, 4] and the following papers.
So, VFEL has great future prospect.
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EXTRACTING INFORMATION FROM SMITH-PURCELL FEL

SIMULATIONS
J.T. Donohue, Centre d'Etudes Nucléaires de Bordeaux-Gradignan, BP 120, 33175 Gradignan,
France
J. Gardelle, CEA CESTA, BP 2, F-33114 Le Barp, France

Abstract

Simulations of coherent Smith-Purcell radiation using 2D
particle-in-cell codes have provided insight into the nature
of the process, and have generally provided support to the
viewpoint of the Vanderbilt University FEL group.
However, if one is interested in terahertz frequencies, the
need for small meshes and short time intervals makes the
calculations exceedingly long. In particular, the S-P
correlation between frequency and angle is only valid at
distances large compared to the grating size, and may not
be apparent if the simulation area is too small. With the
help of the multipole expansion, we show how simulation
data obtained with a small area may be extended to an
area of arbitrary size. This enables us to confirm the
presence of coherent higher order S-P peaks at the
appropriate angles. We also isolate the forward and
backward surface Floquet waves. Evidence for the
presence of unsuspected components is presented.

INTRODUCTION

In attempting to simulate Smith-Purcell (S-P) radiation
at terahertz frequencies with a 2D particle-in-cell code,
one is confronted with problems of time and memory, at
least if the simulation is performed on a PC. The reasons
are easy to understand. Typical wavelengths are hundreds
of u m, which means that mesh sizes must be tens of xzm.
The time step is tied to the mesh size A through stability
conditions, and is, typically Alc, where c denotes the
speed of light. Finally, the overall size of the simulation
area is determined by the experimental circumstances.
For example, the Dartmouth College experiment[1]using a
low energy continuous electron beam has a grating about
12.7 mm long, and we perform our simulation in an area
of approximately 20 mm x 5 mm, with A = 10 um. To
follow the system through one ns takes about 10 hours of
calculation with the commercially available code we use,
MAGICJ[2]. In contrast the MIT experiment using a 15
MeV pre-bunched beam[3](at 17.1 GHz) had a grating 10
cm long, which means that our simulation area must be
considerably larger than for the Dartmouth set-up.
However, two ns are all that is needed to get a satisfactory
simulation, since the beam is already bunched. At FEL
2005,[4]we reported our first attempts to simulate coherent
S-P radiation in these two experiments. While we did
find some interesting results, we used an unrealistically
large current in the Dartmouth case, which led to copious
emission of radiation from the ends of the grating at a
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frequency less than any allowed S-P frequency. This
corresponded to the evanescent surface wave predicted by
the theory of Andrews and Brau (AB)[5] but it obscured
the true S-P signal that we sought. In the MIT simulation,
we found that there remained a substantial emission of
radiation even when we removed the grating.
Furthermore, although we observed up to 20 harmonics of
the bunching frequency, we didn’t see the usual S-P
relation between wavelength and angle. This is given by
A=L({1/B—-cosg)/n, where A is the wavelength, L the

grating period, S the relative velocity (in a plane parallel
to the grating and perpendicular to the direction of the
grooves), ¢ the angle of emission (with respect to the
beam direction), and the integer n denotes the order.
While this relation is true, it only holds precisely when
the radiation is observed at distances large compared to
both the wavelength and the grating size. Given the
constraints of small mesh size, it is impractical to
simulate in an area large enough to see the wavelength-
angle correlation.

Another problem we encountered was the presence on
the grating surface of two distinct surface waves. One of
these, according to the AB theory, is in resonance with the
electron beam, while the other, of the same frequency but
propagating in the opposite direction, is generated by
reflection at the grating ends. It is of some interest to
isolate these two Floquet waves, in order to obtain a direct
verification of the AB theory, and to determine the
reflection coefficient when such a wave reaches the
grating end. This coefficient may be used in a refinement
of the AB theory proposed by Andrew, Boulware, Brau
and Jarvis[6]in order to estimate the start current needed to
produce coherent S-P radiation in the Dartmouth
experiment. In reference 6 an estimate of 50 A/m was
made, while Kumar and Kwang-Je Kim[7] obtained a
slightly smaller value of 36.5 A/m.

In this paper we describe two methods we have
developed to address these problems. The first method
we call the Small Box—Big Box transformation, since it
allows us to simulate in a small area and extrapolate to a
much larger area, so as to see the S-P wavelength-angle
correlation. While the near-to-far-field transformation is
the subject of a chapter of Taflove’s monograph[8],our
simple method uses Finite Fourier Transforms (FFT) and
fitting procedures readily available in such high-level
programs as Mathematica and MAPLE, and thus involves
relatively little effort on the part of the user. The second
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method has been developed to extract from a simulation
the two oppositely moving Floquet evanescent waves,
which are important only in the neighborhood of the
grating.  Again, the FFT and fitting capacities of
Mathematica or MAPLE may be used to execute the task.

In Section Il we describe the Small Box—Big Box
transformation as applied to a MIT simulation. In Section
111 we show how to separate the Floquet components from
a simulation of the Dartmouth set-up. The anomalies
observed in our fitting procedure reveal an unsuspected
presence of higher temporal harmonics in the field, as
well as incipient coherent S-P radiation. Our conclusions
are given in Section IV.

SMALL BOX-BIG BOX
TRANSFORMATION

In a source-free half-plane region extending to infinity,
the magnetic field in the z-direction may be written as

Bz(p,q),t):EK.[:dwe‘i“"mi‘isin(mmH%(%jbm(w),

where the standard Hankel functions H® are used and the
complex quantities b, (w) are the coefficients of the
multipole field. They may be written as

() = ———— [~ dte™* [ aosin(mo)B. (o1, 0.1).
2H %][0]
c

The azimuthal component of the electric field (cgs units)
may then be written as

Eulp.0.) =3[} doe 3, isin(m¢)Hgﬂ'(%jbm(w)

The total energy/cm radiated across a semicircle of radius
pisthen

dw Co

—=| - || dtEs(p,4,1)B,(p,d,t

P U

which reduces, after some manipulations involving the
Wronskian, to

W e, e |n(@)
S e T
which is independent of the radius.
In the context of our simulation,
B.(00, 4.t ), with @ =(2k—1)z/180,1<k <90 and
t,=t,+(r—1T/N,1<r <N, where the time step T/N is

chosen by MAGIC. Accordingly, we use FFT rather than
continuous Fourier transforms, and we perform a FFT at
each of the 90 angles, obtaining

b(s, é )= FFT(B, (0o, dc 1, ), where @ — 27(s—1)/T .
Then at fixed s, we write

5(5,@)=25m(s)sin(m@)

46

we calculate .

Proceedings of FEL 2006, BESSY, Berlin, Germany

and we apply a fitting procedure to determine the Bm (s)
for 1<m<85. Finally we introduce the normalized

multipole coefficients by (s),

b ()= b (s)/ HE (27(s —1)po / T).
We may now calculate the magnetic field and the
azimuthal component of the electric field at any point in
the source-free region by taking the Inverse FFT of the
sequence of sums

B, (p,,t)= |FFT({§6m (s)sin(mg)H

m=1

1 (27(s—1)plcT )})

E,(p.,t) = |FFT({§_ if, (s)sin(m@)H2 (22(s —1)p/cT )})

m=1

It is often desirable to examine the fields in a given
frequency range, and this may be accomplished by
introducing a filter in the Inverse FFT. We should point
out that since the FFT assumes a periodic function, the
time behavior we obtain at an arbitrary point may violate
causality. However, an ad hoc translation in time allows
one to find the true pulse shape at the new radius.

The energy radiated during the interval of time T is

given by (ergs/cm if by (s) is in Gauss)

dw T2 \ ([ (&)~ /2
- = bn(s) [/(s—1)]|.
o~ (e (Bl Jie-o)
To illustrate this procedure, we plot in Figure (1) our

simulated Bz(t)(for the MIT set-up) vs. t at a distance 5.5

cm from the center of the grating, and at angle 89°, with
its FFT.

BG) ¢ =89, p=55cm 1201 B
W f(GHz)
t(ns)

1 1.5 200

Flgurel B, (t)vs. tand its FFT, ¢ = 89° p= 55cm

© After performing the operations indicated above, we '

obtain the extrapolated function B, (t)vs. t at a distance 50
cm from the center, again with its FFT, which are shown

in Figure (2).
| i l I | I f(GHz)
t(ns

BG) $=89°, p=50cm
200

2|
-2
2 25 3

vs tand its FFT, ¢ =89°, p=50 cm.

o

Flgure 2. B

The reconstructed signal is smaller than the original, as
expected, since the fields decrease asymptotically as p 2.
Even taking into account the overall reduction in size, the
reconstructed FFT is quite different from that at small
radius. This must be attributed to the fact that for the
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second harmonic, there is a broad S-P first order peak at
82°, close enough to our angle of 89° to favor the
frequency near 34 GHz.

To indicate how the small box — big box
transformation affects the angular distribution of energy,
we show in Figure (3) the energy radiated during our 2 ns
pulse as a function of angle for a band of frequencies
centered around the sixth harmonic, near 103 GHz.

d?E /dz/dep (ergs /cm)
500
400
300
200
100

p=5.5cm, band 103 GHz

18(§b(deg)

Figure 3. The angular distribution of energy at 5.5 cm in
a frequency band centered at 103 GHz.

45 90 135

For comparison we show in
reconstructed distribution of energy as predicted by our
small box — big box transformation with p = 50 cm. The
angles at which coherent S-P radiation is expected in the
MIT experiment at this frequency are indicated. For both
_distributions we find the same total energy radiated

dE/dz/dep (ergs/cm) p = 50 cm, band 103 GHz
500 4 S—Porder 1

dedeg)

45 90 135 18

Figure 4. The reconstructed angular distribution of

~energy at 50 cm in a frequency band centered at 103 GHz.

119.3 ergs/cm, calculated by numerical integration. This
in good agreement with the direct formula for the energy
radiated in that band. Results similar to these were
obtained for the first 20 harmonics. The prominent peak

at small angles (8° here) is not S-P radiation but is -

associated with the appearance and disappearance of short
current pulses, even in the absence of a grating.

ISOLATING FLOQUET WAVES

In the AB approach the electron beam interacts with a
component of an evanescent Floquet wave. In the
Dartmouth configuration, the wave has a negative group
velocity, and the mechanism is that of a Backward Wave
Oscillator.  Upon reaching the end of the grating, the
wave is partly reflected, and some of its energy is emitted
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as free radiation. The magnetic field in the neighborhood
of the grating is then a sum of two Floquet evanescent
waves propagating in opposite directions, and one may
write,

B, (X, y,t) =R ie‘“py{Bpei((kﬁ-PK)X*(/ﬁ) + B;ei((*kF*PK)X*/II) }

where , = [(k + pK) +(/c) .

The reflected wave is not in resonance with the beam, and
essentially traverses the grating without change, until it is
also reflected at the other end, again emitting radiation.
To better understand this, we have developed a simple
method for isolating the Floquet waves. We use the
“range” command of MAGIC, which measures a
component of the electromagnetic field along some
straight line in space (along the x-direction here), at a

~ fixed time. An example is shown in Figure (5).
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i
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Figure 5. B, vs. x at fixed t and y. Dartmouth Grating.
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By performing three ranges separated by short time
intervals, obtaining the spatial FFTs and fitting the three
complex amplitudes for each wave number k to an

assumed form o e + Be', we can empirically

~ determine the coefficients o and A. An FFT is shownin

5001B ~¢+——B x20 —»
* ke Ktke|  2K—ke

400

300 2(K—kF)¢ 3(K-kp)

200

l 2K+Kg
100

kem™)

200 400 600 800
Figure 6. FFT of signal in Figure 5.

1000

Figure (6). The prominent peaks are indicated by red
arrows, and the right-hand side of the figure has been
multiplied by 20 to make details visible. The blue arrows
indicate second and third harmonics of K-kg, the
component resonant with the beam. Here the frequency @
is known (2xf, with f = 432 GHz). By comparing with the
general expression for B,, we see that the components of
the Forward Floquet wave have peaks at kg + pK, while
the Backward Floquet wave has support at pK-kg. If we
multiply the ¢4 by a filter that includes only the peaks at
ke + pK, and perform the Inverse FFT, we obtain the
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Forward Floquet waves at each of the three instants.
Similarly, by filtering around pK-kg, we find the backward
~ wave, and both are shown in Figure (7).

-06 -04 -02 0 0.2

04 06

Figure 7. Forward (blue) and backward (red) Floquet
waves extracted from signal in Figure 5.

It is clear from this figure that the forward Floguet wave
shows little or no growth across the grating, while the
backward wave shows considerable growth, indicating an
imaginary part of k of order 4 cm™. We note also that at
both ends of the grating the ratio of the incident to the
reflected wave is approximately 3:1.

As a check on our empirical method, which uses a
least-square method to fit all the FFT components, we
attempted to see whether the fit is adequate. This led to a
somewhat serendipitous discovery that we now discuss.
If we define

ABy (t): FFTk (t)—ake“‘“ - pel,
the complex number that is a measure of the validity of
our fit, we may plot its absolute value as a function of
~ wave number. The results are shown in Figure (8). The

1.4} |AB(G)| 2w 3w
1.2

1

[ )

0.8
0.6 °
0.4 ° ° &
0.2 .. “ 3 kem Y
' I. ° ° ° . o ®

Figure 8. Discrepancy 4B vs. wave number k.

major anomalies occur at 520 and 780 cm™, which are
just the second and third harmonics, respectively, of the
resonant wave number, 260 cm™. They appear also in
Figure (6). Upon examining the data, we found that these
anomalies disappear if we fit using 2w and 3w instead of
w in our fitting procedure. That means that there are
components of the form em(K-k:)at) "with m = 2, 3, etc.
Such components are readily found in the FFT analysis of
the current, and they follow from the non-linear nature of
the bunching phenomenon. By an argument based on
Ampére’s law, modulation of the current must appear as
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modulation in the magnetic field, and that is what we see.
Aside from these two major anomalies, there appear to be

~ several smaller ones. We attribute these to the presence,

in small amounts, of the coherent S-P signal
corresponding to various harmonics and orders. From the
S-P relation and the fact that all coherent radiation will
occur at a multiple of the frequency of the evanescent
wave, one may derive the following expression,
k=mal fe-2mIL,

where n denotes the order, m the harmonic, the period L is
173 um, and @ =27 x4.32x10™ s, Using it we have
drawn arrows to indicate the wave numbers associated
with some pairs m, n. It must be noted that our FFT is
symmetric, and peaks that should occur for negative k
values are shown at positive values.

CONCLUSIONS

We have presented results concerning our attempts to
extract information from simulations of coherent Smith-
Purcell Radiation, using a 2-D PIC code. Two distinct
methods have been discussed. One permits results
obtained in a small area to be extended to a larger area.
In doing so, we see more clearly the coherent S-P
radiation produced in the MIT experiment with a high-
energy pre-bunched beam. The second method involves
fitting the FFT data at three closely spaced times, in order
to separate the forward and backward Floquet surface
waves postulated in the approach of Andrews and Brau.
As a by-product, the presence of second and third
harmonics of the fundamental bunching component were
demonstrated, and evidence for tiny amounts of coherent

. S-P radiation was provided.
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SIMULATION OF SMITH-PURCELL FELS AT TERAHERTZ
FREQUENCIES

J.T. Donohue, Centre d'Etudes Nucléaires de Bordeaux-Gradignan, BP 120, 33175 Gradignan,
France
J. Gardelle, CEA CESTA, BP 2, 33114 Le Barp, France

Abstract

Our previous work on the 2D simulation of a coherent
Smith-Purcell FEL operating in the terahertz domain is
extended to a systematic study of the dependence on
various parameters. The important question of the starting
current required to produce coherent radiation is
addressed, and our new results are presented. As in our
previous work we concentrate on two configurations, one
similar to the Dartmouth S-P FEL, with a low energy
continuous beam, and the other similar to the MIT
experiment that used a pre-bunched 15 MeV beam.

INTRODUCTION
At FEL 2005[1]we reported on simulations of coherent
Smith-Purcell (S-P) radiation at terahertz (THz)

frequencies using a two-dimensional (2D) particle-in-cell
code, MAGIC. Two quite different experimental set-ups
were considered; one similar to the long-running
Dartmouth College experiments initiated by Walsh[2],
while the other was similar to the MIT experiment that
used a pre-bunched 15 MeV electron beam[3].The results
we presented were rather preliminary and a fuller account
has recently appeared[4].We remind the reader of the S-P
relation, 1=L(1/ 8 —cos@)/n, where A is the wavelength,

L the grating period, S the relative velocity (in a plane
parallel to the grating and perpendicular to the direction
of the grooves), ¢ the angle of emission (with respect to
the beam direction), and the integer n denotes the order.
One of our aims was to verify the analytical model
proposed by Andrews and Brau[5](AB) and subsequently
extended by Andrews, Boulware, Brau and Jarvis[6]to
explain coherent Smith-Purcell radiation. Our results did
indeed support the viewpoint of Brau and co-workers, that
the mechanism for coherent radiation is the bunching of
the initially continuous beam by an evanescent wave that
is significant only in the vicinity of the grating. The
frequency of this wave is always less than the minimum
allowed S-P frequency. The process is unstable in the
sense that the wave bunches the beam, the beam drives
the wave and growth occurs, both in time and along the
grating. Our simulation of the Dartmouth set-up found
that this is indeed what happens. In particular, the
frequency and axial wave number (in the first Brillouin
zone) of the simulated grating wave were very close to
what the model predicts. Since the bunching is inherently
non-linear, once it becomes significant the current is
modulated at harmonics of the fundamental frequency,
and these may correspond to allowed S-P frequencies.

FEL Theory

The radiation emitted then shows both intrabunch (since
the bunches are small compared to a wavelength) and
interbunch (since the fields of all bunches over the grating
add up) coherence. Consequently, the coherent radiation
occurs only at integer multiples of the fundamental, and
only at the corresponding S-P angles. However, the
simulation also revealed a major unexpected effect,
namely the copious emission of radiation at the
fundamental frequency. Indeed, this unforeseen radiation
made the direct observation of the S-P radiation quite
difficult. Our simulated grating has a finite length. When
the evanescent wave reaches the end of the grating, part
of its energy is emitted as free radiation of the same
frequency, and part of it is reflected back in the opposite
direction. The result is that there are two evanescent
waves on the grating, which propagate with equal and
opposite wave numbers. Only one of these waves is
resonant with the electron beam, and since the beam-wave
instability is absolute in the Dartmouth configuration, it
displays growth both in space and time. The other
Floquet wave grows in time only (through reflections),
but not in space. In a companion paper we show how
both of these Floquet waves may be extracted from the
simulation data.

For the MIT experiment, since the beam was already
bunched, the bunching mechanism referred to played no
role, and the simulation was expected to be
straightforward. = However, the simulation failed to
display unambiguous S-P radiation. In fact, there were
two distinct problems, first the emission of considerable
radiation even when no grating was present, and secondly,
the expected frequency-angle correlation was not
apparent. The former has been understood to be a
consequence of standard electrodynamics. It is associated
with the appearance and disappearance of a relativistic
short bunch of electrons. The latter was caused by the fact
that the S-P relation is valid only at distances large
compared to the grating size. Since the MIT grating was
10 cm long, S-P radiation can be seen clearly only at
distances of order 40 cm or more from the center of the
grating. Since we are dealing with radiation whose
wavelength is a few hundred g m, the mesh size in the
simulation must be kept on the order of tens of x4 m.
Under such circumstances, the computing time and
memory needed become unreasonable, at least for a PC-
based simulation. In the companion paper we outline a
simple method we call the Small Box—Big Box
transformation, which enables us to circumvent this
difficulty. While techniques for passing from the near
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zone fields to the far zone based on Green’s theorem are
well known[7],our method appears to work quite well. It
makes use of Finite Fourier Transforms (FFT) and fitting
tools available with symbolic manipulation programs
such as Mathematica or MAPLE. Once this
transformation is performed, we see clearly the expected

coherent S-P radiation at a large number of angles and -

frequencies.

Since the last FEL conference, other work on coherent
S-P radiation has appeared, notably by Dashi Li and
collaborators[8],who also use MAGIC for simulations, and
by Kumar and Kwang-Je Kim[9]. In their simulations Li
and co-workers studied the effects both of a single short
bunch and a periodic train of such bunches passing over a
grating of the Dartmouth type. The former showed
intrabunch coherent S-P radiation, followed by the

emptying of the evanescent wave from the grating after

the passage of the bunch. The latter illustrated interbunch
coherence, since the second harmonic of the imposed
bunch frequency was S-P allowed and indeed emerged at
the expected angle. The extensive analysis of Kumar and
Kim, based on the traditional approach of diffraction by
the grating of the incident electron’s field, yielded a
dispersion relation quite similar to that obtained by
Andrews and Brau. The analysis included a treatment of
coherent S-P radiation similar to that of a Backward Wave
Oscillator (BWO), for which a start current is known to
exist. Using both numerical and analytical methods, they
estimated a start current (minimum current needed to
produce the instability) of 36.5 A/m for a sheet beam 10
pum above the grating. This is similar to the estimate of 50
A/m found in reference 6.

Our attempt to find the start current for the Dartmouth
configuration is discussed in the second Section, and
some results on our simulation of the MIT set-up are
presented in the third Section. Simulation parameters are
shown in the Table 1.

Table 1. Parameters of the Simulations

Parameters Dartmouth |MIT
beam energy 35 keV 15 MeV
Current (peak for MIT) |variable 25 kA/m
Beam thickness 6=10um |l mm
Beam-grating distance |[e=10 gm |0.7 mm
Grating period L=173 ym |l cm
Max. wave number K=363 cm™ |21t cm™!
Grating groove depth  |H =100 #m |echelette
Grating groove width  |A =62 um

Number of periods N =74 10
External magnetic field |By=2T 0

Mesh size 8.65 x 8 1m” |(1004m)
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START CURRENT FOR DARTMOUTH

In Figure (1) we show a contour map of the magnetic
field B, in the area of our MAGIC simulation. The beam
appears as a red line, and one sees cylindrical waves of
wavelength = 700 um radiating from the grating ends.
This is the evanescent wave, predicted by AB.

’/////////7//////////////(///////////////7/7(////)
-5 0 5

Figure 1. Contour map of B,.

In contrast to our earlier simulations, we have raised the
grating slightly. This is more consistent with the physical
situation, where the grating is not flush with a ground
plane. Upon doing so, we found that the height of the
grating plays a significant role in the reflection at the ends
of the grating. In the Dartmouth set-up the system
behaves like a BWO, with two Floquet waves proceeding
in opposite directions. The backward wave has a
component in resonance with the beam, and it displays an
absolute instability, with growth both in time and in
space. The forward wave shows no growth in space, but
since it is fed by reflection at the upstream end, it does
grow in time. We found this to be the case in our earliest
simulations, with a very large current. In fact, more
sophisticated analyses, such as those of references 6 and 9
point out that the boundary conditions at the grating ends
play an important role in determining the start current. In
our companion paper[10],we separate the two Floquet
waves, and we see that the forward wave is essentially
constant across the grating, while the backward wave
grows strongly in the negative x-direction. However, this
was for a current of 175 A/m, which reached saturation in
about 1 ns. In order for the BWO mechanism to work,
the gain must be sufficient to allow the ratio of the
backward wave to forward wave be small at the
downstream end and large at the upstream end. The
greater the reflection the less is the gain needed to close
the loop, and in principle the smaller the starting current.

In order to estimate the start current, we monitor the
variation with time of the current at the middle of the
grating. We filter the signal, and then estimate the gain
by fitting a logarithmic plot of the summits. We also note
the time required to reach saturation, ty,, defined by the
first maximum of the bunched current. Finally we note
the ratio of the peak current at saturation to the direct
current, l,/l. Once the details of the simulation have
been fixed, such as mesh size, beam width, beam height
above grating, kinetic energy, we then repeat the
simulations for various currents. To our surprise, we
obtained the curves shown below.

FEL Theory
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Figure 2. Gain, ty, and I/l vs. current I.

In the shaded region running from 80 to 95 A/m, and
including three runs at 80, 90 and 95 A/m, no instability
was observed, even for times of 10 ns. In contrast for
currents > 100 A/m, the system always saturated in just a
few ns. More astonishingly, at 75 and 76 A/m, the system
reached saturation. However, at 50 A/m, it again failed.
We are unable to understand these results, but clearly
more work is needed. As additional evidence, we show
the MAGIC phase space densities (kinetic energy-x) for
the 76, 95 and 100 A/m runs.
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Figure 3. Phase space density plots in the Kinetic

Energy-x plane, for 76 (blue), 95 red and 100 (black)
A/m.

The oscillations correspond to an axial wave number of

260 cm™, which is what the AB theory suggests. For the -

76 and 100 A/m runs, the average energy losses are
roughly 0.5 and 0.8 keV, respectively, while the red curve
shows neither oscillation nor energy loss. Again, we can
only express our surprise at this result.
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MIT SIMULATION

In our first simulation of the MIT experiment, we
encountered a major difficulty in trying to identify the
coherent S-P radiation that was produced. The beam
consisted of short pulses (1 ps) produced by a linear
accelerator functioning at 17.14 GHz. Consequently, the
only frequencies allowed are integer multiples of that
frequency. Since the beam energy was 15 MeV, and the
grating period was 1 cm, it is straightforward to compute
the frequencies predicted by the standard S-P relation. If
we keep only the first six orders, and concentrate on
angles in the forward direction, we find the curves shown
in Figure (4). The harmonics are shown as horizontal
lines, and each intersection of any of them with any of the
curves marked “order” corresponds to coherent S-P
radiation at the angle shown. Clearly there are a great
number of possibilities, and for some angles like 49, 65
and 82 degrees, several frequencies may occur. The
problem of observing S-P radiation is thus quite complex.

300~

\ \ \
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] \ \ AN 14
_ 200 \\\ \\\ AN 12
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% 150 | Order A\
N> — 1 \ 8
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—_—3
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Figure 4. Intersections of the harmonics of 17.14 GHz
with the first six S-P orders.

The situation was complicated further when we found
that even if we removed the grating, we still observed
substantial radiation. This was clearly not S-P radiation
but it was present in our simulation. As we indicated in
reference 4, the radiation we observed without grating
may be calculated exactly using classical
electrodynamics, at least for a sheet beam of infinitesimal
width. We show in Figure (5) the results of such a
calculation. The contour map of B, in a 120 mm X100 mm
region of the x-y plane bears a strong resemblance to the
results of our simulation without grating. A «plume» in
which the magnetic field is mainly concentrated
accompanies each bunch. The tiny red dots visible
beneath each bunch indicate a large positive magnetic
field between the beam and the ground plane. This
component is an important contribution even when a
grating is present, and no attempt to understand our
simulation can avoid taking it into account.
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%
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Figure 5. Contour map of B, following the predictions
of classical electrodynamics. The area shown
corresponds to 12 cm in X, and 10 cm in the y direction.

In order to illustrate the difficulty of interpreting the

simulation directly, we show in Figure (6) the Finite

Fourier Transform (FFT) of B, (t) as observed directly in
our simulation, which was made in a relatively small area,
12 x 6 cm®. The observation point is at 5.5 cm from the
center of the grating, and placed at 65°. The most
prominent lines in the spectrum are the forth, sixth and
eighth harmonics, but only the sixth is an S-P frequency

at this angle.

1201
20 p=55cm, ¢ =065
40
f(GHz)
100 200 300

Figure 6. FFT of B, at position indicated.

As outlined in reference 10, we have developed a
procedure for extrapolating the results of our simulation
to larger distances from the grating. Shown in Figure 7 is
the result of applying our procedure to the data obtained
in the small area simulation, after extrapolation to a larger
distance from the center, but at the same angle.

52

Proceedings of FEL 2006, BESSY, Berlin, Germany

B
60
p=50cm, ¢ = 65°
40
20
f(GHz)
100 200 300

Figure 7. FFT of B, following extrapolation. Third, sixth
and ninth harmonics are more apparent.

It is clear that the relative importance of the third, sixth,
ninth and twelfth harmonics, all of which are S-P allowed
at this angle, has increased.
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A BEAM SHAPER FOR THE OPTICAL BEAMLINE OF RF
PHOTOINJECTORS

G KlemZ®, 1. Will, Max-Born-Institute, D-12489 Berlin, Germany.

Abstract

The paper reports on first results on beam shaper for the
generation of a flat-top beam profile in the ultraviolett
(UV). The shaper can be integrated into the optica
beamline of the PITZ facility [1]. This will improve the
efficiency of the optical beamline significantly.

INTRODUCTION

A high performance of SASE FELs requires a low
emittance of the electron bunches that emerge from the
photoinjector. This in turn can be favoured by irradiating
the cathode by a laser beam with a spatial and temporal
flat-top profile [2]. A simple way to illuminate the
photocathode with a uniform beam profile is to strongly
expand the laser beam with a telescope and select the very
central region of the magnified beam by means of a small
“beam shaping aperture”. This method which is presently
implemented at PITZ, inherently givesrise to alarge loss
of the incident UV-laser power. At PITZ the transmission
amounts to approximately 20%, and 80% of the UV laser
radiation are lost at the beam shaping aperture.

Thus, a more efficient technique for optical beam-
shaping is desirable.

BEAM SHAPING TECHNIQUES

Conceivable technical solutions can be associated with
one of the following methods:

Field mapping: The input beam is transformed into the
desired output beam by refraction at appropriately
designed aspherical surfacesin a prescribed manner. This
technique works well for diffraction-limited beams and
can be nearly lossless. A plane wavefront, i.e. a collimated
beam can be generated at the ouptut of the shaper by
adding a second aspherical lens. Both, the temporal shape
of the pulse and the coherence of the laser beam are
maintained, which is particularly important for the optical
beamline of photoinjectors. Field mapping permits to

precisely control the final intensity profile. For these
reasons it is the method of choice for our beam shaper
compared to the alternatives outlined below.

We suggest the setup of Fig. 1 for integration of the
beam shaper into the optical beamline. Two magnifying
telescopes are used to match the beam diameter to the
requirements of the individual components. The former
beamshaping aperture remains in place. It is needed to
increase the edge steepnessin the wings of the flat-top.

Another alternative are beam integrators which split
the input beam by a lens array into a large number of
facets. Subsequently, the energy within each facet is
dispersed over the cross section of the desired output
beam. The output profile is the sum of the diffraction
patterns of each individual aperture of the lens array.
That's why the output beam exhibits strong, small-scale
intensity modulations (speckles) and the beam integrators
work satisfactory only for multimode beams. They are
lossess aswell.

However, due to their principle of operation they
destroy the spatial coherence of the laser beam. There is
also no condition of constant optical path, so some
temporal broadening of the pulse duration results.

A third medthod is the radial intensity filter (RIF) [3].
This filter can be realized based on birefringent crystals
with a curved surface that provides a radial variation of
polarization retardation. One or more such radial
birefringent elements in combination with polarizers form
a RIF. They are lossy due the absorption of light in the
polarizers. As a further disadvantage, flattening of the
nearly Gaussian infrafred (IR) laser beam can only
approximately be obtained due to limited degrees of
freedom in its design parameters.

Beam shaping elements based on by internal conical
refraction are commercially available [4]. These systems
require depolarized or circular polarized monochromatic
radiation and contain a biaxial/trigonal crystal. The crystal

Photocathode laser beam overfilled
laser with D=2mm beam-shaping

flat-top aperture
pump profiles D=1..4mm

"pre-shaped" three times more energy
beam than without pre-shaping
< 10..25m > \
] [ ]
aspheric transmission ~70 %
lens pair |/ losses ~30 % |
(R %P@J }E |
Gaussian

beamline telescope
or spatial filter
with pinhole

photo-
cathode

Figure 1. Proposed scheme of an optical beamline for the rf-photoinjector at PITZ that integrates a refractive beam

shaper.

“Klemz@mbi-berlin.de
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length has to be adapted to wavelength and diameter of
the input beam. Since no polarizers are needed, this
system can be highly transmissive. Unfortunately, there
are no suitable biaxial birefingent crystals available for
the UV at present. That's why the technique cannot be
used in the UV beamline of a photocathode laser.

EXPERIMENT

We have designed a beam shaper that consists of a
Galilean telescope made of two refractive aspherical
lenses. Fig. 2 shows how the input rays from the laser
system are redirected into a uniform distribution within a
Galilean telescope. The Fig. 3 shows our measured beam
profiles at the input, in the middle and the exit of the lens
pair when using a HeNe-laser. The absence of a focus
between the aspheres is important for application at the
PITZ beamline, since this excludes possible optical
breakthrough due to high UV peak powers.

Our beam shaper is presently designed for 4 mm
diameter (FWHM) of the flat-top and 2.8 mm (1/€°)
diameter of the Gaussian input. The aspheres are 100 mm
apart. There diameters were chosen for a nominal power
transmission of 99.9%. Following [5], a smooth Fermi-
dirac profile instead of a step function was chosen to
represent the flat-top profile, since this reduces diffraction
effects along the propagation path of the output profile.

Sengitivity against beam size fluctuations

For application of the shaper in a beamline of a
photocathode laser, the beam profile at the cathode should
be stable as far as possible, even if the diameter of the
input beam varies dightly. That's why we have carefully
examined the sensitivity of of the otput beam against a
10% fluctuation of the input beam diameter for our
spherical lens pair. The results are depicted in Fig. 4.

The amount of the deviations on the edge of the flat-top
depends approximately linear on the dimensionless shape
parameter 3 of the Fermi-dirac profile. 3 represents the
ratio of the radius of the flat-top and the total width of the
soft transition region where the intensity returns to zero
[5]. With increasing R the profile becomes gradually flat
and square, approaching a step function as3 — « . In the
example shown in Fig. 4 the overshoot amounts to 15%.

We conclude from our experience with the current
beam shaper that a design tolerant against fluctuation of
the input beam diameter is more important than an almost
perfectly flattened output profile with steep edges. This
means that 3 should be reduced considerably, a future
value of 3=6 seamsto be suitable for our application.

—

t—

]

Figure 2: Basic scheme of the refractive field mapping
beamshaper (Galilean design)
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Figure3: Mesasured beam profiles at the entrance,
midway and at the exit of the beam shaper

cross section (mm)

Figure 4: Output profile for varying beam radius w at the
input (shape parameter p = 16): w=0.9:w, (red), w=wj
(blue), w=1.1-w, (green), design value: wy= 1.422 mm
(V)

With the additional option of a spatial light modulator
that might preceed the aspherical lens pair the remaining
error at the edges as well as some remaining radia
variation of the intensity might be corrected.

FEL Theory
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Propagation of the UV beam

Fig.5 shows the beam profile produced by the
refractive beam shaper in a matched UV beam (left). The
present realization of the nonlinear frequency conversion
produces a dight elliptical beam in the UV. Its horizontal
cross section is dightly larger than in the vertical
direction. This is responsible for the observed overshoot
in the horizontal cross section at the output plane of the
aspherical lens pair. The beam profile was reasonable
preserved by relay imaging over a distance of about 1 m,
see Fig. 5 (right).

Figure 5: Output beam profile of the aspherical lens pair
a 262 nm wavelength (left) and its relay image in a
distance of approx. 1 m with (right).

CONCLUSION AND OUTLOOK

The suggested integration of a refractive beam-shaper
into the optical beamline of the PITZ photocthode laser
has the potentia to form a flat-top beam profile and
simultaneously improve the energy efficiency of the
complete beam-line. Consequently, the application of an
appropriately designed beam shaping system can lead to a

FEL Theory
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significant reduction of the overall costs of the laser due
to its reduced power requirements.
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Beam Dynamics Experimentsand Analysison CSR Effectsat FL ASH

Bolko Beutner, Winfried Decking, Martin Dohlus, Torsten Limberg
and Michael Rohrs,
Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg, Germany.

Abstract

The Free Electron Laser in Hamburg (FLASH) is a linac
driven SASE-FEL in the vacuum-ultra-violet (VUV) wave-
length range [1]. High peak currents are produced using
magnetic bunch compressor chicanes. In these magnetic
chicanes, the energy distribution along an electron bunch is
changed by the emission of Coherent Synchrotron Radia-
tion (CSR). Energy changes in dispersive sections lead to
transverse displacements along the bunch. Measurements
of CSR induced transverse displacements are presented and
compared with simulations.

INTRODUCTION

The peak current of an electron bunch emitted by an rf
gun is about 50-100 A. For SASE operation at FLASH,
the necessary peak currents of 1-3 kA are reached using
longitudinal bunch compression. A two stage bunch com-
pression system with the magnetic chicanes BC2 and BC3
is employed (see Fig.1).

Gun Acct BG2 accz2 Acc3 BC3 acca Accs

H HAYH H - --
Dump
= Bypass o
(ACCB)(ACCT) Photon
S Undulators Beamline
LOLA
Dump

Figure 1: Sketch of FLASH. The blue triangles indi-
cate dipole magnets, the yellow boxes TESLA acceleration
modules.

A transverse deflecting rf-structure (LOLA) [2] is used
to take "top view” pictures of the bunch - the projection
into the longitudinal-horizontal plane. Thus, centroid shifts
along the bunch, for instance caused by CSR fields, can be
observed.

However, other forces like space charge cause transverse
shifts of beam centroids as well. For an undisturbed mea-
surement of CSR effects, space charge effects have to be re-
duced. To that purpose, we over-compress the bunch. The
longitudinal energy correlation (chirp) introduced in the
module ACCL1 is chosen to reach minimum bunch length
and a peak current beyond 2 kA towards the end of the sec-
ond magnet in the BC2 chicane. The bunch will exit the
chicane roughly with its incoming length of about 2 mm,

56

corresponding to about 50 A peak current. The integrated
effect of space charge from the exit of BC2 to LOLA is then
small compared to the centroid offsets caused by CSR.

MEASUREMENTSAND ANALYSIS

For our measurements, we vary the ACC1 phase and
keep ACC2/3 on crest. The expected CSR effects are
created during over-compression in BC2. Downstream,
the transverse deflecting rf structure is passed at the zero-
crossing phase. The particles are kicked transversely with
a strength proportional to their longitudinal offset to the
bunch center. The bunch is thus tilted and its longitudinal-
transverse projection is observed on a screen.

Fig.2 shows a LOLA measurement. The red curve shows
the longitudinal beam profile, the white dashed lines indi-
cate the fwhm points.
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Figure 2: An example of a LOLA measurement. Longitu-
dinal charge profile (red line), fwhm and rms bunch length
are shown.

Fig.3 shows measured bunch length at LOLA as a func-
tion of the ACCL1 phase as well as simulation results. The
measured bunch length agrees well with the simulation
downstream of BC3, as it should. The calculated bunch
length downstream of BC2 (green line) is, for small phase
offsets, longer, since the bunch is further compressed in
BC3. Atabout 12 degrees, the bunch is fully compressed in
BC2. Above 12 degrees, the bunch is over-compressed, the
chirp changes its sign and the BC2 bunch length is shorter.

Fig.4 shows measured longitudinal-horizontal projec-
tions of the bunch for different compression scenarios. In
the uppermost picture, the ACC1 phase is on crest, no com-
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Figure 3: Measured fwhm bunch length at LOLA (blue
line) are compared with simulations. Red line: calculated
bunch length at LOLA. Green line: calculated bunch length
after BC2.

pression occurs and the horizontal centroid positions line
up straight. Close to full compression (middle picture), the
beam is heavily distorted by CSR and space charge effects.
This is understood and simulated [3], but would be very
challenging as a starting point for quantitative CSR stud-
ies.

The bottom picture shows the over-compressed case,
where the space charge effects are negligible and strong
CSR occurs only in BC2. The beam centroids are still on
a smooth line. Its shape and sag will be compared with
simulations in the next paragraph.

Fig.5 reflects the bunch shape changes described above
in plotting the peak to peak bunch centroid shift as a func-
tion of ACC1 phase offset.

Comparison with Smulations

Tracking calculations were done to simulate
longitudinal-horizontal beam projections at LOLA.
Beam transport through ACC1 was calculated with the
space charge tracking code ASTRA [4]. After ACCL,
wake fields are applied as a discrete effective kick [5].
The tracking code CSRTrack [6] is used to simulate CSR
effects in BC2. The 1D projected model is used [7]. The
long bunch length after BC2 in the over-compression case
allows the simulation of the beam transport to LOLA by a
first order matrix.

To compare the simulated longitudinal slice centroid po-
sitions with the measurements these data have to be ex-
tracted from the measured distributions. In a first step
each distribution is divided into slices along the longitu-
dinal axis. The horizontal charge profiles of these slices
are then calculated. Gaussian fits are used to determine the
center of each profile. An example for the resulting cen-
troid curve is the dashed black line in Fig.2.

At big ACC1 phase offsets, the bunches start to be tilted
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Figure 4: Measured top view for different ACC1 phase off-
sets. Top: no compression. Middle: near full compression.
Bottom: over-compression.

on the screen. The cause of this is under investigation. The
linear correlation as indicated by the magenta line in Fig.2
is subtracted from the centroid curve.

For error analysis, a series of pictures is taken for each
ACC1 phase setting. The different centroid curves are
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Figure 5: The peak to peak centroid shift along the bunch
is plotted vs. the phase offset in ACC1. Phase range used
for the experiment: 14 to 24 degrees.
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Figure 6: Simulated top view after BC2 for different ACC1
phase offsets. Top: no compression. Bottom: over-
compression.

aligned to their individual centre of mass. The curves are
then fitted with a polynomial and their mean value and rms
spread are calculated for different longitudinal positions. In
Fig.7, these results are compared with the tracking calcula-
tions.

CONCLUSION AND OUTLOOK

CSR effects in the first bunch compressor chicane in
FLASH were observed using the transverse deflecting rf-
structure LOLA.

The offsets of the centers of the longitudinal bunch slices
for different over-compression scenarios were measured
and compared with simulation calculations.

Next steps in the experimental program are studies of
slice emittance growth due to CSR effects and dependences
on bunch charge and beam optics in the chicanes [8].

The observed beam tilt will be investigated to improve
both SASE operation and CSR measurements.
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CODE
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Abstract

A one-dimensional, SDDS compliant time-dependent
FEL oscillator code has been developed in Fortran 90. The
code, FELO, solves universally-scaled FEL equations to
simulate oscillator FELs operating from the low to high
gain regime. The code can simulate start-up from shot
noise, different electron pulse current distributions, the ef-
fects of cavity length detuning and temporal jitter between
electron bunches. Cavity detuning curves for both the low-
gain IR-FEL and the regenerative amplifier VUV-FEL of
the 4th Generation Light Source (4GLS) proposal at Dares-
bury Laboratory are modelled. The code predictions for
the VUV-FEL output are compared with simulations per-
formed with the parallel implementation of Genesis 1.3 and
are found to be in good agreement.

INTRODUCTION

Several computational codes are available to the FEL
community to aid with the simulation and design of FEL
amplifiers eg. Genesis 1.3 [1]. The authors have de-
veloped a simulation package containing FEL simulation
code and pre and post-processors that models a FEL with
cavity feedback. The code, called FELO, solves a one-
dimensional spatio-temporal set of equations which are
able to model much of the physics relevant to such FELSs.
The design of two of the UK 4GLS project FELs were
aided by FELO and examples from the 4GLS Conceptal
Design Report [2] are presented.

THEORETICAL MODEL

The 1D equations governing the spatio-temporal evolu-
tion of the pulsed FEL interaction are well known and in
the the universal scaling of [3, 4] may be written:

do;

Pl = Dy @)
% L (A(z ) exp (i8)) + c.c.) @
(;’ n %)A(z,a):x(zl)b(z,zl) ®

where 0; = (k + k) z — wt; isthe phase of the jth elec-
tron with respect to the particular ponderomotive potential
well in which it evolves and p; = (v; — ) /p7r iSits
scaled energy, b (2, 7,) = (e*“’(5>>|g1 isthe bunching fac-
tor and is the average over the electrons contained within
the ponderomotive well centred at z; at distance through
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the interaction region z. The weight factor x (z1) =
I(2=0,7) /I, Where I (z=0, %) describes the elec-
tron pulse current distribution of peak value I, at the
entrance to the FEL interaction region and A (z,z) is
the scaled complex radiation field envelope with magni-
tude defined by the radiation and electron beam powers as
|14|2 = Prad/prea,nL-
The scaled independent variables may be written [4]:

= 2o 2pky 2 4
ly

_ Z— cﬁ_zt

21 = lg (1 — Bz) . (5)

wherel, = X, /4mp isthe nomina gain length of the FEL
interaction, the initial z-component of the mean electron
velocity within the interaction region is ¢3, = (v20) and p
isthefundamental FEL, or Pierce, parameter [3]. Thelatter
may be written in practical units for a planar undulator as
p ~ 5.7 x 10731 (Iai)\ﬁfj%/ag)1/‘3 where f5 is the
usual difference of Bessel function factor associated with
planar undulators and o, isthe RMS electron beaM radius
which for an electron beam of normalised emittance ¢,, in
a focussing channel of beta-function 5 is given by o, =
Ve B/ Ve

For the case of small gain FELs typical to those en-
countered in high-Q cavity FELSs, previous studies [5] have
shown that the effects of emittance and energy spread, elec-
tron/radiation pulse dippage effects and the relative trans-
verse overlap between electron beam and cavity modes
may be accounted for in correction factors to the expres-
sionsfor the FEL gain. A small signal gain coefficient was
defined which in the universal scaling of the above equa-
tions may be written:

33

go= —- (6)

™

The maximum single pass gain is then approximated by the
fitting formula:

Gmaz = 9oF (0.85+ goF (0.19 4+ 4.12 x 10 3goF))

where the factor F' = Fj,, F¢F. is a product of correc-
tion factors that that respectively account for the effects of
inhomogeneous broadenning due to emittance and energy
spread; afilling factor for the transverse overlap; and the
effects of relative slippage between the radiation and elec-
tron pulses. Theinhomogeneous broadening factor isgiven

by:
1

(14 1.7u2) (14 p2)

Fipn = (7)
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where p, = 4Ny04 /v ad pe = 2N, 6,0,/ Ay (1 + &3).
Thefilling factor is given by:

1

Ff=——"—
7 1+ 0% /40?

®
where w is the mean optical mode size, defined by the
radius at which the intensity drops to 1/e? of its on-axis
value, averaged over the length of the undulator.

Noting from (4 & 6) that gy o p? and that the expression
for G4 cOntains only factors go F' alows the inhomoge-
neous fitting factor F;,,;, and that for the filling factor F
to be incorporated into the definition of an effective FEL
parameter

Peff = (Finth)1/3 p 9)

to replace that of p in the definitions and working equations
of (2..5). Note that the factor that accounts for slippage ef-
fects, F,, is not used in the definition of p. ;¢ as slippage
is directly modelled by the partial derivatives of the wave
equation (3). It isinteresting to note that from the defini-
tions of go and the filling factor F; that the product go Fy |
can be expressed as

goFy m.
Hence, if the electron beam radius o, < w, asfor example
in along wavelength FEL, the gain is independent of the
electron beam radius.

When used with the p.s; scaling the above equations
(2..3) will then estimate the effects of inhomogeneous
broadening due to electron energy spread and emittance,
and also the effects of transverse electron-radiation cou-
pling, without the need for increased number of computa-
tional particlesrequired in 2-D and 3-D models. The FELO
code which uses these equations is therefore significantly
faster to run than these codes and yet, as will be shown in
the following work, gives results which are in good agree-
ment with 3-D simulations.

COMPUTATIONAL MODEL

The working equations (2..3) are solved using the
method of characteristics as described in [6] using a code
written in Fortran-90. The metod of characteristice a-
lows the resultant equations to be integrated via a 4th
order Runge-Kutte method with dlippage effects between
electrons and radiation modelled using simple array shifts.
Because the effects of electron energy spread, emittance
and transverse coupling are simply accounted for in the
modified FEL parameter p.¢¢, No electron macroparticle
distribution in the scaled energy parameter p is required
and p; = 0 V j to describe a resonant FEL interaction.
Thus, only arelatively small number of macroparticles are
required per ponderomotive well (typicaly ~ 100) dis-
tributed uniformly in 6. The option to include shot-noise
effectsisincluded using the method of [7]. Although other
shot-noise models more correctly describe the physics [8],
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the method of [7] is sufficient here. The FEL cavity length
can be varied to allow investigation of cavity detuning ef-
fects and the effects of arandom temporal jitter in the elec-
tron arrival into the cavity can be ssimulated by introducing
asmall random variation about the mean cavity length [9].

The FELO source code is written in Fortran-90 and is
freely available [10]. The code has been tested using the
open-source g95 compiler [11]. A parameter spreadsheet is
available to assist the user in preparing the relatively sim-
pleinput file for the code. Output from the code is written
into SDDS formated files [12]. Post-processing and plot-
ting routines are provided using both SDDS toolkit func-
tionsin Tcl script filesand MATLAB and are described in
more detail in the user-manual provided for the code.

EXAMPLE SIMULATIONS

The FELO code has been used in the design of two of
the three FELs of the UK 4GLS project [2]. Both the IR-
FEL and the VUV-FEL are cavity FELs. The IR-FEL is
designed to operate in the wavelength range 2.5-200 pm.
It has a relatively low gain and needs a relatively high Q
cavity to lase. The VUV-FEL is designed to generate pho-
ton energies of 3-10 eV and will operate in the intermediate
gainregime (z ~ 4) where the FEL interaction evolves ex-
ponentially but cannot achieve saturation withou seedingin
asingle pass. Saturation is made possible by introducing a
small amount of feedback viaalow Q cavity [13]. Thisalso
has the advantage of cleaning up the spectral quality of the
output over that of SASE [14]. FELO simulations for both
of these designs are presented and, in the case of the VUV-
FEL, comparison is made with the results of the 3-D code
Genesis 1.3 [1]. No such comparison is available for the
IR-FEL due to the large number of cavity round-trips re-
quired to achieve saturation and the prohibitively long ssim-
ulation time this would require.

4GLSIR-FEL

TheIR-FEL simulations presented are for 2.5 m opera-
tion of the IR-FEL. From the detailed specifications of [2],
with an electron energy of 60 MeV, charge 200 pC and
RMS duration of 2 ps the IR-FEL operates at 2.5 um.
The undulator has 50 periods, so that the approximate effi-
ciency n ~ 1/4N,, gives apeak power output at saturation
of Py, ~ 12 MW. A more detailed estimate of the effi-
ciency that accounts for passive cavity losses due to mirror
reflectivity and all diffraction losses has been derived and
reduces the efficiency from that above [2]. Including these
effects gives the optimised power estimate for operation of
the IR-FEL from 2.5-25 um as shown in Fig. 1. A FELO
simulation at 2.5 ym operation with cavity length detuning
of 6. = 9 um, so that the output pulse width is close to
its maximum, gives good agreement with these estimates
as shown in Fig. 2. (Note that positive values of §. corre-
spond to a shortened cavity length.) Fig. 3 plots the results
of FELO simulations for both the peak power and FWHM
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Figure 1. The peak output power for the 4GLS IR-FEL, as-
suming 2 ps RM S electron pulses and an outcoupling frac-
tion optimised for every wavelength to give the maximum
output power. Calculations for helical and planar mode are
shown in green and red respectively.
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Figure 2: 4GLS IR-FEL pulse power as a function of time
for 2.5 um operation with a cavity length detuning of 9 um.

pulse width for 2.5 ;m operation as afunction of cavity de-
tuning o.. As cavity resonanceisapproached at 6. = 0 itis
seen that the peak output power increases and pulse width
decreases, typical of superradiant behaviour in an FEL cav-

ity [15].

4GLSVUV-FEL

FELO simulations have also been used in the concep-
tual design of the4GLSVUV-FEL. ThisFEL operateswith
an intermediate gain of z ~ 4 and uses a low Q cavity.
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Figure 3: Peak power and FWHM pulse width asafunction
of cavity length detuning, for the 4GLS IR-FEL at 2.5 um

with 2 ps electron bunches.

Saturation then occurs after only a few cavity passes, typ-
ically ~ 10, which alows multi-pass simulation to sat-
uration using the 3-D code Genesis. For 10 eV opera-
tion in a planar undulator, the VUV-FEL conceptua de-
sign uses a 600 MeV, 300A peak current electron beam
and gives an FEL parameter of p 1.5 x 1073. Al-
though utilising cavity feedback, the VUV-FEL still sat-
urates as a high-gain FEL [13] so that the efficiency is
n = p. Hence, the saturated power can be approximated
as Psot = pPpeam =~ 270 MW. Fig. 4 plots the results
of FELO simulations for both the peak power and FWHM
pulse width for 10 eV photon energy operation as a func-
tion of cavity detuning .. There are clear similarities with
the IR-FEL cavity detuning curve of Fig. 3. AswiththeIR-
FEL, assuming the greatest pulse width approximates most
closely to the steady-state, the saturated power for cavity
length detuning of 6. ~ 18 um agrees well with the sat-
urated power estimate of =~ 270 MW of above. The plot
of Fig. 5 shows a comparison of the pulse power as the
VUV-FEL pulse energy saturates for the case of a FELO
(blue) and Genesis (red) simulation for a cavity detuning of
12 pm. The number of cavity passes for the Genesis simu-
lation was 8 while that for the FELO was 30. Although the
FEL O simulation approached pulse energy saturation after
8 caivity passes, the shape of the pulse power underwent
a transition from a narrower, higher peak power pulse to
that shown. This accounts for the higher peak power and
narrower pulse width of Fig. 4 where 7w gy =~ 65 fs=
s &~ 20 pm in the units of Fig. 5. This effect of higher
peak power and narrower pulse width of the FELO simula-
tion appears to be atransiatory superradiant phase. It is not
thought that the Genesis simulations show this behaviour,
although thiswill need to be investigated further. As cavity
resonance is approached, the radiation pulse width shortens
to approximately an order of magnitude less than the elec-
tron pulse width of 250 fs FWHM (75 pm). Also, pulse

~
~
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Figure 5: Comparison between FEL O radiation power out-
put pulse (blue) with that of a Genesis simulation (red) ap-
proaching saturation of the output energy. The parameters
are for 10 eV photon output.

peak powers are significantly greater than the predicted by
the steady-state ssimulations [2]. A plot of the shape of the
pulse output close to cavity resonance is shown in Fig. 6.
This pulse shape is typical of superradiant radiation with
a narrow, high peak power spike followed by secondary
pulses or ringing [15].

CONCLUSIONS

The FELO code package has been developed to allow
reasonably quick and accurate simulations of cavity FELs
operating from the low to high gain. The package has been
used succesfully in the development of the design of two
cavity FELsfor the UK 4GLS project. Some of these sim-
ulation results were presented. The code including manual
isfreely available for genera use[10].
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B.W.J. M°Neil, SUPA, Department of Physics, University of Strathclyde, Glasgow, UK
N.R. Thompson, ASTeC, CCLRC Daresbury Laboratory, UK
B. Sheehy, Sheehy Scientific Consulting, New York, USA.

Abstract

The Conceptual Design Report for the 4th Generation
Light Source (4GLS) at Daresbury Laboratory in the UK
was published in Spring 2006 [1]. A key component
of the proposal is an XUV-FEL amplifier directly seeded
by a High Harmonic source and operating in the pho-
ton energy range 8-100eV. Numerical modelling shows
the FEL may generate 50fs (FWHM) pulses of variably-
polarised, temporally-coherent radiation with peak powers
in the range 2-8 GW.

INTRODUCTION

Synchronised free-electron laser (FEL) sources which
operate in the XUV, VUV and IR regions of the spectrum
are fundamental components of the 4GLS design. These
sources will deliver ultra-short pulses of temporally coher-
ent photons with peak brightness at least 10% greater than
that available from the best 3rd-generation light sources.
4GLS is intended to be a beyond state-of-the-art facility
that must operate over extended periods, generating sta-
ble, synchronous and reproducible radiation pulses over the
wide spectral range to end-user stations. In the conceptual
design of 4GLS, therefore, the aim has been to create aro-
bust design that does not overly stretch the specification of
its individual components. This mildly cautious approach
should minimise the risk in proceeding to the future design
phase and enable further, more advanced, designsto bein-
corporated as technological progress permits. Here details
mainly relating to the choice of undulator and electron fo-
cussing specifications and their relation to the FEL output
are presented for the conceptual design of the XUV-FEL
covering the 8-10eV photon energy range of the spectrum.
The effects of FEL seeding by High Harmonic pulses are
discussed in[2, 3] and the temporal seed/electron pul se off-
set dueto jitter isdiscussed in [4].

GENERAL SPECIFICATION

The XUV-FEL baseline design will generate short, tun-
able, high-brightness pulses of 8-100 eV photons from
an undulator system directly seeded by an external laser
source. The radiation output will have good temporal and
transverse coherence and also have variable polarisation.
These specifications are expected to satisfy awide range of
current user requirements and also open up many new ar-
eas of science for exploration. It is also possible to utilise
the exhaust electrons of the XUV-FEL in a spontaneous
spent-beam undulator source, before the electron beam is
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dumped. The radiation from this source is then guaranteed
to be synchronous with the XUV-FEL output for pump-
probe type experiments. A schematic of the conceptual de-
sign for the 4GLS XUV-FEL is given in [3] of these con-
ference proceedings.

Photon energy tuning in the XUV-FEL will be achieved
by a combination of both undulator gap tuning and energy
tuning of the electron bunches between 750 and 950 MeV.
The electron bunches are assumed to have a rep-rate of 1-
10 kHz, to be Gaussian of width o, = 266 fs and total
charge of 1 nC giving a peak current of 1.5 kA, and with
normalised emittance¢,, = 2 mmmrad and fractional RMS
energy spread of 0.1%. The FEL undulator will consist of
alattice of individual undulator modules allowing electron
beam focusing elements and diagnosticsto be placed in be-
tween. The final undulator modules of the FEL will be of
APPLE-II design that will enable the generation of vari-
able eliptically polarised radiation. Existing HHG laser
systems can provide seed energies of 10 - 100 nJwith pulse
widths of 30 fs FWHM over the photon energy range[2, 3].
The quality of XUV-FEL output can be expected to be ssim-
ilar to that of the input seed pulse which has a high degree
of both spatial and temporal coherence [5]. The amplified
pulse widths will also be only dlightly longer than the seed
pulse.

UNDULATOR AND FOCUSSING LATTICE

The design for the XUV-FEL undulator consists of alat-
tice of undulator modules containing both planar and vari-
able polarisation undulator modules. For the planar undu-
lators a relatively simple pure permanent magnet (PPM)
was chosen and an APPLE-II design was chosen for the
variable polarisation undulators. Each type of module will
have a fixed period and a variable magnetic gap, g, that
allows tuning of the RMS undulator parameter a,, via the
undulator magnetic field. A minimum undulator magnetic
gap is assumed for the design of both planar and variable
undulators. Note that the gap between the vacuum ves-
sel walls will be (g — 3) mm, the 3 mm reduction from
the magnetic gap being the estimated thickness of the vac-
uum vessel walls and the clearance between magnets and
vacuum vessel. A schematic giving further detail of the
undulator lattice and incorporating BPMss, phase matching
devices and the focussing quadrupoles is shown in Fig. 1.
The variable polarisation undulator sections, VU1..VU5,
ensure that variably polarised photons may be generated
across the full design spectrum. In practice, operation
at higher photon energies will require a longer undulator
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45 periods of 4, =45mm => Lp, =2.025m
— —

40 periods of
A, =51mm

1 1
e —— 0.6m ——

33.6m

Figure 1: Schematic of the modular undulator system of the
XUV-FEL. Undulator modules PU1..8 (blue) are planar un-
dulators; VUL..5 (red) are variable polarisation undulators.
The gap between undulator sections may contain a beam
position monitor, quadrupole and radiation/electron phase
matching unit.

length to achieve saturation. The effective undulator length
may be varied by opening the magnetic gaps of individ-
ual undulator modules to their maximum. Those modules
that have maximum magnetic gap generate only small on-
axis magnetic fields and are effectively switched off for the
purpose of the FEL interaction. For example, when op-
erating for 100eV photon energy generation all undulator
modules PU1..vVU5 would be functional to achieve satura-
tion, whereas for 50 €V operation only modules PU5..VU5
would need to be functional to achieve saturation, with
PU1..PU4 gaps fully opened. This method of operation
should allow a tapered vacuum vessel to be used along the
undulator modules which will assist with reducing diffrac-
tion effects of HHG seed injection at lower photon ener-
gies [1, 3]. The minimum undulator parameter due to un-
dulator gap tuning istakento bea,, =~ 1 to ensure sufficient
FEL coupling. With this constraint then for a beam energy
of 950 MeV the maximum planar undul ator period that can
achieve 100 eV FEL resonanceis A\, ~ 45 mm with a gap
of g = 28 mm. At the lower beam energy of 750 MeV
and for A\, =~ 45 mm, the resonant photon energy is ~ 10
eV for the minimum magnetic gap of ¢ ~ 10 mm. The
period of A, =~ 45 mm is then the optimum for the beam
energy, magnetic gap and photon tuning range. A similar
analysis for the variable polarisation APPLE-II undulators
gives them an optimum period A, =~ 51 mm

A FODO focussing lattice has been chosen for the con-
ceptual design. Other systems based upon quadrupol e dou-
blet and triplet focussing were investigated [5] and re-
jected. Although these latter designs alow longer, and
therefore fewer, undulator modules of up to 4-5 min length
to be used, the quadrupole field strengths must be signifi-
cantly greater by a factor of 3-4 than those required for a
FODO lattice distributed between more modules. Tighter
quadrupole alignment tolerances would therefore be re-
quired for the doublet and triplet positioning [6]. Moni-
toring of the electron beam transverse position, critical to
the FEL interaction, would also be limited as would the
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ability to step-vary the full undulator length by opening the
individual module gaps. For these reasonsasimpler FODO
focussing lattice of module length = 2 m is the chosen de-
sign option.

In order to investigate the effect of 3-function variation
due to the discrete focussing quadrupoles of the FODO lat-
tice, the 3-D code Genesis 1.3 [7] was used to determine
both the saturation length L., and power P,,; as a func-
tion of average G-function. This was carried out for a pla-
nar undulator system of module length ~ 2 m. The respec-
tive results are shown in Fig. 2. Itisseenthat 8 ~ 3.5

26 T T T T 3.5
+ Lsat (m) +
sell * Poar (GW) |5
+
24 x X X ¥ X X 125 <
E x X ;
= X o
T x + =
@ H x ]
- + o’
23 X + 2
* +
22 4+ + + + 115
21 . . . . 1
3 4 5 6 7
B (m)

Figure 2: Genesis simulation of the saturation length, L .,
and power, P, asafunction of the 5-functioninaFODO
lattice for 100 eV operation.

m minimises the saturation length whereas 5 ~ 5.5 m
maximises the output power. The nomina vaue of the (-
function is chosen to be that which gives the maximum out-
put power: 5 =5.5m. Thisis motivated by the fact that the
planar modules PU1-PU8 produce a seed pulse (and pre-
bunched beam) which will be amplified to saturation in the
APPLE-II modules VU1-V U5, so maximising the power of
the seed into the VU modules reduces the required length
of the more technologically challenging APPLE-II mod-
ules. For the parameters used here a S-function of 5.5 m
is satisfied by quadrupoles of magnetic length 0.09 m and
of strength =13 T/m. The RMS electron beam radius may
be calculated as o, = +/€,/5/v = 77 pm for beam energy
950 MeV and the design normalised emittance ¢,, = 2 mm
mrad.

UNDULATOR MODULE & GAP LENGTH

The modular construction of the combined undulator
and FODO focussing lattice requires choice of the length
of each undulator module, Lpy for planar and Ly for
variable undulators, and L, the spacing between mod-
ules. The FEL performance hasafunctional dependenceon
these parameters so optimisation isneeded. Theenergy dis-
persion induced into the electron beam by the FEL interac-
tion, and the natural homogeneous energy spread, are trans-

Seeded FELs



Proceedings of FEL 2006, BESSY, Berlin, Germany

formed into aspatial dispersion in proportion to the gap be-
tween undulator sections, L, which may disrupt the FEL
bunching process. Furthermore, it is seen from Fig. 1 that
the undulator module length and gap define the FODO fo-
cussing lattice period, Aropo = 2(Lpy + Lgep). INa
FODO lattice, the B-function varies about its mean value
by £Aropo/2 so affecting the electron beam radius via
the relation above for o3,. Thusif Aropo istoo large (as
determined principally by the module length) the electron
beam radius variation may also adversely affect the FEL
coupling. Alignment of the electron beam through the un-
dulatorsis of critical importance to maintain the electron-
radiation coupling. This requires both beam alignment be-
tween undulator modules and careful construction of the
undulators to ensure that the beam wander due to mag-
netic field errors and pole alignment are minimised. lde-
aly, beam wander off the optical axis should be no greater
than 20% of the electron/radiation beam radius.

Genesis 3-D simulations were carried out to simulate the
FEL operating at 100 eV. Only the planar undulator mod-
ules were used with the nominal design parameters. Fig. 3
plots the results of Genesis steady-state simulations for the
saturation power, P,,;, asafunction of the gap between un-
dulator modules, Ly, for three different module lengths,
Lpy. Itisseen that the saturation power is nearly indepen-
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¥
&
g

L] S I e L

0 0.2 04 06 08
Gap between modules (m)

Figure 3: Simulation of the saturation power, P, for
XUV-FEL planar undulator operation at 100 eV as a func-
tion of the gap between undulator modules. The results are
plotted for three module lengths. Lpy=2, 3and 4 m.

dent of the undulator module length and decreases almost
linearly with the undulator gap. A gap of Ly,, = 0.6 m
is chosen for the design specification. Thisisthe estimated
minimum length into which the quadrupoles, BPMs and
phase matching units can fit.

Simulations of the saturation length L, of aseeded am-
plifier interaction, starting from a seed power of 30 kW at
100 eV, are shown in Fig. 4. For each length of undula-
tor module L., is seen to increase with the module gap.
However, there is asignificant difference between each un-
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Figure 4: Simulation of the saturation length L, for
XUV-FEL planar undulator operation at 100 eV as a func-
tion of the undulator module gap, L, for three module
lengths: Lpy=2, 3 and 4 m. (The saturation length is the
undulator length only: gaps between modules are not in-
cluded.

dulator module length, with the 4 m module having a sat-
uration length longer than that of the 2 m module. This
is attributed to the greater variation in the 5-function for
the longer module as discussed above. For this reason, and
the greater opportunities for beam monitoring and control
afforded by the greater number of undulator modules, the
module lengths for the design specification are chosen to
be Lyy =~ Lpy ~ 2 m. Hence, for the baseline design
for 8 - 100 eV operation, each planar PPM undulator will
have 45 periods of 45 mm giving amodule length Lpy =
2.025 m and each variable undulator APPLE-II1 undulator
will have 40 periods of 51 mm giving alength Ly, = 2.04
m.

3D STEADY-STATE SIMULATIONS

The design choices and optimisations discussed may be
summarised by plotting both the saturation powers and
lengths across the operating spectrum of the XUV-FEL. It
has been assumed that the XUV-FEL is operating in an am-
plifier mode with a seed power equal to 10% of the peak
power currently available from seed pulses as described
in[2, 3]. Thereduction in seed power by afactor of approx-
imately ten conservatively estimates the power available
following transmission and focussing losses from the seed
laser into the undulator. The seed is focussed to the centre
of the first in-use undulator module with Rayleigh length
equal to half the module length. For seed pulses of 30 fs
FWHM and of energy 3 nJfor 10 to 40 eV photons and 1
nJ for 40 to 100 eV give corresponding approximate peak
powers of 100 kW and 30 kW. The saturation power over
the operational spectra range as calculated by both Gene-
sis (in steady state mode) and Xie formulae [8] are shown
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in Fig. 5. Both planar and helical mode results are shown.
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Figure 5: Summary of saturation power estimates for the

XUV-FEL acrossits spectral operating range. 3-D Genesis

steady-state (SS) simulations and the Xie formulae are in
excellent agreement.

Note that the Xie design formulae cannot take into account
mixed planar/helical undulators, so the *Xie Helical’ es-
timates assume a helical-only undulator for the equivalent
length of the planar-helical combination. The Xie estimates
aso do not include the effects of gaps between undulator
modules. These differences account for the small discrep-
ancy of the ‘Xie Helical’ estimates from the other simu-
lations, in the slightly higher saturation power estimation.
Notwithstanding this, the 3-D numerical and Xie estimates
are in excellent agreement. In Fig. 6, the length of undula-
tor required for saturation is plotted as a function of photon
energy. Note that the gaps between undulator modules are
not included in this length and must be added on to ob-
tain the total length of the combined undulator-focussing
|attice.

CONCLUSIONS

A robust conceptual design for the XUV-FEL has been
developed. Established FEL theory and state-of-the-art
simulation codes predict this free-electron laser will gen-
erate 8-100 eV photon energies at giga-watt power levels
and, as shown elsewhere [3], in pulses of duration 40-60 fs
FWHM. The pulses will have very good temporal and spa-
tial coherence with time-bandwidth products close to the
Fourier transform limit for a Gaussian pulse [3, 5]. Unlike
the SASE mode of operation, which effectively self-starts
fromintrinsic noise, the FEL interaction hereistruly acting
asasimple, bandwidth limited amplifier. So long asthera-
diation input seed pul ses have sufficient spectral purity, the
output radiation is very nearly a simple amplified version
of the input. Recent advances in the High Harmonic seed
sources of choice ensure that the seed requirements for the
XUV-FEL dready exist [2, 3]. Research in the next de-
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Figure 6: Summary of steady-state 3-D Genesis simula-

tion estimatesfor the XUV-FEL undul ator saturation length
across the spectral operating range.

sign phase will require full start-to-end simulations from
the electron gun through to the end of the undulator. This
will alow the modelling of the FEL interaction with more
realistic electron pulses than that used here which assume
aGaussian variation of most variables. Investigation of tol-
erances, for example in quadrupole position and undul ator
field errors, will also be required, as will a more detailed
study of the effects of relative electron-seed pul sejitter than
the initial results presented at this conference [4]. Exten-
sion of the operational range down to 6eV photons may be
possible and will be investigated further in the next design
phase.
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OPTIMIZATION OF PARAMETERS OF SMITH-PURCELL BWO *

Vinit Kumar?,RRCAT, Indore, M.P. 452013,INDIA
Kwang-Je Kim, ANL, Argonne, IL 60439,USA.

Abstract

We study the dependence of start current in Smith-
Purcell backward wave oscillator (SP-BWO) on grating pa-
rameters and electron beam parameters. The attenuation
due to finite conductivity of the grating material is taken
into account and three-dimensional effects are included in
an approximate way in the analysis. We find that the start
current can be significantly reduced by optimizing the grat-
ing parameters.

INTRODUCTION

The Smith-Purcell free-electron laser (FEL) is a back-
ward wave oscillator (BWO) for low energy electron beam
[1,2]. InaBWO, like any oscillator system, the electron
beam current needs to be higher than a threshold value,
known as the start current, in order to produce coherent
electromagnetic oscillation. In arecent paper [2], we have
performed acalculation of start current for the case of sheet
electron beam skimming over the grating surface in a SP-
BWO. The attenuation of the backward wave due to fi-
nite conductivity of the grating was not taken into account
in this calculation. The issue of attenuation becomes im-
portant while optimizing the parameters of SP-BWO. Re-
cently, Andrews et a. [3] have discussed the calculation
of attenuation coefficient for the backward wave supported
by the grating. They have also studied the dependence of
gain and attenuation in SP-BWO as afunction of group ve-
locity as the energy of the co-propagating electron beam is
varied, keeping the grating parameter fixed. In this way,
they have calculated the net gain. However, gain does not
have a straightforward meaning in a BWO. In this paper,
we therefore present a calculation of start current taking
into account the effect due to attenuation. We use this cal-
culation to study the dependence of start current on grating
parameters as well as el ectron beam parameters.

START CURRENT CALCULATION

In a SP-BWO, the electron beam interacts with the co-
propagating surface electromagnetic mode supported by
the grating. The co-propagating surface mode has a group
velocity in the direction opposite to the electron beam. We
consider a sheet electron beam in the (y, z) plane propa-
gating at a height b from the grating top surface along the
z-axis. The grating grooves are in the y-direction and per-
pendicular to the grating is in the z-direction. Due to the

*Work supported by U.S. Department of Energy, Office of Basic En-

ergy Sciences, under Contract No. W-31-109-ENG-38.
T vinit@cat.ernet.in
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finite conductivity of the material of the grating, the surface
electromagnetic mode suffers attenuation. The attenuation
coefficient can be calculated as per the prescription given
by Andrews et al. in Ref. 3. Attenuation occurs in the di-
rection in which the energy is flowing. Here, the phase ve-
locity of the resonant surface mode is along the positive z-
axis and the group velocity v, is aong the negative z-axis.
Let the longitudinal component of the the electric field of
the backward wave be given by E(z,t) exp(ikoz — iwt).
Including attenuation in the analysis, the equation for the
evolution of the amplitude E(z,t) of the backward wave
described in Ref. 2 gets modified to

OE 10E  IZx
— =€

o 1 _ —20b /—it) E (1
0z vy Ot 2ByAy (™) +ak, (1)

where « is the complex attenuation coefficient having pos-
itive real part. Note that we are here closely following
the notations and derivations given in Ref. 2. Here, I is
the electron beam current, Ay is the beam width in the y-
direction assumed to be so large that two-dimensional ap-
proximation is valid, G is the electron velocity in the unit
of speed of light ¢, v is the electron energy in unit of rest
energy, Zo = 377 Q is the characteristic impedence of free
space, I'y = ko/~, v is the electron phase and x is the
residue of the singularity associated with the surface mode
asdefinedin Ref. 2. Converting to dimensionlessvariables,
this equation can be transformed to the following form
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where L isthe length of the grating, £ is the dimensionless
electric field, J is the dimensionless beam current, 7 isthe
dimensionlesstimeand ¢ = z/L is the normalised distance
along the grating [2]. The second term in the right hand
side of the above equation is the contribution dueto attenu-
ation. Theaboveequationfor the evolution of surface mode
electric field will be coupled to equations for the electron
beam dynamics as discussed in Ref. 2. We then linearise
the equations and look for the solution for the electric field
growingase”". For agivenvalueof 7 and oL, we can ob-
tain the complex growth rate v by simultaneously solving
the following set of two equations

k3 — (v+al)s? +iJ = 0. 3)
K3 (ka — K3)e™ + K3(Kkg — K1)er?
+r3 (k1 — Ka)e™ = 0. 4

Note that we have ignored the space charge parameter @
defined in Ref. 2, and assumed Q = 0. Here, k1, ko and
k3 are three solutions for  in Eq. (3). For a particular
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value of oL, by solving these equations numerically, we
can find out the minimum value of 7 for which the real
part of v is positive. Let us cal this as dimensionless start
current denoted by 7, which is afunction of aLL. For the
case when there is no attenuation (aL = 0), we had earlier
obtained that 7, =7.68 [2]. Here, by numerically solving
Egs. (3) and (4), we obtain the dependence of 7 on «L.
Thisis shownin Fig. 1. Note that 7, depends only on the
real part of aL.

The expression for the start current density dI,/dy is
given by

I
d—‘ = Js(al)

I ﬁ4W4 e2lob
dy

m ]{1[/3 ’ (5)

where 4 = 17 kA is the Alfvén current. Here, k = w/c
=2m /X and ) is the free space wavelength of the surface
mode. In the next section, we use the above formula to
calculate and optimize the start current.

1000 + T T T T
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Figure 1. Plot of threshold dimensionless current 7, as a
function of thereal part of the attenuation coefficient « L.

OPTIMIZATION OF GRATING
PARAMETERS

In the past, many authors [1-5] have used the parameters
corresponding to the Dartmouth experiment [6] for study-
ing the performance of SP-BWO. For the Dartmouth ex-
periment, the grating parameters and the el ectron beam pa-
rameters are given in Table 1. Note that we interpret the
electron beam radius in Table 1 as the parameter b in our
model. Using the formula derived in the previous section,
we optimize the grating parameters for this case to min-
imise the start current.

Table 1. Parameters for the Dartmouth experiment

Groove width (w) 62 um
Groove depth (d) 100 pm
Period (\,) 173 pm
Grating length (L) 12.7mm
Electron beamradius (b)) | 10 um
Electron beam energy 35 keV
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First, we calculate the attenuation coefficient for differ-
ent values of groove depth d and groove width w. For w =
62 pm, we vary the groove depth d and find out the atten-
uation coefficient o for each groove depth. Thisis shown
in Fig. 2(a). Note that for the calculation of the attenua-
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Figure 2: Plot of the real part of attenuation coefficient «
(a), and the x parameter (b) as a function of groove depth
(solid curves) for groove width = 62 um, and as a function
of groove width (dashed curves) for groove depth = 150
pm.

tion coefficient, we have chosen Aluminum as the material
of the grating and used the prescription given by Andrews
et al. in Ref. 3. Then, keeping w = 62 um, we calcu-
late x for different values of d as shown in Fig. 2(b). For
the calculation of x, we have used the prescription givenin
our earlier paper [2]. Next, knowing the value of o and 1,
we use Eq. (5) to obtain the start current density as afunc-
tion of groove depth for w = 62 um. As the groove depth
increases from 100 um, the y parameter increases, which
means that the start current density decreases. However, as
the groove depth is increased beyond 100 p:m, the attenua-
tion also increases, which tends to reduce the start current

FEL Theory
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density. Consequently, thereis an optimum groove depth at
which dI/dy is minimum. Aswe find in Fig. 3, the start
current density is minimum for d = 150 mm. The value of
dI/dy reduces from 40 mA/mm to 7.7 mA/mm when the
groove depth is changed from 100 pm to 150 pm.

After optimizing the groove depth, we next optimize the
groovewidth. Keeping d = 150 um, we vary w from 50 pm
to 150 xm and obtain the attenuation coefficient and the
x-parameter as shown in Fig. 2. Then, using Eg. (5), we
obtain the value of dI,/dy for different values of groove
width, keeping groove depth fixed at 150 um. This is
shown in by the dotted curve in Fig. 3. We find that the
optimum value of groove width is 110 um for which the
start current density is 5.6 mA/mm.

Hence, we find that the parameters for the Dartmouth
experiment are not optimized for the minimum value of
the start current. The optimized value of the groove depth
and the groove width are 150 pm and 110 um respec-
tively. For these parameters, the start current density is 5.6
mA/mm, which is a substantial reduction compared to start
current density of 40 mA/mm corresponding to the param-
etersgivenin Table 1.

50 T T

S

dl /dy (mA/mm)

60 80 100 120 140 160 180 200
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Figure 3: Plot of the start current density dI,/dy with
groove depth (solid line) as well as groove width (dashed
line). For the solid line, we have kept groove width fixed
at 62 um. For the dashed line, the groove depth is fixed at
150 pm.

In the above calculations, when we change the groove
width and the groove depth, the resonant wavelength \ of
the surface mode aso changes. The value of A can be ob-
tained by finding out the location of the singularity of the
reflection matrix associated with the surface mode, as dis-
cussed in Ref. 2. Fig. 4 showsthe variation of the resonant
wavelength. We find that for w = 110 ymand d = 150 pm,
for which the start current is minimum, the resonant wave-
length is 819 um. Note that for the calculation of dI/dy,
one needs to put the value of the free-space resonant wave-
length X of the surface mode in Eq. (5), which has been
taken from Fig. 4.
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Figure 4. Plot of the free-space resonant wavelength A with
groove depth (solid line) as well as groove width (dashed
line). For the solid line, we have kept grovewidth = 62 ym.
For the dashed line, groove depth = 150 um.

DISCUSSIONS

Wewould now liketo discuss the dependence of the start
current on the length of the grating. It is important to in-
clude three-dimensional effects for such an analysis[7]. A
fully three-dimensional analysis of SP-BWO does not ex-
ist yet. However, we will attempt an approximate analysis
here. The surface mode in the (y, z) plane is expected to
diffract freely as an optical packet of wavelength 5\ since
the grating is open in y-direction. The minimum average
rms beam size of the optical beam over the length L dueto
diffraction effectsisgiven by \/BAL /4. In order to max-
imize the overlap between the electron beam and the opti-
cal beam, the rms electron beam size o, in the y-direction
should be chosen equal to this. Putting the electron beam
size in the y-direction in Eq. (5), we obtain that the start
current I, should be proportional to 7 (aL)/L%/2. Aswe
increase the length, the start current increases due to in-
creasein J,. Thisis however counterbalanced by the I.5/2
factor in the denominator. For oL < 1, J can be assumed
to be slowly varying. Hence, the start current should de-
crease as 1/L°/2. For the larger values of oL, the atten-
uation effects will be dominating since [7s becomes expo-
nential as shown in Fig. 1. In this case, the start current
increases with grating length.

One of the important requirements for the operation of
SP-BWO is that the electron beam should be sufficiently
close to the grating surface. As the electron beam size in
the x-direction increases, the start current increases expo-
nentially due to the exp(2I'yb) factor in Eq. (5). Hence,
the rms electron beam size ¢, in the z-direction should be
around 1/4T"g. In order that the electron beam size in the
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x—direction is maintained around this value over a length
L, we need that the normalised electron beam emittance
€, is less than 3v/L(4T)*. We therefore notice that al-
though the start current reduces by increasing the grating
length, the requirement on electron beam emittance in the
x-direction becomes more stringent.

One should a so confirm that the space charge effect does
not blow up the emittance. For this to be valid, the space
charge term in the envelope equation should be less than
the emittance term. This leads to the following condition
in the z-direction [7]

4 T o3
N S
By Ia (04 + 0y)€2 < ©)

It isimportant to point out here that for the Dartmouth pa-
rameters given in Table 1, the above inequality is not sat-
isfied. After optimizing the grating parameters, the start
current is reduced and then the above inequality is satis-
fied.

10+
0O 2 4 6 8

Time (ns)

T T T
10 12 14

Figure 5: Plot of power per unit beam width in the surface
mode as afunction of time at the entrance of the grating for
the optimized grating prameters.

We would like to point out that for the optimized grating
parameters that we discussed, although the start current is
reduced significantly compared to the grating parameters
in Table 1, the attenuation is increased as seen in Fig. 2.
This means that the hesat loss in the grating will be more
for the optimized parameters, which implies that the power
conversion efficiency of SP-BWO will be reduced. For ex-
ample, for the optimized grating parameters that we dis-
cussed, I;/Ay = 5.6 mA/mm. For this case, if we take
I/Ay =7 mA/mm, we obtain P/Ay = 900 mW/mm at
saturation as shown in Fig. 5. This trandates to a power
conversion efficiency of 0.37%. Note that this calculation
is performed by numerically solving the coupled Maxwell-
Lorentz equations as discussed in Ref. 8. On the other
hand, for the Dartmouth parameters, we have I /Ay = 40
mA/mm. For this case, if wetake I/Ay = 50 mA/mm, we
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obtain P/Ay = 14.3 W/mm at saturation. This trandates
to a power conversion efficiency of 0.56%.

CONCLUSIONS

We have derived a simple formula for the start current
density in a SP-BWO taking the attenuation due to finite
conductivity of the grating material into account. This for-
mula has been used to optimize the parameters of the grat-
ing. We find that for the parameters corresponding to the
Dartmouth experiment, the start current can be reduced by
six times by optimizing the grating parameters.
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Abstract

We present a one-dimensional time-dependent analysis
and simulation of Smith-Purcell (SP) backward wave os-
cillator (BWO) taking end reflections and attenuation into
account. In the linear regime, we obtain an analytic solu-
tion and calculate the start current. The dependence of start
current on end reflections is studied taking the attenuation
due to finite conductivity into account.

INTRODUCTION

The Smith-Purcell (SP) free-electron laser in the tera-
hertz (THz) regime using a low energy electron beam is
a backward wave oscillator (BWO) [1,2]. Previous anal-
yses of SP-BWO [1-3] have ignored the reflection at the
ends of the grating. However, therewill in general be some
reflection at the end of the grating due to discontinuity in
the medium. One can, if desired, also add external mir-
rors to enhance reflection. In the presence of reflection,
the start current, which is defined as the minimum value
of the electron beam current needed to produce coherent
electromagnetic oscillations, can be reduced. In this pa-
per, we present a self consistent nonlinear analysis of SP-
BWO including end reflections and attenuation. We set up
Maxwell-L orentz equations eguations and develop a com-
puter code to solve these equations. We present the re-
sults of numerical simulation and discuss the evolution of
power. Inthelinear regime, we solvethe coupled Maxwell-
Lorentz equations analytically and calculate the start cur-
rent taking end reflection and attenuation into account.

MAXWELL-LORENTZ EQUATIONS

In aSP-BWO, the electron beam interacts with the back-
ward surface wave co-propagating with the electron beam.
We assume that the electron beam is in the form of a
thin sheet moving along the z-axis above a metal grating
with rectangular grooves, the direction of the grooves is
aong the y-axis and the outward normal to the grating sur-
face is aong the z-axis. The plane of the sheet electron
beam is at x = 0, and the top surface of the grating is
a xr = —b. We have earlier studied the interaction be-
tween the electron beam and the backward surface mode
using Maxwell-L orentz equationswhere weignored there-
flection at the end of the grating [2]. The backward sur-
face mode supported by the grating is a linear combina-
tion of infinite number of Flogquet-Bloch harmonics hav-

*Work supported by U.S. Department of Energy, Office of Basic En-

ergy Sciences, under Contract No. W-31-109-ENG-38.
T vinit@cat.ernet.in

FEL Theory

ing the z-component of propagation vectors differing from
each other by anintegral multipleof k4, where k, =27/,
and )\, is the period of the grating. The y-component H ,,
of the magnetic field of the backward surface mode can be
written as >~ A, exp(ikoz + inkgz — Iz — iwt), where
the summation is implied over al n from -co to +co [2].
Here, w is the frequency, kq is the propagation vector of

the backward surface mode, I',, = \/ (ko + nky)® —w?/c?
and c is the speed of light. The zeroth-order component
of this mode has the longitudinal electric field given by
E_(z,t)exp (ikoz —iwt) & « = 0. The amplitude of
all other components of the backward surface mode have
to maintain a fixed ratio with the amplitude of the zeroth-
order component such that the electromagnetic field satis-
fies the required boundary conditions. Hence, asthe zeroth-
order component of the surface mode evolves due to inter-
action with co-propagating electron beam, the amplitude
of al other components aso evolve proportionately. One
can caculate the group velocity, which is dw/dk, from
the dispersion relation of the backward surface mode. For
low energy electron beam, the group velocity of the co-
propagating surface mode having w/ko = (¢ is aong the
negative z-axis[1,2]. Let us denoted the magnitude of the
group velocity by v,. Here, Sc isthe velocity of electrons.

For a grating with rectangular grooves considered here,
a wave going along the positive z-axis will see the same
boundary as the wave going along the negative z-axis.
Hence, if we construct a mode having H, given by
> Ay exp(—tkoz — inkgz — I'px — dwt), it will satisfy
the Maxwell equations and the required boundary condi-
tion for the reflection grating. This is actualy the for-
ward surface mode supported by the grating. This has
the propagation vector -k and the group velocity v, aong
the positive z-axis. Hence, the grating supports forward
as well as backward surface mode. However, none of
the components of the forward surface mode co-propagate
with the electron beam. Consequently, the forward surface
mode does not interact with the electron beam. It how-
ever arises due to reflection of the backward wave at the
end of the grating. As the backward surface mode extracts
energy from the electron beam and grows, it gets reflected
at the end to the forward surface mode and consequently
the forward surface mode also grows. Let us denote the
zeroth-order component of the forward surface mode as
E(z,t)exp(—ikoz — iwt) a the location of sheet elec-
tron beam.

In our previous work [2], we had set up Maxwell equa-
tion for the backward wave, which is coupled to Lorentz
equations for the beam dynamics. We will now add the
Maxwell equation for the forward wave to this set of equa-
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tions. We will be following notations used in Ref. 2. The
energy flows along the negative z-axis for the backward
wave and hence, it gets attenuated along the negative z-
axis. Similarly, for the forward wave, the energy flows
aong the positive z-axis and it gets attenuated along the
positive z-axis. The complex attenuation coefficient o for
the backward wave supported by a rectangular reflection
grating can be obtained as per the prescription given in
Ref. 3. For the forward wave, the complex attenuation co-
efficient will be simply —«. Taking the attenuation into ac-
count, the equation for the evolution of the amplitude £
of the forward wave becomes

0E, N i 0FE,
0z vy Ot

= — CVE+ . (1)
The equation for the evolution of the amplitude £ _ of the
backward wave as derived earlier is given by [2,4]

OE_ 1 0E- _ IZx
0z v, Ot 2ByAy

e*QFOb(e*i% +aFE_, (2

where I is the electron beam current, Z, = 377 Q2 is the
characteristic impedence of free space, x is the residue
of the singularity associated with the surface mode as de-
fined in Ref. 2, v is the energy of the electron beam in
unit of rest energy, v is the electron phase and Ay is the
width of the sheet electron beam in the y-direction. Both
these equations are coupled through boundary condition
at the end of the grating. Let pg and p; be the com-
plex reflection coefficient at the entrance and exit end of
the grating. The boundary conditions will then given by
Ei(z = 0) = pgE_(z = 0), and E_(z = L)etkol =
prE(z = L)e~*oL where L is the length of the grat-
ing. The entrance and the exit of the grating areat z = 0
and z = L respectively.

In order to further smplify the analysis, we define a new
amplitudeof theforward wavegivenby £ = —pyE., . The
boundary conditions, in term of this definition can then be
writenas E,(z = 0) = —E(z = 0)and E_(z = L) =
Re 2kl E. (Z = L), where R = —popr. As discussed
in Ref. 2, we can define dimensionless variables and make
atransformation from (z, ¢) to (¢, 7) to simplify the anal-
ysis. Here, ¢ = z/L is the normalised length and 7 is the
dimensionless time defined in Ref. 2. We define dimen-
sionless amplitude of the forward and the backward wave
denoted by £, and £_ respectively as

47 k0L2 ~
IaZo Py &

where T4 = 17 KA is the Alfvén current and £_ = F_.
After making these transformations, the equation for evo-
Iution of £, and £_ are given by

+

0E_  0&_ .
oo T Je ™) —alE 4
o T ) ~aLe-, @
06, | 0E,
W + dla—c = —dlaLE+, (5)
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where d; = (v, + v4)/(vp — v4). The boundary conditions
now become&4 (( =0)=—-€E_((=0)andE_(( =1) =
Re~2koLg, (¢ = 1). These equations are coupled to the
electron beam dynamics equations

%775 = (E_+ gsc)eiwi + c.c., (6)
oy
= (7)

where the &, is the dimensionless longitudinal electric
field due to space charge given by £,. = iQ(e~™), and
Q = (J/xL)(x1 — €*™°"). The x,-parameter appears
in the analysis of singularity associated with the surface
mode and can be calculated as per prescription discussed
in Ref. 2. Here the subscript 7 stands for i*" electron and
n;i = (v — )/~ is the relative energy deviation of the i
electron. Egs. (4-7) along with the boundary conditions
form the complete set of differential equations needed to
describe the one-dimensional time-dependent behavior of
SP-BWO with end reflections and attenuation. In the next
section, we discuss the anal ytic solution of these equations
in the linear regime.

LINEAR ANALYSIS

We can linearize Egs. (4-7) around an equilibrium solu-
tion and perform a stability analysis to find out the param-
eter regime in which the instability for exchange of energy
from electron beam to electromagnetic oscillation can be
excited. For simplicity, let us assumethat theinjected beam
is monoenergetic, and n; = O for all the electrons at { = 0.
Further, we assume that the injected beam is unbunched,
i.e, (e~"o) =0, where 1 ; is the phase of the i*" particle
at ¢ = 0. An equilibrium solution of the system of Egs. (4-
7)isobvioudy £_ =0, = 0,1, =0, andy; =1 ;. Let
us define the perturbative solutionby £_ =é_, &y = €4,
n; = 0m,, and ¥, = 1o, + 6p,. We introduce the follow-
ing collective variables as done by Bonifacio et al. [5] for
conventional FELs:

= (Jpe="0), g={(one="").  (8)
In terms of these variables, Egs. (4-7) can belinearized and
written as

%_% — iJF—alé, ©)
%m% = —dialé,, (10)
g_if _ (11)
g_g — ¢ +Q& (12)

The boundary conditions for these equations are: (1) & =
0 a ¢ =0 at al 7 since the injected beam has no phase
modulation, i.e., it isinjected unbunched. (2) gy =0 a ¢ =
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Oat all T sincetheinjected beam has no energy modul ation,
i.e., itisinjected monoenergetically. (3) e, = —é_a ( =
0 foral 7, and é. = Re ?kole a ¢ = 1 forall 7.
Assuming a solution of the type e””, we can find out the
growth rate v for the above linearised equations with the
boundary conditions. In order to find out the growth rate v,
one has to first solve the following cubic equation

K2 — (w4 al)k? — Qr+vQ +iJ = 0. (13

Then, thethreeroots of the above cubic equation s 1, k2 and
k3 should satisfy the following transcendental equation

Re_aLefi@koLfidl [( )( Ky — /*63)
+(r5 — Q) (k3 — k1) + (k3 — Q)(k1 — K2)]
+(kT = Q) (k2 — K3)e™ + (k5 — Q) (K3 — K1)e™

+(k3 — Q) (k1 — /<62) "= 0. (14
By solving the above two equations, we can find out the
minimum value of 7, called the dimensionless start current
Js foragiven Q, R, o and L, for which the real part of the

complex growth rate v is positive.

14.5 T T T T T T
14.0;
13.5;
13.04
L‘;,’12.5 —

12.04

11.54

11.0 T T T T T T
00 05 10 15 20 25 3.0

Figure 1: Variation in the dimensionless start current with
& for R = 0.8 (solid curve) and R = 0 (dashed curve).

Next, we use Egs. (13-14) for the cal culation of start cur-
rent. In a companion paper [4], we have optimized the pa-
rameters corresponding to Dartmouth experiment [6] tak-
ing attenuation into account, but excluding end reflection.
We use those parameters for calculation of start current
here. For the grating, we use groove depth d = 150 um,
groovewidth w = 110 um, period A ; = 173 pm and length
L =12.7 mm. For the 35 keV sheet electron beam, we use
b = 10 pm. From our calculation [2], for these param-
eters, we obtain the free-space wavelength A = 819 pm,
x =120 per cm, x1 = 3.9, aL = 0.94(1 — i) and vy /c =
0.0925. Note that in Eq. (14), for a given grating length,
when we change the electron beam energy, the value of
ko will change, which will change the phase factor term
e 2ol et us define ¢ = mod(koL, 7). Hence, for a
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given set of parameters, if we make a slight change in the
electron beam energy, the value of ¢ changes accordingly
and affectsthe value of start current. For our parameters, @
is very small, and we take Q = 0. Figure 1 shows the vari-
ation of dimensionless start current 7, with £ for R = 0.8.
We find that that the value of 7, oscillates between 11.1
and 14.2. Note that the start current density corresponding
to J =11.1is4.7 mA/mm. The valueof 7, is 12.7, when
we neglect end reflection. When the attenuation is smaller,
the effect of end reflection is more pronounced.

NUMERICAL SIMULATION

For numerically solving Egs. (4-7), we use the approach
used by Ginzburg et a. [7] and later also by Levush
et a. [8] for BWO. The electron dynamics equations for
a given field distribution along the interaction region are
solved by the predictor-corrector method. Then, knowing
the modified electron distribution in phase space, the field
distribution at the next time step is obtained by solving the
partial differential equations (Egs. 4-5) by the finite differ-
ence method. The method is stable for AT < A( for the
backward wave and for A7 < (1/d1)A( for the forward
wave. Here, AT and A( are the step sizesin 7 and ¢ re-
spectively, used in the finite difference method.

For initializing the electron beam in phase space, we
simulate the shot noise using the algorithm given by Pen-
man and McNeil [9], which is commonly used in FEL
codes.

We performed a couple of tests on the code we devel-
oped. We first checked for the convergence of the solution
by increasing the number of particles and also by reducing
the step size. Based on this convergence test, we chose the
number of particlesto beused inthe simulation as 1024 and
the step sizes as A7 = 0.01 and A¢ = 0.02. We aso con-
firmed that the energy conservation equation along with the
damping term due to attenuation is satisfied in the code at
each integration step.

Figure 2 shows the evolution of power in the backward
wave at the entrance of the grating for 7 = 11.6 and 7 =
10.6. The parameters used in the calculation are same as
mentioned in the last section. We have chosen ¢ = 2.5 for
which 7, is minimum as shown in Fig. 1. For these pa-
rameters, J, = 11.1 and hence for the case 7 = 10.6, there
is no build-up of power, whereas for the case 7 = 11.6,
we find that the power grows exponentially and saturates.
Note that 7 /Ay = 4.9 mA/mm for 7 = 11.6. After satura-
tion, the variation of the amplitude of electric field for the
forward as well as the backward wave along the length of
the grating is shownin Fig. 3.

Let us now discuss the calculation of outcoupled power.
Power in the backward and the forward surface mode de-
noted by P_ and P, respectively can be obtained by the
following expression
P By chﬁS,yB ? 2Tob| o2
Ay~ 7o ( R ) cren @
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Figure 2: Evolution of power in the backward wave at the
entrance of the undulator for 7 = 11.6 (solid curve), and 7
= 10.6 (dashed curve). We haveused R =0.8and ¢ = 2.5
in the calculation.
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Figure 3: Variation of the amplitide |€_| of the backward
wave (solid curve) and the amplitude |€ | of the forward
wave (dashed curve) along the length of the grating for 7
= 11.6. Other parameters are same as those used in Fig. 2.

where P =P_for£ =&_and P = P, for £ = po&4. The
outcoupled power P, at the entrance of the grating is given
by P_(z = 0) — Py (z = 0) and at the exit, the outcou-
pled power P; isgivenby P, (z = L) — P_(z = L). If
we assume p;, = 1, the power will be outcoupled only at
the entrance of the grating. For the case of Fig. 3, the out-
coupled power is calculated to be 54 mW for Ay =1 mm.
The total power in the electron beam for this caseis 171.5
W for 35 keV, 4.9 mA electron beam current. Hence, the
overal efficiency is only 0.03%. Such alow efficiency is
there beacuse we have chosen the electron beam current
very close to the start current and also the heat loss occur-
ring in the grating due to attenuation deteriorates the effi-
ciency. We have checked that the efficiency is improved
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at higher value of beam current. Our emphasis here is to
show that including reflection, it is possible to reduce the
start current surface density to aslow as 4.7 mA/mm.

In our calculation, we have not cal cul ated the value of re-
flectivity, instead we have assumed a value for reflectivity.
In aredlistic situation, there will be some reflectivity at the
end of the grating due to change of boundary, which needs
to be calculated. However, we can put an external mirror
and the reflectivity R can be adjusted to a desired value.
By introducing a reflectivity, the start current is reduced,
but the outcoupled power may not be optimized. Using our
calculation in the saturation regime, one can optimize the
parameters to obtain optimum combination of start current
and outcoupled power.

CONCLUSIONS

In this paper, we have set up Maxwell-Lorentz equa-
tions for the one-dimensional time-dependent analysis of
SP-BWO including end reflection and attenuation due to
finite conductivity. We have obtained a solution in the
linear regime and extended the analysis to the nonlinear
regime by solving the Maxwell-L orentz equations numeri-
caly. Our analysis can be used for detailed optimization of
outcoupled power and start current in SP-BWO taking end
reflection and attenuation into account.
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Abstract

The free-electron laser (FEL) theory in the collective or
Raman regime relies on the unstable coupling between
the radiation and the negative-energy space-charge wave.
Due to the high density and low energy of electron beam
a focusing mechanism like an axial magnetic field is
usually required to guide the beam. It is found that the
wiggler has direct effect on the right and left waves and
the wiggler effect on their dispersion relations are of the
second order in the wiggler amplitude. Due to the fully
relativistic treatment the dispersion relation is to fourth
order in wiggler amplitude and it can be used to study
new couplings between the negative and positive-energy
space-charge waves as well as between the right and left
circularly polarized electromagnetic waves.

INTRODUCTION

Relativistic electron bean injected into an ionized
plasma channel ejects plasma electrons leaving a positive
ion core which attracts and confines the beam electron.
There are important applications in this subject such as
advanced accelerators [1] and free-electron lasers (FELSs)
[2,3]. Ion-channel guiding as an alternative to the
conventional axial magnetic-filed guiding, was first
proposed for use in FELs by Takayama and Hiramatsu
[4]. Experimental results of a FEL with ion-channel
guiding have been reported by Ozaki at al. [5] Also, Yu et
al. [6] have reported that the combination of ion focusing
and beam conditioning would lead to high gain FEL
operation in the soft x-ray regime. Jha and Wurtele [7]
developed a three-dimensional code for FEL simulation
that allows for the effects of an ion channel. The
theoretical studies of this problem with a helical wiggler
are carried out in the low-gain [8] and high-gain [9,10]
regimes. In Ref 10, the relativistic Raman backscattering
theory is used to find the FEL dispersion relation with
ion-channel guiding, in the beam frame of electrons, with
the left circularly polarized backscattered wave neglected.
This DR was used to find the growth rate of the FEL
resonance due to the coupling of radiation with the slow
space-charge wave.

The purpose of the present investigation is to obtain the
dispersion relation (DR) for the interaction of all possible
waves in a relativistic electron bean that passes through a
one-dimensional helical wiggler magnetic field with ion-
channel guiding. The motion of a relativistic electron
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through the wiggler is analyzed. Three coupled equations
are derived and a formula for the general DR is obtained.

ELECTRON MOTION

Consider a relativistic electron moving along the z axis
of an idealized helical wiggler magnetic field described
by
B=8,(Xcosk,z+¥sink,z), (1)
amplitude, and

where B denotes the

w

wiggler
k., (: 27r/ A w) is wiggler wave number. In the presence of

an ion channel, with its axis coincident with the wiggler
axis, the following transverse electrostatic field is acted
on the electron beam
E, =27zenl-(xf(+y§'), )
where n; is the number density of positive ions with
charge e. The steady-state motion of an electron in the
above field consists of an axis centred helical motion,
with radius Ry =v,, [k, , given by Eq. (16) with [8,11]
Q, kv
Vy =555 3
W —Ky,
_ 2 2 .
whereQ =eB, [ymc,w; =2nn;e /j/m , m is the
electron rest mass, e is the magnitude of the charge of an
electron, and c is the speed of light in vacuum. This
velocity is related to the axial velocity v through
2 2
-2 Vw VH
7ot =1-2r L. *)
P

Equation (4) is cubic in VHZ / ¢? and describes two classes

of trajectories propagating along the positive z axis of the
FEL.

DISPERSION RELATION

An analysis of the propagation of
electromagnetic/electrostatic waves in the electron beam
may be based on the continuity equation,

on

—+V-nv)=0, 5
V) )
the relativistic momentum equation

d

_v:_ ¢ E_va.E_f_lva s (6)
dt ymy c? c
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and the wave equation
1 8* E
2 or

0 4renv
8t cz

Vx(VxE)+ (7
Here n is the electron density, v is the electron velocity,
y 1is the Lorentz factor corresponding to v, E is the
electric field, and B is the magnetic field. With the
unperturbed electron density n, taken to be independent
of position and time and the self-fields of the unperturbed

state neglected, the electron and field variables may be
expressed in the form

n=ny+on, ®)
V=v,+0V, 9
E=E,; +0E, (10)
B=B, +JB, (11)
R=R,+J6R (12)

The linearized equations for the continuity equation, the
relativistic momentum equation, and the wave equation
may be derived as

00
tn+nOV~5v+v0 -Von=0,

(13)

1
SE——v,v,-0E
c?

a5—V+V0 VOov+0ov-Vv, =— {
ot YoMy

1 1 1
——VoOVE;, ——5vv, E, +—§v><BW +—v,x0B
c c c ¢

2
1
—7—0(Ei +—v,xB

02 c

—LVOVO ‘E. j(vo 5V):| (14)
c?

2
x(Vxé'E)+L2 0 iE ziﬂ(ﬁnvo +1y0V).
c” Ot ot ¢?
By introducing a new set
é=(R+iy)/V2, & =(x-iy)/V2,
unperturbed magnetic field, electron density,
transverse electrostatic field can be written as

B, = (Bw /\/E)exp(—isz)é + (Bw/ﬁ)exp(isz)é* , (16)
Vo = (vw /ﬁ)exp(—isz)é + (vw /ﬁ)exp(isz)é*
+VHéZ N (1 7)
E, = iN2 e n;R, ( exp(—ik,,z)é+exp(ik, z)e" ), (18)
The perturbed state is assumed to consist of a
longitudinal space-charge wave and right and left
circularly polarized electromagnetic waves, referred here
as radiation, with all perturbed waves propagating in the
positive z direction. Accordingly, solution of the system
of equations (13)-(15) may be assumed as
SV=0vae+8v,8 +6v,¢,,
SE=(27en,6Ry +5Eg e+ (27en,5R, +S5E; )&
+5Eze,,

SB=G6Bé+5B,¢",

s)

of basis vectors

and e=1z, the

and

(19)

(20)
ey
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SR=6Rze+06R, & (22)
on=nexpli(kz—wt)], (23)
Svp =vgexpli(ky z—wt)], (24)
ov, =v expliltk, z—wt)], (25)

ov,and SE_are analogous to dn; JOEp, ORp, and
OBy are analogous to ovy; 0E;, OR;, and 0B, are

analogous to dv; ; the wave numbers are related to by

ky =k—k,, (26)

k, =k+k,. 7)

The linearized wave equation yield

(k2e2 -0?)E, =—47riea)[r7%+no17RJ, (28)

(k2e2-0?)E, :—4mea{ﬁv—W+novLJ, (29)
V2

~0’ E, =—4niealiiv) +ny7, ). (30)

Similarly, the linearized continuity and momentum
equations yield
ﬁ(a)_k\/” ): I’lo k"\}lz N

2 2 2 2
Wy —— 1= O T g T
a)—kRv” 2¢ kWV” 2c

€2))

~ v,V
+ RC VW E + € ”
O +2c YoMy x/_c

. a)i2 a)lz VWVH Qw ~
+1 - 2 - VR
kWV” a)_kRV” \/EC \/E

2 2
: @; @; YwYi Q =
Ll 20, (4
[[ kaH  — kLVJ»ﬂ c A2 ]

where
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2y 0 35)
noTi T
C
A, =kic? -0, (36)
Ay =kpc* -0, (37
1 , 2
R et (38)
2 cl ¢ ky ¢
1 1 il v »?
Ay =| — kv, +Q, )+ —= |y —| L ——
’ (ﬁJ (ﬁJ Pele ky
Y
——QWJ . (39)
C

The electron density 7 may be eliminated in (30) by use
of (29) to obtain

o—kv
=—i—F

v (40)

z
4ren

with the use of Egs. (28)-(31) and (40), vz, v, and V,

may be eliminated in the three components of the
momentum equation (32)-(34) to obtain

[Dg +l//;v3v/CZJER +l‘//ZVv2v/02]EL +[§R1VW/C

+M+va/c3JN = A1)
W}E(VVZV/CZ)ER |_DL+WLV2/C JEL étLqu/C
+M_vv3v/c3JEZ =0, (42)
2
Vw | = Vw | & Z
fRz(—jERJfng[_jEL_w 80+ka —
c c o—kpv,
2 2
L S AT (43)
a)_kRV” 26‘2

0 0 + + +
where Dy, Dy, wi, wp, M™, Epy, Eros Sr1s E10s

&% are defined in the appendix. Here, Dg, Dg, and &°

are the uncoupled dispersion relations, i.e., in the absence
of the wiggler, for the right and left circularly polarized
electromagnetic waves, and the space-charge wave,
respectively. Equations (41) and (42) show that the DR
for the right and left waves, alone, in the absence of the
other two waves, are

Dy =Dy il [e)=0, (@)
D, =D2+yxz(vj/c2)=o, (45)
which indicate that the wiggler has direct effect on the
right and left waves and the wiggler effect on their DRs
are of the second order in the wiggler amplitude. On the

other hand, Eq. (43) Shows that the DR for the space-
charge wave in the absence of the right and left wave is

% —0, which indicates that the wiggler has no direct
effect on the space-charge wave. The reason is that the
transverse helical motion of electrons, due to the wiggler,
has no effect on the longitudinal oscillations of the space-
charge wave. Therefore, if the electromagnetic waves are
removed the wiggler effect on the space-charge wave will

FEL Theory
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also be removed and the space-charge wave will be
unaffected by the wiggler in the absence of the transverse
electromagnetic waves.

The necessary and sufficient condition for a nontrivial
solution consists of the determinant of coefficients in Eqgs.
(41)-(43) equated to zero. Imposing this condition yields
the dispersion relation

2 2
w; w;
o| &* + wky| + DD, =-| D&,
a)_kLVH a)_kRVH

2 )2 2
w w Vi _
{fu*‘M 2j+DL§R2(§RI+M+ J]—z‘{‘/&‘f}ez
c 2 le

2 2
{fu +M__V2V]+WR fm{f}el +M" —ZJJFW“?O‘//Z‘/Q;

C c

o 0 o
+y Ly roky, - +—
[ kL VH w kR VH C

Equation (46) is the DR for coupled electrostatic and
electromagnetic waves propagating along a relativistic
electron beam in the presence of a wiggler magnetic field
and an axial guide magnetic field. A numerical analysis of
the general dispersion relation can be used to study
interactions among all possible waves. In group II orbits,
with relatively large wiggler induced velocities, new
couplings between the negative and positive-energy
space-charge waves as well as between the right and left
circularly polarized electromagnetic waves are expected
to be found. These instabilities are distinct from the usual
FEL resonance.

|<
NG N

(46)

APPENDIX: DEFINITION OF
QUANTITIES

The following quantities are used in equations (41)-(43)

2
o;
Dg Z[w—kva—m]AR +CO (CO kRVH)
2
DY =| 0k ——2— |4, + (0 kv
L LY @ — kLVH L LY

+ 1 a)2 2 2
R=|= : —— k RYV| )
VR [2}{[@—1@\1 o 70 ] R~ OO,

2 2 2
V/Li — l a)i + a)i a)i iygkaH AL
2\ o—kyyy kv o—kyy

2 2
e :[a)kcj oo +2}/0kwvu
22 ok, 0-ky

2
0] w; >V
& :(—J ke o—kpv ———— |- w2 —
S WV R o—kgv, Poe
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c
kaH

2
o D; 2 V)
£ :(—J kel o—k v ———— |—w? L
U2 Lo o—kpv, e

2
+ (ii-i- m](a) — kv ) ,

2c yok,y
‘[m c2+ . J(w—kﬂ)»

c
kaH

1 ? w’c w?
& :[—] —Ap| —4——-—""—+k,c-———
k2 \/E K kwc kW\)”z w_kRVH

+ a)f,(ch - a)vl/c)] ,

2 2 2
&y :[1] -4, _a)_,-+ @i ¢ —kwc—w—’
2 kwc k VH2 a)_kLVH

+ a)lz,(kLc - a)v/c)} ,

% =(o-kv)’ —o} [} .
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ENHANCEMENT OF A COHERENT (SUPER-RADIANT) EMISSION
IN FEL BY MEANS OF ENERGY MODULATION OF AN EMITTING
SHORT ELECTRON BUNCH

Yu. Lurie® and Y. Pinhasi, The College of Judea and Samaria, Aridl, Israel
A. Gover, Tel-Aviv University, Tel-Aviv, |srael

Abstract

Super-radiant emission from a wiggling short electron
bunch, is strongly suppressed at high frequenciesin com-
parison with radiation, obtained in a FEL if an ultra-short
e-beam pulse of the same total charge is available. How-
ever, radiation intensity of awiggling short electron bunch
can be greatly enhanced by means of energy modulation. In
this way, a super-radiant FEL source driven by short elec-
tron bunches and operating in the Tera-Hertz regime can be
realized. Analytical evaluations and numerical simulations
utilizing a space-frequency 3D model show, that a linear
energy modulation enables one to increase the power of
super-radiant emission by few orders of magnitude. Pos-
sible limitations in application of this method are also dis-
cussed, as well as a spectral purity of enhanced radiation.

INTRODUCTION

Development of experimental set-ups utilizing mech-
anism of short bunching of relativistic electron beams
enables construction of high-power free-electron lasers
(FELSs) operated by asingle short pulse or by atrain of such
pulses. Optimal efficiency of such radiation sources may
be achieved with ultra-short beam pulses, when a super-
radiant (SR) emission occurs (see [1, 2] and references
therein).

Unfortunately, a beam pulse duration obtained in prac-
tice is still relatively long, leading to a dramatic reduc-
tion in SR emission at high frequencies. For example, in a
case of Gaussian electron pulse, the super-radiant to spon-
taneous emission ratio at asynchronismfrequency f, isde-
creases with the beam duration as fast asthe Gauss function
[1]:

dp;"(z)/df

SNR= B Gy Jar —

T .e—(2nf:T)? 1)
(here k is a number of electronsin the bunch and 7' is the
standard deviation of the electron Gauss distribution, which
corresponds to the bunch duration AT ~ 2T7'). It means
that to provide an intense high frequency SR emission,
ultra-short electron bunchesof timeduration AT << 1/ f
have only to be applied. For example, with ultra-short fem-
toseconds bunches, intense SR emission may be obtained
at radiation frequencies up to approximately 100 THz only.

* e-mail: ylurie@yosh.ac.il
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It was suggested that emission of a short electron bunch
of some finite duration may be greatly enhanced by means
of its proper energy modulation [3]. In this work, the ef-
fect of energy modulation on SR emission of a wiggling
short electron bunch is analyzed in a space-frequency 3D
approach and demonstrated by numerical simulations car-
ried out using WB3D code[4].

ANALYTICAL EVALUATIONS

The total electromagnetic field emitted by a wiggling
electron bunch may be found in the frequency domain
in terms of expansion over transverse eigenmodes of the
medium (free-space or waveguide) in which the radiation
is excited and propagates[5]:

E(it) = O R {Téq(z, 1) & (1) ekt df}
q 0
@

where &, (z, y) isthetransverse profile (Hermitte-Gaussian
free-space mode or waveguide mode) of the mode ¢ and
k.q(f) is its wavenumber. (Although the form of mode
presentation givenin Eq. (2) isnot validin thefar-field free-
space propagation, it is still applicable to most electron de-
vicesinwhich the interaction takes place within aRayliegh
length of the Hermitte-Gaussian modes, where the diffrac-
tionissmall). C,(z, f) isthe propagating mode amplitude,
which may be found from the excitation equation (see[4, 5]
for details).

Neglecting the influence of the emitted electromagnetic
field on the emitting electrons, the mode expansion coeffi-
cientsC, (z, f) of electromagnetic field emitted by asingle
wiggling electron may befoundin thefollowing simple an-
alytical form:

Cy(Lu, f) = Ag sinc (%6, Ly,) (27 fto+10,L)
©)
where A, is some normalization coefficient, sinc(a) =

sin(a)/a, to isthetime that the electron entersinto thein-
teraction region, L., isthe length of the interaction region,

and 5
0, = mf

L~ (e + k) )

z

is the detuning parameter (k., is the wiggler wave number
and v, isthe electron longitudinal velocity in z-direction).
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In the low-gain regime, electromagnetic field emitted by
abunch of N electrons may be givenin the terms of a sum-
mation of (3) over al the electronsin the bunch:

1 )
Co(Lu, f) = A, Z sinc (5 0, Lw> i (2 fto, + 300, L)

®)
here the coefficient A, is supposed to be approximately a
constant for all the electrons in the bunch. At some syn-
chronism frequency fs, a coherent summation in (5) may
only be obtained when sinc (% 6, L.) ~ 1 (or 6§, = 0,
what defines the synchronism frequency f ), and the phase
matching condition 2r fto, + 16, L, =~ 0 is satisfied.
A SR emission from a single ultra-short (AT << 1/f5)
bunch takes place in this situation, when the radiated field
is simply proportiona to a number of the electrons in the
bunch (to the total charge of the driving bunch): C, =~
A, - N, and energy flux spectral density of the emitted ra-
diation may be given as

aw
df

As mentioned above, this energy flux is drastically re-
duced if the driving bunch duration is increasing compared
with period 1/ f, of the emitted radiation. But also in this
case of “finite-duration” beam bunches, the summation in
(5) may still remain a partly coherent in the vicinity of syn-
chronism frequency f, if the previous conditions are ful-
filled in abit modified form:

~ |2
NCq

2 2
~ AN

e The most part of sinc-functionsin (5) save their sign:
sinc (4 6,, L.,) > 0, to prevent the terms compensa-
tion in the summation; and

e The phase shifts 2 f,to, + 16, L., remains constant.
The first condition means, that:
211{8 — (k2 + k)| S i—:
Introducing
ke + ko = 2mfe (6)
B:c

where /3. ¢ is some bunch mean longitudinal velocity in
z-direction, the previous equation may be rewritten as:

11
sz E

here ), isthe radiation wave lengthand 3., = v, /c. The
phase-matching condition may only be satisfied, if thedriv-

ing electron bunch is pre-modul ated so that thelongitudinal

velocities of the electrons are distributed as follows:

L

As
< E (7)
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where we assume that 3. (t = 0) = /.. Substitution of (8)
into (7) provides the following limitation on the maximal

bunch duration: )
It <

C)
Thereforethe considered enhancement of SR emission may
be obtained with aslong as AT ~ 1/ f, beam bunches.

Condition (8) actualy requires an energy modulation of
the driving el ectron bunch as follows:

B ) 1+a2
Ex(t) = moe {\/ (e YT

here a,, = eB,/(kymec) is the wiggler parameter. Be-

cause
3. 28,¢\ 1
C) g ( : >2fs

the distribution (10) may be linearized:

1} (10)

— As
ﬂL— <<1

d Ey,
Ek(t) ~ Ek (t = 0) + <d—tk) -1 (11)
t=0
where
1+ a2
Ey(t = 0) = m.c? 2 1 (12
1-— Bz
and the modulation rateis
—3
d Ey, 278, c
() 62<7_2>L_ 3
t=0 1-5, w
here
2 — 2
yome FE(E=0)_ ) 1ha gy

mec? 3
So, energy modulation of awiggling electron bunch ac-
cording (10) or (11) may considerably enhanceits SR emis-
sion, even if thedriving bunchisaslongas AT =~ 1/ f.
Obviously, energy modulation of the beam reduces the
spectral purity of the emitted radiation in comparison with
that of SR emission, emitted by an unmodulated ultra-short
electron bunch. The reason is that the synchronism fre-
quencies of radiation emitted by individual electrons are
different due to difference in there kinetic energies. There-
fore a bandwidth of radiation, emitted by energy modu-
lated bunch is supposed to be more wide by a factor of

f = |fs(+T)— fs(=T)]|, sothat the radiation band width
may be evaluated by
~ fs dfs dEk
BW = N, + dE, ( o )AT (15)
N————
Af

revealing a linear growth with the energy chirp rate
dE} /dt.

FEL Theory
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NUMERICAL SIMULATIONS

To demonstrate the effect, a number of humerical sim-
ulations with the code WB3D [4] were carried out for a
THz-regime free-electron laser with operational parame-
ters given in the table 1. Simulations demonstrate, that
extremely short electron bunches (fsAT < 2%) have to
be applied in order to produce a strong super-radiant emis-
sion. With such ultrashort bunches, the total energy flux of
super-radiant emission may beaslargeas Wgr = 22.5 nJ.
With a longer unmodulated bunches, the total energy flux
of emitted radiation is drastically reduced and it is just
about W = 4.9 pJ when AT =~ 1.0 pSec unmodulated
bunches are applied. In accordance with analytical evalua-
tions, alinear energy modulation (11) of the electron bunch
enables one to enhance this radiation by more than a three
orders of magnitude, as demonstrated in the figure 1. It is
evident, that the energy modulation causes the emitted to-
tal energy flux to increase rapidly, saturating at the energy
chirp rate d Ey, /d t of about 0.12 MeV/pSec (resulting in
the energy flux of Wsg ~ 9 nJ) and slowly reducing for
a higher values of the energy chirp rates. Note, that equa-
tion (13) providesthevalueof d E, /dt ~ 0.17 MeV/pSec.
With alonger bunches (AT =~ 2.0 pSec, fsT =~ 1.0), the
obtained effect is even more strong (circle symbols at the
picture).

Energy spectrums of the radiation emitted by energy
modulated AT'=1.0 pSec bunches are given in the fig-
ure 2, comparing to that emitted by an unmodulated ultra-
short bunch (solid line) and by unmodulated AT'=1.0 pSec
bunch. A spectral purity of the emitted radiation is
obviously reduced if the driving electron bunch is en-
ergy modulated. At high energy chirp rates, the radia-
tion band width grows linearly with d E. /d ¢, as demon-
strated at the figure 3, in accordance with above evalua-
tion (15). It's interesting to note some non-linear depen-
dence near the “optimal” value of the energy chirp rate
d E}, /dt=0.12 MeV/pSec, when a high-power radiation is
emitted.

To explain the effect, a microscopic analysis of trajec-
tories of emitting electrons was carried out (see figure 4).
As easily seen from the picture, a non-modulated bunch
propagates through the undulator saving its initial tempo-
ral duration. Initial energy modulation of the driving bunch

Table 1: Operational parametersfor THz FEL.
Accelerator

Electron beam energy: E;=28MeV

Total charge: Q=1 - AT =10 pCl
Wiggler

Magnetic induction: B,,=3kGauss (a,, ~ 0.56)
Period: Apw=20 mm

Number of periods: N,,=20

Waveguide

Rectangular waveguide:  5x5mm

FEL Theory

MOPPHO020

—
e} /

= FA — & fsTb=05
> / ? ——e—— fsTh=10
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Figure1: Total energy flux emitted by AT = 1.0 pSec (box
symbols) and AT = 2.0 pSec (circle symbols) bunches as
afunction of the energy chirprated E /d t.

developswhile propagating in thewiggler to adensity com-
pression and the e-beam pulse becomes an ultra-short one,
generating a strong super-radiant emission. At this mo-
ment, the most intensive radiation is emitted, as may be
seen from the time-domain dependence of electric compo-
nent of the emitted field givenin figure 5.

CONCLUSIONS

In apractical case of FEL driven by a single short bunch
or by atrain of such bunches, a super-radiant emission is
strongly suppressed at high frequencies. It was shown that
it can be greatly enhanced by means of a proper energy
modulation of the driving beam. The effect isstudied in the
framework of space-frequency model and is explainedin a

—— SRemission

400 |—* dE/dt=008 MeV/psec
——e—— dE/dt=0.12 MeV/pSec
—¥—— dE/dt=0.20 MeV/pSec

300 1

200 1

dW/df [pJIGHZ]

Long pulse

100

T T
850 900 950 1000 1050 1100 1150 1200

Frequency [GHZ]

Figure 2: Total energy flux emitted by AT = 1.0 pSec
bunch as afunction of the energy chirprated E /d t.
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Figure 3: Full-width half-maximum radiation bandwidth as
function of the energy chirprated E . /d t.
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Figure 4: Trgectories of the emitting electrons

in unmodulated (top) and energy modulated with
d E}, /d t=0.12 MeV/pSec (bottom) bunches.
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Figure 5. Time-domain electromagnetic field, emit-

ted by unmodulated (top) and by energy modulated
(d By /dt=0.12 MeV/pSec, bottom) bunches.

simple analytical approach aswell as by numerical simula-
tions with WB3D code. The considered principal scheme
may be realized in a construction of a pulsed FEL, which
enables to provide intensive high-frequency radiation with
areasonable spectral quality.
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Abstract

The interaction of a wave with a beam of particles is of
paramount importance in a great number of physical appli-
cations. We here focus on the case of a Free Electron Laser
and review two control strategies aimed at re-shaping the
inner topology of the single-particle phase-space to stabi-
lize the oscillations of the laser intensity in the deep satu-
rated regime.

INTRODUCTION

The interaction between a wave and a bunch of charged
particles plays a central role in many branches of applied
physics ranging from particle accelerators to laser physics.
Generically, this self-consistent interaction leads to an ex-
ponential increase of the intensity of the wave, followed by
an oscillating saturation. Oscillations are generated by the
rotations in phase space of a clustered bunch of particles.

The wave-particle interaction can be cast in a Hamilto-
nian form with N+ M degrees of freedom, where N and M
are resprectively the number of charged particles and elec-
tromagnetic waves. Examples include the so called elec-
tron beam-plasma instability, a phenomenon of paramount
importance in the wide realm of kinetic plasma turbulence,
and single-pass high-gain Free Electron Lasers (FELS). In
the following we shall refer to the latter case, focusing in
particular on seeding schemes where a small laser signal
is injected at the entrance of the undulator and guides the
subsequent amplification process [1]. Basic features of the
system dynamics are successfully captured within a simpli-
fied one-dimensional framework discussed in the pioneer-
ing work by Bonifacio and collaborators [2]. The Hamilto-
nian reads:

N pz 7 N
H:Z?j—(SI—FZq/NZSin(Hj—(p), (1)

where [ and ¢ stands respectively for the intensity and
phase of the wave, while the NV conjugated pairs (p ;, 8;) re-
fer to the electrons. The detuning parameter § measures the
average relative deviation from the resonance condition.
As previously anticipated, the theory predicts a linear ex-
ponential instability and a late oscillating saturation for the

*duccio.fanelli@ki.se
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Figure 1: Normalized intensity calculated from the dynam-
ics of Hamiltonian (1).

-3 -2 0 1 2 3
6+ ¢ [2n]

Figure 2: Snapshot of the N particles at ¢ = 1000, with
N = 10%. The grey points correspond to the chaotic parti-
cles, the dark ones refer to the macro-particle

amplitude of the radiation field, Fig. 1. Inspection of the
asymptotic phase-space, see Fig 2, suggests that a bunch of
particles gets trapped in the resonance and forms a clump
that evolves as a single macro-particle localized in space.
The remaining particles are almost uniformly distributed
between two oscillating boundaries, and populate the so
called chaotic sea [3].

The macro-particle rotates around a well defined fixed
point and this microscopic dynamics is shown to be respon-
sible for the macroscopic oscillations observed at the in-
tensity level. Qualitatively similar observations have been
reported for the case of a Travelling Wave Tube (TWT)[4],
a specially designed apparatus that mimics the plasma in-
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stability and enables to accurately investigate the non lin-
ear regime of the self-consistent wave-particles interaction.
Given the above, it is an interesting problem to define dedi-
cated strategies aiming at regularizing the saturated dynam-
ics that could eventually contribute to improve the perfor-
mance of the aforementioned devices.

The goal of this paper is to show that it is indeed pos-
sible to influence by an external perturbation the dynamics
of the particles and enhance the stability of the system. To
this end we shall consider a mean field type of approach
which constitutes the natural reduction of the original N-
body formulation (1). According to this simplified picture,
the conjugated variables (¢, I') are replaced by two func-
tions of time ¢(¢) and I(t), the latter being obtained from
direct simultations of the self-consistent dynamics. This in
turn amounts to formally neglecting the action of the elec-
trons on the field, an assumption that holds true in the late
saturated regime.

The N-body Hamiltonian (1) can therefore be reduced

to
N
}fN :ZHlp(euplat)) (2)
1=1
where
2
0.0 =2 2/ MW cos 04 90). @

In conclusion, the dynamics of a FEL can be adressed by
monitoring the evolution of a test particle, obeying the
Hamiltonian (3) where the functions I(¢) and ¢(¢) act as
external fields and are here imposed by assuming their sim-
plified asymptotic behaviour as obtained by a frequency
analysis [5] :

I(t) -
2 Tei‘z’(t) ~F — EZ Wielwrt, 4)
k=1

in the reference frame of the wave.

TOWARD STABILIZATION: TWO
ALTERNATIVE APPROACHES

Two different control strategies are here shortly dis-
cussed and shown to produce beneficial effects on stability
of the system at saturation. For a detailed account on the
techniques and an extensive report of the main findings, the
interested reader may refer to [6] and [7].

Hamiltonian control of a test particle

First let us consider a Hamiltonian control technique.
The method is based on the introduction of a small and apt
modification of the potential that enables to recreate (al-
ternatively destroy) invariant (KAM) tori in phase space.
The Hamiltonian control addresses systems which are close
to integrable, i.e. whose Hamiltonian can be written as
H = Hy + V, where Hy is integrable and V' a pertur-
bation of order ¢ (compared to Hy). The results we use

84

Proceedings of FEL 2006, BESSY, Berlin, Germany

Figure 3: Poincaré sections of a test-particle of Hamilto-
nian Hi, (0, p, ).

4

3t

Figure 4: Poincaré sections of a controlled test-particle of
Hamiltonian Hy, (6, p, t) + f(6,p,t) (right).

here have been proven rigorously [8, 9]. In practice, it can
be shown that a suitable control term f of order €2 exists
such that Hy + V' + f has an invariant torus at a given fre-
quency wq. In the present case, and focusing on the late
saturated regime, the perturbation term is associated with
the oscillating part of the intensity.

The calculation of the control term [6] is carried on into
action-angle variables (¢, J) and the derivation is not es-
plicitly reported here due to space limitations *. Instead,
we shall present results of numerical experiments which
clearly demonstrate (see Figs.3 and 4), that, in (6, p) vari-
ables the analytical control term derived in [6] is success-
ful in reconstructing some invariant tori around the macro-
particle. In other words, it enlarges the macro-particle
which in turn corresponds to enhancing the bunching fac-
tor, a quantity of paramount importance in FEL context.
Finally, it is worth emphasising that according to this ap-
proach the form of the control term is derived and not im-
posed a priori.

LAs a side remark, note that the exact change of variables from (¢, J)
to (0, p) presents a singularity at the pendulum separatrices. In order
to implement our control on the whole space, a simplified, but regular,
change of variables is used which mimics the exact one in the region of
the invariant torus predicted by the control

FEL Theory
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The residue method

An alternative strategy can be elaborated that enables
to modifying the intrinsic characteristics of the macro-
particle. Contrary to the above technique, a (generic)
parametrized perturbation is here a priori introduced,
which allows to modify the topology of phase-space, by
tuning appropriately the parameters. The residue method
[10, 11, 12, 13] is used to predict the resulting local bi-
furcations, by an analysis of linear stability of periodic or-
bits. Information on the nature of these orbits (elliptic, hy-
perbolic or parabolic) is provided using e.g. an indicator
like Greene’s residue [10, 14], to monitor local changes of
stability in a system subjected to an external perturbation
[11, 12, 13, 15]. As we shall see, this approach enables
one to tune the size, gyration radius and internal structure
of the macroparticle, thus resulting in an effective tool for
the stabilization of the intensity.

Consider an autonomous Hamiltonian flow with two de-
grees of freedom which depends on a set of parameters?
AeR™:

2= IVH(z; N,

where z = (p, E,0,t) € R*and J =
Io O

I, being the two-dimensional identity matrix. In order to
analyze the linear stability properties of the associated pe-
riodic orbits, we also consider the tangent flow written as

0 I ) and

%Jt(z) =JVZH(z;N)J,

where J° = 1, and V2 H is the Hessian matrix (composed
of second derivatives of H with respect to its canonical
variables). For a given periodic orbit with period 7', the
linear stability properties are given by the spectrum of the
monodromy matrix J7. These properties can be syntheti-
cally enclosed in the definition of Greene’s residue :

4 —trJT

—

In particular, if R €]0, 1], the periodic orbit is elliptic; if
R < 0or R > 1itishyperbolic;andif R=0and R =1,
it is parabolic.

Since the periodic orbit and its stability depend on the set
of parameters A, the features of the dynamics will change
under apposite variations of such parameters. Generically,
stability od periodic orbits is robust to small changes of pa-
rameters, except at specific values when bifurcations occur.
The residue method [11, 12, 13] detects these rare events
thus allowing one to calculate the appropriate values of the
parameters leading to the prescribed behaviour in the dy-
namics. This method yield reduction as well as enhance-
ment of chaos.

To illustrate the potentiality of method we shall intro-
duce a parametrized perturbation, in the form [7]:

R=

2At this level X represents any generic family of parameters that influ-

ence the dynamics of the system
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O P N W b

0 + Q t [2m]

Figure 5: Poincaré section of a test-particle, described by
Hamiltonian (3). The periodic orbits with r.n. 7 are marked
by plus (elliptic orbit) and crosses (hyperbolic orbit).
stands for the wave velocity.

Hi,(0,p,t;\) = Hip(0,p,t) —2) % cos (20 + ¢(t)).
®)
Here X controls the amplitude of the injected wave. Fo-
cus then on A = 0, which corresponds to the original
Hamiltonian H;,, and consider two coupled Birkhoff peri-
odic orbits, i.e. orbits having the same action but different
angles in the integrable case and having the same rotation
number (r.n.) on the Poincaré section, one elliptic O . and
one hyperbolic O}, (see Fig. 5) 3.
Call R. and Ry, the residues of these orbits: We have
R.(0) > 0and R, (0) < 0. We then modify the parameter
A until the following condition is matched :

R.(Ae) = Rr(Ae) =0, (6)

at A\, = —0.0370 [7]. Bifurcation (6) is associated with the
creation of an invariant torus [13]. This diagnostic is con-
firmed by the Poincar section (see Fig.6) of the controlled
Hamiltonian (5), at A = A, : The elliptic islands with r.n.
7 have been replaced by a set of invariant tori, leading to
an enlargement of the macro-particle. Note that elliptic is-
lands with r.n. 6 are now present around the regular core.

The associated couple of elliptic/hyperbolic orbits can be
treated similarly as those of r.n. 7, in order to gain further
enlargement of the macro-particle (not reported here).

The control is naturally introduced in the self-consistent
dynamics as :

H](if(Lqupiagiv)‘) = HN(L¢,pz‘79i)

—2)\\/% > " cos (20; + 6)(7)

SLet us recall that the rotation number (or winding number) of a pe-
riodic orbit is the number of times it crosses the Poincaré section before
closing back on itself
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-3 -2 -1 0 1 2 3

0 + Q t [27m]
Figure 6: Poincaré section of a controlled test-particle of
Hamiltonian (5), with A = A, =~ —0.0370. The periodic
orbits with r.n. 6 are marked by plus (elliptic orbit) and
crosses (hyperbolic orbit). 2 stands for the wave velocity.
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Figure 7: Intensity of the wave at saturation, in the four
regimes : A = 0,—0.037,—0.0746 and —0.1321 . Further
improvements over this condition are discussed in [7]

where Hy is given by Eq. 1. The behaviour of the sys-
tem is investigated in correspondence of the critical values
(Ae, AL, XY which have been calculated in the framework
of the test-particle model, and identifying successive cor-
rections as outlined in the precedding discussion. Impor-
tantly, the macro-particle is shown to increase also when
operating within the relevant self-consistent context. As
concerns the wave, the control results in a stabilization of
its intensity (see Fig.7) [7].

CONCLUSIONS

In this paper, we focus on the physics of the wave-
particle interaction and consider in particular the case of
a FEL. Control techniques are developed in the framework
of a simplified mean-field description aiming at stabiliz-
ing the laser behavior at saturation. In both cases, the size
of the macro-particle is shown to be increased by adding
a small pertubation to the system. These procedures re-
sult in a low—cost correction in term of energy“. Both ap-

4As concerns the method of residues, the fact that the applied correc-
tions are indeed small is confirmed by the values of )\ that are calculated
for the various setting considered above.
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proaches are utterly general and could be eventually con-
sidered to define innovative strategies aimed at adjusting
the size of the macro-particle, and consequentely enhanc-
ing the bunching factor. In this respect, it is worth stressing
that an experimental test of the Hamiltonian control method
on a modified Travelling Wave Tube has been performed
[16] in absence of self-consistency. Exploring the possibil-
ity of experimentally implementing the above control terms
in both FEL and TWT contexts will be addressed in future
research.
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Abstract

We here shortly review the field of long-range interac-
tions and presents selected issues of fundamental inter-
est for statistical mechanics and dynamical systems the-
ory. Applications to the case of a Single-Pass Free Electron
Laser are discussed.

INTRODUCTION

Physical systems are constituted by interacting elements,
point particles or atoms. In presence of short-range cou-
plings, every element is solely sensitive to the adjacent en-
vironment, being therefore uniquely subjected to the inter-
action with local neighbors. Conversely, when long-range
forces are to be considered, the direct coupling of each ele-
ment to every other element in the system must be taken
into account (the system is dominated by mean-field ef-
fects). This crucial distinction is responsible for the en-
hanced degree of complexity in the treatment of long-range
systems when compared to short-range ones.

Moreover, basic concepts in physics, notably in the
framework of equilibrium statistical mechanics, have been
developed only for short range interactions. The potential
interest of such tools is however very broad since for all
fundamental interactions in nature (with the exception of
gravity), screening mechanisms manifest, resulting in ef-
fective short-range couplings. For this reason, it has es-
sentially only been in the context of astrophysics and cos-
mology that the very specific and difficult features of long-
range interactions have been tackled. Recently, however,
a growing number of physical laboratory systems have
emerged in which the interactions are truly long-range,
e.g. unscreened Coulomb interactions, vortices in two-
dimensional fluid mechanics, wave-particle systems rele-
vant to plasma physics and Free-Electron Lasers (FELS).
These developments gave new impetus [1] to attempts aim-
ing at describing the peculiar behaviour of long-range in-
teracting systems, in a context where, in contrast to astro-
physics, laboratory experiments are possible. Moreover, a
number of “ toy models“ have been proposed that provide
the ideal ground for theoretical investigations. Among oth-
ers, the Hamiltonian Mean Field (HMF) model [2] is nowa-
days widely analyzed for pedagogical reasons, because of
its intrinsic simplicity.

In presence of long-range interactions, physics is in fact
very peculiar and a wide range of striking and curious phe-

FEL Theory

nomena appears. Importantly, energy is non additive, hence
the system under scrutiny cannot be divided into indepen-
dent macroscopic parts, as it is usually the case for short-
range interactions. This fact leads to unexpected conse-
guences when performing the analysis in terms of statisti-
cal mechanics.

Single-pass FELs constitute an example of systems with
long-range interactions, where the interplay between col-
lective (wave) and individual (particles) degrees of freedom
is well known to be central. This interplay being essen-
tially non dissipative, its prototype is described by a self-
consistent Hamiltonian [3], which provides a clear and in-
tuitive picture of the basic mechanisms that drive the pro-
cess of light amplification and saturation. In this respect,
FELSs provides a very general experimental ground to inves-
tigate the universal features that characterize systems with
long range interactions.

In this paper we shall present a short review of recent
progress in this field of research by focusing in particu-
lar on the relevant case of a Single Pass FEL. A wider
overview on long range systems can be found in Ref. [1].

DEFINITION OF LONG-RANGE
SYSTEMS

Let us consider the potential energy U of a given particle
positioned in the center of a sphere of radius R. Assume
that the matter is homogeneously distributed with density
p and introduce a lower cut-off ¢ << R, as depicted in
Fig. 1. Focusing on the case where the interaction potential
decays at large distances with a power-law with exponent

«, 0ne gets:
BT
/ P [—} Arr?dr =
£ /r'a

R
47rp/ r27%dr o [T?’*a]f ~ R3O

Clearly, the above energy diverges with R if the expo-
nent « is smaller than 3, which in turn corresponds to the
dimension of the physical space where the interaction is
embedded.

This argument holds true in any dimension d, implying
that similar divergences are found when o < d. We hence
define the interaction to be long-rangeif o < 3 (resp. o <
d). Equivalently, it can be said that the contribution to the
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Figure 1: The energy in a sphere of radius R diverges as
R3~ if the interaction is long-range and o < 3.

energy due to the surface of the sphere with respect to the
bulk can be safetly neglected only if & > 3. In the latter
case, the interaction is of the short-range type.

As anticipated in the preceding discussion, long-range
forces arise in many different contexts. Few physical ex-
amples of broad relevance are listed below:

e Gravity: o = 1,d = 3. In addition to the long range
nature of the interaction, the system displays a singu-
larity at the origin that needs to be carefully tackled
by involving dedicated regularization schemes.

e Coulomb interactions. o =1,d = 3.

e Dipolar interactions. « = 3,d = 3. The shape-
dependence phenomenon is found, which makes the
energy dependent on the form of the sample.

e Onsager’s 2D vortex systems or 2D Coulomb sys-
tems. Here o = 0, because the interaction decays
logarithmically, and d = 2.

e Mean-Field: « = 0, due to the infinite-range inter-
action, and any d. This latter cathegory does not re-
flect a pure physical example, but rather a useful (and
common) approximation to which one resorts when
treating complex problems. In fact, it provides the
ideal setting to gain insight into a number of differ-
ent physical problems and eventually enables to per-
form analytical calculations. As we shall see, Single
Pass FELs can be effectively described by resorting to
a mean-field type of approach .

THE PROBLEM OF ADDITIVITY

The long range nature of the interaction reflects in a
number of peculiar phenomena which will be shortly re-
viewed in the forthcoming sections. Such curious be-
haviours are intrinsically connected to the non additivity
of the system, a crucial concept that one can illustrate with
reference to a specific case, namely the Curie-Weiss model
of magnetism. Consider the following Hamiltonian:

J
»J
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Figure 2: A microscopic configuration with total zero mag-
netization, illustrating the lack of additivity in the Curie-
Weiss model.

where S; = +1 labels a spin variable, J is the ferromag-
netic coupling and the sum extends over all pairs spins, N
being their total number. Note that Hamiltonian (1) is ex-
tensive, since H o« N, but, as we shall see, not additive.

Refer, in fact, to the situation schematized in Fig. 2
where all the spins in the left portion of the space are equal
to 1, whereas the ones in the right are assumed to be —1.
Under this conditions the energy of the two regions reads
E; = E;p = —(J/8)N # 0. Conversely, when comput-
ing the total energy, one finds £ = —J/(2N)(N/2 — N —
2)2 = 0. The relation E = E; + E;; does not hold, and
consequently the system is not additive. The underlying
reason is that the above Hamiltonian is long range, since
every spin interacts with all the others. This in turn implies
that the energy at the interface cannot be neglected, the lat-
ter being of the same order of the energies in the two bulks.
As a side remark, we shall note that the lack of additivity
affects dramatically the usual construction of the canonical
ensemble, and therefore peculiar behaviours are to be ex-
pected for a long-range system in contact with a thermal
reservoir. Next paragraph is devoted to a short account on
this topic.

THERMODYNAMICSPECULARITIES

As previosuly pointed out, the non-additivity issue is re-
sponsible for a number of important and non trivial con-
sequences. As soon as first order phase transitions are
present, “convex intruders” in the microcanonical entropy
appear [4, 5]. A typical situation is displayed in Fig 3.
Only if interactions are short-range and, hence, the additiv-
ity property holds, the states in the convex entropy region
€1 < € < e of Fig 3a are unstable, when compared to
those obtained by combining, in appropriate portions, the
two limiting states with energies €; and e5. This is not the
case if long-range interactions are to be considered and ad-
ditivity is violated. The presence of stable, non-concave,
entropy regions implies the appearance of negative specific
heat in the microcanonical ensemble. As an immediate
consequence statistical ensembles are not equivalent, since
the specific heat is always positive in the canonical ensem-
ble. Note that, large deviation techniques allow one to
solve, both in the microcanonical and in the canonical en-
semble, a large class of mean-field models and constitute
therefore a powerful tool to detect possible discrepancies.

Another intriguing effect is related to temperature jumps,
as depicted in Fig. 3b. In this case, two branches of the
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Figure 3: (a) Entropy s(e) can be non-concave in the
microcanonical ensemble, giving rise to negative specific
heat. (b) In the non-concave region, entropy can develop
kinks in the slope, creating temperature jumps.

entropy exist, respectively a high and a low energy ones.
When crossing each other, they generically form an angle:
this sets the origin of the temperature jumps, the derivative
of the entropy with respect to energy being different on the
two sides of the intersection point.

NON-LINEAR DYNAMICAL ASPECTS

In this Section we shall shortly report about a selection
of peculiar dynamical features, which are generically en-
countered when dealing with long-range interacting sys-
tems. First, the existence of quasi-stationary states has
been often discussed in the literature with reference to var-
ious test models. Particularly important is the case of the
so called Hamiltonian Mean Field (HMF) model [2], which
describes the motion of IV coupled rotators and is charac-
terized by the following Hamiltonian

1 1 &
H— 52;;?4_ I Z [1—cos(d; —6;)] (2

Jj=1 1,j=1

where 6; represents the orientation of the j-th rotor and
p; 18 its conjugate momentum. Note that the HMF model
correpsonds to the XY model with J = 1, K = 0. To mon-
itor the evolution of the system, it is customary to intro-
duce the magnetization, a global order parameter defined
as M = |M| = |> m;|/N, where m; = (cos8;,siné;)
is the local magnetization vector. A second order phase
transition is found at ¢, = E./N = 0.25 (T. = 0.5).
For energy close to the transition value, the finite N sys-
tem can remain trapped in quasi-stationary states whose
life-time increases with a power of N. An example of the
evolution of magnetization from an initial homogeneous
(non-magnetized) water-bag state to the final maximum en-
tropy state is displayed in Fig. 4. As N is increased the
lifetime of the non-equilibrium quasi-stationary state in-
creases: curves with growing N go from left to right. Im-
portantly, in this intermediate regime, the magnetization is
lower than predicted by the Boltzmann-Gibbs equilibrium
and the system apparently displays non Gaussian velocity
distributions. The above phenomena can be successfully
interpreted in the framework of the statistical theory of the
Vlasov equation [6], a wide general approach originally in-
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Figure 4: Temporal evolution of the magnetization M (t)
for different particles numbers: N = 10%(103), 103(102),
2.103(8), 5.103(8), 10%(8) and 2.10%(4) from left to right
(the number between brackets corresponding to the number
of samples).

troduced in the astrophysical and 2D Euler turbulence con-
texts [7, 8].

Finally, let us mention that recently [9], in analyzing a
Ising model with both short and long-range interactions on
aring, it has been realized that the accessible region of ex-
tensive parameters (energy, magnetization, etc.) may be
non convex. This implies that broken ergodicity can appear,
due to the fact that the accessible magnetization states at a
given energy can be disconnected.

THE CASE OF A SINGLE-PASS FEL

For Single-Pass FEL amplifiers, the Colson-Bonifacio
[3] model applies:

db;

dz Dj 3
p; = —Ae — A*e 4)
dz

dA 1 ,

T GSA + — —i0;

e 10A + N gj e (5)

The complex field amplitude A is the degree of freedom
associated to the wave, while 6, p; are the conjugate vari-
ables related to the electron position and “momentum”. z
is the (rescaled) longitudinal position along the undulator,
N is the number of electrons and ¢ stands for the so-called
detuning parameter. The above model can be derived from

the mean-field Hamiltonian

N 2 N
Hy =% % — N6I* +2I) sin(0; — o), (6)

Jj=1 Jj=1

where A = Texp(—iyp). In this respect, FELs fall natu-
rally in the realm of systems with long-range interactions.

The microcanonical equilibrium entropy of this model
can be obtained using large deviation techniques [10]. En-
sembles are equivalent, no negative specific heat or tem-
perature jump appears. However, the evolution towards
the maximum entropy equilibrium state is highly non triv-
ial, as shown in Fig. 5, and shares many similarities with
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Laser intensity (arb. units)

Figure 5: Typical evolution of the radiation intensity using
Hamiltonian (6). The detuning ¢ is set to 0, the energy per
electron H/N = 0.2and N = 10* electrons are simulated.
The inset presents averaged simulations on longer times for
different values of V: 5 - 103 (curve 1), 400 (curve 2) and
100 (curve 3).
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Figure 6: Comparison between theory (solid and long-
dashed lines) and simulations (symbols) for a non monoen-
ergetic beam when the energy (e) characterizing the ini-
tial velocity dispersion of the initial electron beam, is var-
ied. The dotted lines represent the intensity and bunch-
ing (b=1>; e'%|/N) predicted by the full (Boltzmann-
Gibbs) statistical equilibrium, not very appropriate here,
whereas the solid line and long-dashed lines refer to the
Vlasov equilibrium [10]. The discrepancy between theory
and numerical experiments is small over the whole range
of explored energies.

the case of the HMF. After the initial exponential growth,
the system converges to a quasi-stationary state that gets
more pronounced when increasing the number of simu-
lated electrons N. Finally it relaxes to the Boltzmann-
Gibbs equilibrium, driven by granularity. The intermedi-
ate quasi-stationary state is indeed the only experimentally
relevant regime, due to the finite extension of the undula-
tors. As already pointed out, the latter state, is a Vlasov
equilibrium, sufficiently well described by Lynden-Bell’s
Fermi-like distribution arising from “violent relaxation”
(constrained maximum entropy principle) [7, 8, 10, 11].
Results reported in Fig. 6 provide a clear support to this
conclusion.
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CONCLUSIONS

In this paper, we discussed the concept of long-range
interactions and shortly reviewed the fundamental prop-
erties of such systems. In particular, microcanonical and
canonical ensembles disagree for long range interactions
at canonical first order transitions. Negative specific heat
and temperature jumps are typical signatures of this en-
semble inequivalence. Dynamical non equilibrium features
arise, and more specifically, quasi-stationary states, where
the system gets trapped for long times. Their life-time in-
creases in fact with the system size N. Moreover, as an
indirect signature of non-additivity, broken ergodicity man-
ifests as a generic feature of systems with long-range inter-
actions.

Further we focused on a simple model of the Free Elec-
tron Laser dynamics, which shares many similarities with
the so called Hamiltonian Mean Field model, a paradig-
matic toy-model often referred to for theoretical applica-
tions. For the case of the FEL, we have shown that collec-
tive phenomena for wave-particle interactions can be suc-
cesfully interpreted through a constrained maximum en-
tropy principles of the associate Vlasov system. Given
the above, it is here anticipated that FELs will constitute
a promising experimental set up to investigate the univer-
sal pecularities that characterize systems with long range
interactions.
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OVERVIEW OF PERSEO,
A SYSTEM FOR SIMULATING FEL DYNAMICS IN MATHCAD

L. Giannessi, ENEA C. R. Frascati, Via E. Fermi 45, 00044 Frascati (Rome) Italy.

Abstract

Perseo is a library of functions devoted to the
simulation of FEL dynamics in the Mathcad environment.
Functions for the generation of phase space variables, for
the solution of the pendulum-like equation and for
manipulating the phase space in a number of devices are
available. These function can be combined in order to
model more complicated situations as time dependent

simulations, 3D simulations, oscillator FEL
configurations, optical klystron, cascaded FELs ...
INTRODUCTION
Mathematical computer aided scratchpads which

integrate standard mathematical notation, text, graphs and
programming capabilities in worksheets as Mathcad or
Mathematica and Matlab, are widespread tools in the
scientific community. Nowadays computers are fast
enough to execute interactively from start-up to saturation
an FEL simulation involving a few thousands macro-
particles. This suggested to develop a set of basic
functions which can be called from within the Mathcad
environment, devoted to solve FEL dynamics related
problems. The result is Perseo[1], a flexible tool that can
be simply programmed to set up FEL simulations in a
wide variety of configurations.

THE FEL MODEL IN PERSEO

The core of the library consists of a routine solving the
pendulum-like FEL equations coupled with the field
equations which govern the FEL longitudinal dynamics
[2,3]. This routine includes self consistently the field
variables for the higher order harmonics. In this picture
the field is the superposition of slowly varying complex
i,

amplitudes for each harmonic n,

a, =

Ezn=) E,

the dimensionless field amplitude a, to the field at the

a

n

e

¢/l *0:)  The parameters E, link

aVl

harmonic n. They may be defined in terms of the

saturation intensity [4] as En =421, (n)/47r where z,is

the vacuum impedance. In a linear undulator the n™
harmonic  saturation intensity is  defined as

1.(n) = /a)moe” [r r/N Y (A,KF, (0, )

the beam energy in m,c” units, A, is the undulator period,

where 7y is

N is the number of undulator periods, K is the undulator
parameter. The function f, (n,§)=J(nfl)/z(ﬁ)—J(M)/z(f)

where &= K2/4(1+K2/2), is the Bessel factor arising
from the average over the longitudinal fast motion typical

FEL Theory

of linear undulators. The evolution of the amplitudes a,
is governed by the equations:

M =-2mg, <cos(in 1 (T))>,
0 Imz()ar (7)) "
s, (sin(in®(z))).

where the variable 7= pf.ct/L,is a dimensionless
interaction time, L, = NA, is the undulator length and
cfB, is the longitudinal beam velocity. The phase
U= (kL +k, )zl- —w,t is the electron phase in the
ponderomotive bucket corresponding to the first harmonic
field (n=1, k,=w,/c=k =2x/A is the wave-vector
corresponding to the first harmonic and k, =27z/4, is the

wave-vector associated to the undulator period). The
coupling coefficients at the odd harmonics g, are given

by [3]

3
1
g, = 27{%} [4,Kf, (. E)F E (2)
A=b

where 1, /Eb is the electron current density and I, is

the Alfven current . The i™ particle motion is governed by
pendulum-like equations:

ds,
i Sy Vi
dr

% = Z cos(n})Re(a, ) sin(n;)Im(a, )

n

3)

where v, =27 N (a),. -, )/ o, represents the frequency
shift of the it particle
, /c':27/[2k“ (1+K 2/ 2) from the reference frequency

resonance

w, . Note that the above choice for the coefficients

(En,gn) leads to the expression (3) for the particles

dynamics, where all the harmonics in the expression of
dv;/dt have the same weight factor. Analogous

expressions for the helical undulator are easily obtained
by substituting f,(n=1¢&)=1, K >K,,., =~2K in
(2) and in the definition of [ (n), and neglecting the
higher order harmonic coupling ( f, (n #1, é") =0)in (2).

In the following we will analyze the subset of functions
that are necessary for setting up a simple FEL simulation
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in the Mathcad environment. Some knowledge of the
basic Mathcad language is assumed [5].

The function FELPendulum_h

In Perseo the coupled equations (2) and (3) are solved
by calling the function:

PHSP,,,, := FELPendulum_h(PHSP,;, g %, T}, tol)  (4)

This function integrates the coupled system of equations
(2) and (3) with the coupling coefficients g (g is indeed an
array with number of components equal to the number of
simulated harmonics) advancing the system from 7, to 7;
with tolerance fol. The variables PHSP,,, and PHSP,,
represent the status of the system before and after the
integration and are defined as:

n, not used
Re(al) Im(al )
pHSP=| Rela, ) Tm(a,) (5)
4 4
V}'l 29}1

The first line contains the number of harmonics n,,, then
n;, lines contain the real and imaginary part of the field at
each harmonic, followed by the coordinates (v,79) of an

arbitrary number of simulated particles n,.

The function FELquietstart_h

The variable PHSP may be prepared by filling the
matrix with the desired field values and particles
coordinates, but a more convenient way is that of using
the function

PHSP := FELquietstart_h(Vv,, oy, n,, 0,8, ny,a) (6)

that fills the variable PHSP withn, =n, - n,particles,

n, particles in the v space, over a Gaussian centred in V,
with rm.s. 0,, and n, particles distributed uniformly in

the interval (&), & ).

10 T T T

(P<o>)

(P<1>)

n

Figure 1:Phase space distribution obtained by calling the
function FELquietstart_h with Vv,=2.6, 0©,=2, n,=40,
¢ =0, ¥ =271 n,y=40.
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A quiet start distribution is obtained by setting
¢ =3, +2nxr with n integer (normally &, & =0, 27).
An example of the phase space distribution as returned by
FELquietstart_h is shown in Fig. 1.

A simple simulation

A simple simulation is realized by the Mathcad
sequence in Fig. 2

vp=26 o0),:=2 n,, =40 4
ng=40 6y:=0 0, =27 a= 0
0
P := FELquietstart_h (VO, oy.n,,600,0; ,ng,a)
10
gp=| 0
0

P := FELpendulum_h (P.g.0.1,TOL)

Figure 2: Mathcad sequence integrating the pndulum-like
equation coupled to the field equations with coupling
coefficient g=10 on the first harmonic and 0 on the higher
harmonics.

The phase space in P is integrated over the undulator
length with the coupling coefficient g=/0 on the first
harmonic and 0 on the higher harmonics. The resulting
phase space is plotted in Fig.3.

10 T T T

(+9)

n

Figure 3: Phase space distribution at the end of the
simulation with the parameters listed in Fig. 2.

After the FEL interaction the phase space is distributed
in an interval longer than (0, 27x). The periodicity in ¢} of
the system of equations (2) and (3) can be imposed to the
phase space variables with the function P :=
FELBox_h(P, ¢,,% ). By calling this function with
(%, ¥ )=(0, 27x) we obtain the phase space distribution of
Fig. 4.

(pv)

n

Figure 4: Phase space distribution after
periodicity condition in the interval (0, 2 7).

imposing a

FEL Theory
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Start-up from e-beam shot noise

Startup from shot noise may be simulated by using the
function FELquasiquietstart_h(Vy, 0y, n,, Gy, B, Ny, @
a) which is analogous to the function FELquietstart_h

except for the additional argument ¢, which is used to
displace the particles according to the function

[afest] o

In the limit of small perturbation (|¢m|%0) and

?91' = arg(¢ﬂb ) + (1 - ¢)‘l_§'

sufficiently large number of particles n, the distribution
has Fourier coefficients b, = ¢, (bunching coefficients at

the harmonic ) almost independent from n (see ref. [1]).
The coefficient b, can be estimated in a steady state

simulation using the procedure of ref.[6].

Inhomogeneous broadenings and three
dimensional effects

v, =27 N(®,—w,)/w, represents the
relative shift of the resonance of the i™ particle from a
given reference frequency @,. According to the

The variable

definition of the resonant frequency of the i™ particle
o, =277k, [+ K(x, v 2+ 72(60,2 +6,7)),  where
we have included the dependence on the angle between
the average particle trajectory and the undulator axis
6,,=p, / B. (we use the notation 6, =6, ,,6,,) and
the dependence of the undulator K parameter on the
transverse coordinates, the particles distribution in energy
and transverse phase space may be converted in a
distribution in the detuning parameter space V. At the
lowest order in x;, y;and 6, ; we have [7]

2
o-x y = \/E”N hx \‘2—7/2 i ﬂx’yg”vx}'
’ Y1+ K22\ A4,

/4
2
27 (72K )| €.y
=2z N S 8
o= 2 1+K2/2[7/1MMA,,,7] ®
0'e=47zNﬂ
v

where h_, are the undulator focusing parameters (with
h,+h,=2), €, and B, are the normalized emittances
and the S Twiss coefficients in the x and y planes

respectively. An approximated expression for standard
deviation in the v space is obtained by combining
quadratically the standard deviations (8)

o, 5\/of+o"2_+0';2+0';2+of (9)
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In an oscillator FEL or in a seeded FEL and in general,
when the transverse properties of the radiation may be
considered as a constraint of the problem, the coupling
coefficients (2) have to be corrected by a proper filling
factor. In general when the radiation size is the result of
the balance between diffraction and focusing induced by
the gain, as in a single pass FEL, a filling factor
coefficient may be derived from the Xie scaling laws [8]
by calculating the ratio between the Xie factor with and
without diffraction effects. In a similar way a coefficient
correcting the coupling factor g may be derived from the
semi-analytical model in [9].

TIME DEPENDENT SIMULATIONS

Mathcad programming may be used to set up FEL
simulations in a wide variety of conditions. As an
example we analyse the case of 1D FEL simulations
including pulse propagation effects. The field is governed
by the evolution equation

[% + A%ja" (z.8)= -2, 1(&) {explin®, (z, é’)»; (10)

where A = N/, is the slippage length, ¢ is the longitudinal

coordinate in the frame moving with the electron bunch
and 1(¢)is the normalized current shape. The average on
the r.h.s. of (10) is intended in a region A, at the
position ¢ . The solution of this equation is obtained by
defining an array of variables of the type of PHSP in (5),
representing the sampling of both the field and the beam
phase space variables along the coordinate ¢ at the
positions § = &, i, ..., &u.- The phase space beamlets
are defined as

P=(Py Py ..., Pyy) (11)
The undulator is divided in time steps such that the step
length A7 is related to the spatial sampling A by the

condition A =A/Az . With such a choice, at each time
step the field variables at the i position in the P array

have to slip to the next position: i"= i"+1. For this
purpose the function in Fig. 5 is defined.

FELSlipField (P1,P2) := | for ne I..P]O 0

Pi

Figure 5. Function FELSlipField loading the field data
from beamlet P2 to P1. Fields in P2 are overwritten.

The simulation of a single pass FEL in time dependent
mode is then simply obtained with the function shown in
Fig. 6. The first loop over the nb beamlets loads the initial
phase space array P, generating each beamlet with a
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different shot noise coefficient ¢,;. The initial field
amplitude a, is multiplied by a modulating coefficient se;
which can be defined in order to simulate the
¢ dependence of an input seed. The second loop over the

variable n_takes care of the integration of the phase space

beamlets P along the undulator. At each time step of
length A7 the array of beamlets P is stored in the matrix
OUT, particles and fields are advanced by the
FELpendulum_h and the slippage is applied by the
FELSlipField procedure defined in Fig. 5. Each column
of the matrix QUT contains the array P at time Atn,. As
an example of a simulation obtained with the routine in
Fig. 6, we have considered the case of a SASE FEL with
the resonance at 200 nm, a FEL parameter p=~4x10~ and
gain length of about 0.3 m. In Fig. 7 the longitudinal
phase space at saturation is shown. The beamlets at the
same time frame have been joined together in the same
plot. The horizontal axis represents the beamlets position
along . The phase space variable ¢in each beamlet is
expanded by the factor A{/2zin order to give the

impression of a continuous beam. The { window is large

Proceedings of FEL 2006, BESSY, Berlin, Germany

enough to contain two spikes, the red line represents
indeed the separatrix of the motion and is proportional to
the root of the field.

FELTimedep = | for i€ 0..nb — 1

Pi <« FELquasiquietstart_h (Vo, 0,.1,,0.0,2-m,n9, i~Uo‘~Yf‘i)
T« 0
Jfor npe0.np

for ie0..nb—1
our
n

. P.
ol i

P, FELpendulum_h (P[,g«l[, 7,7+ A1, TOL)

for neny—1..0

PT « FELSlipField (P,,P =01 i »)

P, FELbox_h (PT.0.2:7)

T T+ AT
our

Figure 6: Function simulating the longitudinal dynamics
of a single pass FEL in time dependent mode. The result
returned by the matrix QUT contains the beamlets phase
spaces composing the beam at the ny time steps.

Phase space of selected slices

50

Detuning
o

—50

Phase

Figure 7. The beamlets resulting after a SASEFEL simulationat saturation have been joined together in the same plot.
The horizontal axis represents the beamlets position along . The phase space variable ¢ in each beamlet is expanded
by the factor A{’/27 in order to give the impression of a continuous beam. The red line represent the separatrix of the

motion and is proportional to the root of the field.
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CONCLUSIONS

We have provided a brief overview of the physical
model implemented in Perseo. The main functions
required for setting up a simple simulation have been
analysed and the algorithm for implementing time
dependent simulation has been explained. With a
similar procedure fully 3D simulations can be
implemented but the cpu and memory requirements
becomes excessive for an interactive execution. (7]

For additional information and further insight in
Perseo capabilities the reader is addressed to the web
page [1] and to the Perseo Electronic Handbook 8]
included in the installation package.
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Abstract

This communication describes the research work plan
that is under implementation at the SPARC FEL facility
in the framework of the DS4 EUROFEL programme. The
main goal of the collaboration is to study and test the am-
plification and the FEL harmonic generation process of an
input seed signal obtained as higher order harmonics gen-
erated both in crystals (400 nm and 266 nm) and in gases
(266 nm, 160 nm, 114 nm). The SPARC FEL can be con-
figured to test several cascaded FEL layouts that will be
briefly analysed.

INTRODUCTION

The SPARC FEL experiment is based on two main
components, a high brightness photoinjector that is ex-
pected to provide a high quality beam at energies between
150 and 200 MeV (see Tab.l and ref.[1]) and a single pass
FEL, whose undulator beam-line is composed by six un-
dulator sections of 77 periods each, with a period length
of 2.8 cm and a gap ranging from 6 to 25 mm[2].

The FEL will operate in self amplified spontaneous
emission (SASE) mode at a wavelength of about 500 nm
with an expected saturation length of about 10-12 m, ac-
cording to the beam parameters listed in table 1. The
flexibility offered by the variable gap configuration of the
SPARC undulator and the natural synchronization of the
electron beam with the laser driving the photoinjector,
makes the SPARC layout particularly suited for a number
of experiments where the FEL amplifier is seeded by an
external laser source. The seed laser is driven by the same
oscillator initiating the laser cascade which is used to run
the photocathode and consists in a regenerative amplifier
delivering 2.5mJ at 800 nm with a pulse duration shorter
than 120 fs.

Seeded FELs

Table 1. List of the main SPARC beam parameters

Beam energy 155-200 MeV
Bunch Charge 1.1nC

Rep. Rate 1-10Hz
Peak current (>50% bunch) 100 A

Norm. emittances (integrated) 2 mm-mrad
Norm. emitt. (slice len. 300um) <1 mm-mrad
Tota correlated energy spread 0.2%

Tota uncorrelated energy spread | 0.06 %
e-bunch duration (rms) ~4ps

Different schemes of non-linear harmonic generation
are then implemented to generate the shorter wavelength
radiation for seeding the FEL. Second and third harmonic
generation in LBO crystals will provide the powerful
pulses required to reach saturation and study the non-
linear pulse propagation in FELs and FEL cascades in
superradiant regime, at 400nm and 266nm [3], [4]. The
other method considered for the frequency up-conversion
of the Ti:Sa fundamental wavelength, is based on the non-
linear higher order harmonics generation of the Ti:Sa la
ser in a gasjet or in a gas-cell [5]. While at SPARC we
plan to seed the FEL with the harmonics up to the 9" of
the Ti:Sa [6], the harmonic generation in gas alows to
extend the seed source spectral range down to the EUV
region of the spectrum and represents a promising tech-
nique to seed FEL amplifiers at shorter wavelengths.

In the following we will review some of the planned
experiments with the two different seed sources.
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SEEDINGWITH HIGH HARMONICS
GENERATED IN GAS

The experiment of seeding high harmonics generated in
gas at SPARC is based on the installation of a gas jet in-
teraction chamber and an in vacuum optical system which
matches the transverse optical mode of the harmonic to
that of the e-beam in the first undulator section [6]. The
UV pulseisinjected into the SPARC undulator by means
of a periscope and a magnetic chicane deflecting the e-
beam from the straight path. High-order odd harmonics of
the Ti:Sa laser may be generated at the wavelengths
266nm, 160nm, and 114nm. The undulator resonance
condition is tuned at these wavelengths by varying the
beam energy and undulator strength K according to the
plot shownin Fig. 1.

T T T
400 —— 170Mev -
----- 200 MeV

. EEE 160 - 266 - 400 nm
g - ©®® 114- 160 - 266 nm 7
c .
*g, 300 7
R0 i
3
=

200 b

100 ;

0. 2

Figure 1: Seeded SPARC FEL operation wavelengths.

The high order harmonics result from the strong non-
linear polarisation induced on the rare gases atoms, such
as Ar, Xe, Ne and He, by the focused intense electromag-
netic field of the "pump" laser. The emitted pulse is com-
posed by a sequence of short bursts separated by one half
of the fundamental laser period (400nm) and the spectrum
contains the odd harmonics of the original laser. A simu-
lation of the amplification of a pulse at 160nm with the
typical time structure of harmonics generated in gas has
been done with Perseo[7]. The laser pulse shape vs. the
longitudinal coordinate is shown in Fig. 2 at different po-
sitions along the undulator. The radiation spectrum is also
shown in Fig.2 and the effect of the spectral “cleaning”
associated with the limited FEL bandwidth (FEL parame-
ter p = 410 is evident. An analogous behaviour is ob-
served at the third harmonic generated by the non-linear
FEL dynamics. More detailed simulations based on an
accurate model of the seed fields distribution and includ-
ing transverse effects are under study.
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Figure 2 Power and spectrum of the radiation at difterent
positions in the undulator for the SPARC FEL seeded at
160nm. Seed signal (@), after the first undulator section
(b), at the end of the undulator (c). Beam energy 200
MeV, K=1.226, the other beam parametersasin Table 1.

SEEDING WITH 2" AND 3* HARM ON-
ICSOF TI1:SA GENERATED IN CRYSTAL

The six SPARC undulators may be configured in order
to set up a single stage cascaded FEL based on a modula-
tor — radiator configuration, similar to the one tested at
BNL [8]. The layout of this configuration is shown in
Fig.3.

A =400 nm A =200 nm
I D N N N
modulator radiator

Figure 3 Single stage cascaded FEL layout.

The number of sections of the modulator and of the ra-
diator may be tuned depending on the intensity of the
laser seed. The availability of intense short pulses from
the seed laser allows to test the superradiant cascade con-
cept [4]. The seed laser power is indeed sufficient to bring
at saturation a modulator made by a single undulator
segment tuned at 400 nm. The pulse generated in these
conditions propagates with the typical signature of super-
radiance in the following radiator composed by the re-
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maining five sections. The feasibility of this experiment
was studied in[9].

A second interesting configuration consists in the ex-
perimental test of the fresh-bunch injection technique
[10]. The layout is shown in Fig.4. In this case the first
two undulators (A and B) represent the modulator and
radiator sections of single stage cascade, the following
two undulators (C and D) are tuned off resonance with the
seed wavelength and its higher order harmonics. These
undulators play the role of the dispersive section where
the radiation exiting the first radiator at 200 nm (B) is
longitudinally separated from the electron beam part
where the high quality beam has been heated in the previ-
ous sections, by the FEL interaction with the seed.

(A) (B) () (D (B A
400nm 200nm =380nm 200 nm 300 nm

I N [T (N . T —>

moddfstor A N7 modihator A 0™
radiator dispersion radiator

Figure 4 Fresh bunch injection technique layout.

Section (E) is the modulator of the second stage cas-
cade and section (F) is the radiator that is tuned in order
to match the resonance of its third harmonic with the sec-
ond harmonic of the radiator (E). This is necessary since
the K parameter excursion of the undulator is not suffi-
cient to span the 1% to 3" harmonic range and coupling on
the higher order odd harmonics in a linear undulator
based FEL has been considered [11].

The last configuration considered in this overview con-
sists in the harmonic FEL cascade [12]. As in the last
stage of the previous configuration, the two undulators are
tuned at different, not-harmonic fundamental frequencies,
but have instead one of their higher order harmonics in
common. According to the SPARC FEL undulator proper-
ties, this scheme may be tested in configurations where
the fourth of the sixth harmonic of the 266nm signal used
as seed of the first section, are amplified as the third or
fifth harmonics in the second section. This configuration
has been analysed with numerical simulations in time
dependent mode. Both the codes Perseo and a modified
version of the code Genesis 1.3 [13-14] which includes
the self consistend dynamics of the higher order harmon-
ics have been used. In the example considered in Fig. 5,
we show the result obtained with Perseo. The cascade is
driven by a seed of 2 MW peak power at a wavelength
corresponding to the third harmonic of the Ti:Sa drive
laser. The first undulator has the fundamental resonance at
266nm and the second section is tuned at 222nm. The two
undulators have a common resonance at 44nm, corre-
sponding to the 6™ harmonic of the first section and the 5"
of the second.

Seeded FELs
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266 nm 222 nm
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nm

Figure 5 FEL Harmonic cascade FEL configuration.

The energy of the radiation pulse at the wavelength of
44nm vs the longitudinal coordinate in the radiator is
shown in Fig. 6.

04— =

Energy (1J)

| |
0 5 10 15
z (m)

Fig. 6 Pulse energy vs. the longitudinal coordinate in
the radiator.

A transition to superradiance where the pulse energy
grows as z°2 occurs after about five meters of the radiator
section.

The pulse shape is shown in Fig. 7 and the relevant

spectrum is shown in Fig. 8.

Power (a.u.)

| |
‘%8.2 9.8 57.9 106

¢ (um)

Fig. 7. Longitudinal profile of the radiation power at the
end of the second undulator.
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Power spectrum (a.u.)
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£

I
443 44.4
wavelength (nm)

Fig. 8 Power spectrum of the radiation pulse as shown in
Fig. 7.

CONCLUSIONS

We have given a brief overview of some of the experi-
ments that will be implemented at SPARC thanks to the
flexibility of the SPARC configuration and of the variable
gap undulator. Seeding the FEL with harmonics generated
in gas and testing schemes as the fresh bunch injection
technique and the harmonic FEL cascade are among the
capabilities of the SPARC hardware. The harmonic cas-
caded FEL scheme isin particular a promising scheme to
extend to the short wavelength the operation range of a
Free Electron Laser. A wavelength of 44nm was obtained
in simulations with a beam energy of only 200 MeV.

The opportunities provided by the SPARC experiment
of a deeper understanding of the amplification process
and of experimentaly testing and of the FEL dynamics
through a whole cascade, may affect in the future the de-
sign of the foreseen FEL facilities aiming at the genera-
tion of radiation in the VUV-EUV region of the spectrum.
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Abstract

The interaction between high-brilliance electron beams
and counter-propagating laser pulses produces X rays via
Thomson back-scattering. If the laser source is long and
intense enough, the electrons of the beam can bunch and a
regime of collective effects can be established. In the case
of dominating collective effects, the FEL instability can
develop and the system behaves like a free-electron laser
based on an optical undulator. Coherent X-rays can be
irradiated, with a bandwidth very much thinner than that
of the corresponding incoherent emission. The main
quantities that limit the brilliance of the X-rays are
emittance, mean radius, current and energy spread of the
electron beam, and the distribution and intensity of the
laser beam. In this work we discuss first some ideal
examples. Secondly we present the preparation of the
electron beam by means of the use of a genetic code that
optimizes the output of the code ASTRA. The electron
beam obtained is analysed in dlices and the best one is
used in the 3-D radiation code.

INTRODUCTION

A Thomson back-scattering set-up can be considered in
principle as a source of intense X-ray pulses which is at
the same time easily tunable and highly monochromatic.
Due to recent technological developments in the
production of high brilliance electron beams and high
power CPA laser pulses, it is now even conceivable to
make steps toward their practical realisation.

The radiation generated in the Thomson back-scattering is
usually considered incoherent and calculated by summing
at the collector the intensities of the fields produced in
single processes by each electron. If the laser pulseislong
enough, however, collective effects can establish and
become dominant. The system in this range of parameters
behaves therefore like a free-electron laser, where the
static wiggler is substituted by the optical laser pulse.
From the point of view of the theoretical description of
the process, it is convenient to start with the same set of
one-dimensional equations that are used in the theory of
high-gain free-electron laser amplifier [1,2]. To take into
account the many aspects of the process connected with
the finite transverse geometry of the electron beam and of
the laser and radiation pulses it is necessary to consider
3D equations [3].

A set of numerical results based on ideal electron beams
isfirst presented. Secondly we present a genetic code that
permits the optimization of the outputs of the beam
dynamics code ASTRA, in order to obtain an electron
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beam with suitable characteristics. The electron beam
obtained is analysed in slices and the best dlice is used in
the computation of the X-ray radiation under the effect of
the laser. A short discussion of the importance of the
datawill be given at the end of the paper.

MODEL EQUATIONS AND
EXAMPLES

IDEAL

We dart from the Maxwell-Lorentz equations that
describe both laser and collective electromagnetic fields
and from the relativistic equations of motion for the
electrons of the beam. The laser and collective fields are
given in terms of the corresponding scalar and vector
potentials in the Coulomb gauge.

We assume that the laser is circularly polarised with the
following form of the vector potential A (the laser pulse

propagates along the z-axis in the negative direction):
AL(rt) = %(g(r etz e + O(jv—;) )
where A, = 2n/k, is the laser wavelength, w, the laser
spot  size, oy =ck, the angular frequency and

e=(e, +iey)/\/§. The envelope g(r,t) is considered to

be aslowly varying function of al variables xyz and t and
is defined as a complex number with |g(r ,t)|<1. In the case
of a laser pulse with a Gaussian transverse shape, the
envelope has the form

1+iE
scn=oirer 2 ep| 44 @
1+% V\€(1+%) V\é(%+;)

where z, = w4\, isthe Rayleigh length and the form
of the (real) function ® (with 0<®(z)<1) dependson the
shape of the pulse along the z-axis. In the case of a guided
laser pulse the quantity g(r,t) is a step function. We
suppose that ¢(r,t)and A(r,t) have a slow dependence
on x and vy, i.e, that they vary on a transverse scale Lt
much greater than the radiation wavelength A=2rn/k and
write, accordingly to the singlemode hypothesis
frequently used in 1D treatments
A(r,t)=M(r,t)eé+cc+O(A/ Ly)

= A(r,t)e' @ Metcc+O(A/ Ly)

where M (r,t) = A(r,t)e'*®® and w=ck is the radiation
angular frequency. In the three-dimensional equation of

©)
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the model derived in details in Ref [3] a critical role is
1( aaly 3

played by the FEL parameter p=— 25| .

Yo 16‘05

475 2

The resonant frequency isat o= . The fact that

1+aj,
the quantum effects are negligible is guaranteed by
taking the quantum parameter g=___ "k <1,
pmc<y>

First, we have solved our model equations in the
following case: the laser has a wavelength A, =10 micron
and the parameter a o, = 0.3. The diameter of the laser
focal spot wy has been assumed 50 um, the length of the
pulse 70-100 psec, for a total power of 40-100 GW and a
total energy of 4-10 J. The bunch of electrons has been
chosen with an average value of vy, <y>=60, corresponding
to an energy of 30 MeV. This vaue of <y> leads to a
resonant wavelength A=7.56 Angstrom. The quantum
parameter g =0.2 and the classical model is expected to
be fully valid. The collective effects appear and saturate
after 7 gain lengths which in our case correspond to times
of the order of 60-70 ps (each gain length corresponds to
Lg=1 mm), i.e., of the same order of the duration of the
laser pulse.

The €electron beam has a mean radius 6,=25 micron , a
total charge of 1-5 nC and a length L,= 1 mm, so that the
Pierce parameter is p=2.8-10™. Its energy spread Ay/y
ranges from O to 1.5-10* and the initia normalized
transverse emittance ¢,, has been varied up to 1.

05| @
<|b|>
0] , :
00 50 100
(b) )
<|A|2> ( )
-4
‘8 T T
0 50 100
t(psec)

Figure 1 (a) |b| averaged on the transverse section vst in
psec and (b), (1) coherent vaue of |Af(zn) (0),(2)
incoherent value for wy= 50 um, £,=0,6 mm mrad

Fig 1 shows the typical growth of the bunching factor in
time (a), as well as the collective potential (b) curve 1 and
the incoherent potential (b) curve 2. The amplitude of the
vector potentia |A]® has been calculated in the middle of
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the electron bunch at the position z,, =<z> and averaged
on the transverse plane. The peak number of X coherent
photonsis 2.5:10%, while the incoherent process provides
2-10 8 photons.

In this case wy= 50 micron, £,=0,6 mm mrad, Q=3 nC,
1=0.9 KA and the signal saturates at t=70 psec.

Figure 2 gives the first peak value of <|AP> versus
Aw/(mp), representing the spectrum of the signal. As can
be seen the width of the spectrum is few times p. In Fig 3
the peak value of <|A[”> is given as function of the
transverse emittance, showing a depletion of the emission
for emittances larger than 0.6-0.7 mm mrad.

2
<|A| > el

0.05 -

Aw(ep)

Figure 2: First peak value of <|A[>> versus Aw/(wp)
for the same parametersas Fig 1

0.5
<|A>

peak

0 . .
0.5 & 1
Figure 3: <|A|*> e Versus e, evaluated in micron for the

same case of Fig 1 and with A&/ ®=-10", wx=50 micron,
a0=0.3, Ay/y=10"

In Figures 4,5,6,7 a different case is shown. The laser
wavelength in this case is 0,8 um.The electron beam has
<y>=30, for a Pierce parameter p=4,38-10". Other
parameters of the beam are; a mean radius 6,=10 micron,
a total charge of 1 nC, a length L,= 200 micron,
corresponding to a beam current of 1=1.5 KA.

In Fig 4 the bunching (a) and the collective (b) (1) and
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1 @)
0.5+
<|b|>
0 : :
(0] 2 4
0
, (b) (1)
<|A|">]
-4 ~
/
-8 , :
0] 2 4
t(psec)

Figure 4: Bunching (a) and log of the radiation intensity
(b) vs t in the coherent (1) and incoherent (2) case
for: 1,=0.8 um, a ,=0.8, Ay/1=10"* Aoy =-2-10"*, £,=0.88.

incoherent (b) (2) potential amplitude are shown versus
time. Furthermore, we have assumed a focal spot of
radius wp of about 50 um with a laser parameter of
a.0=0.8 so that the radiation turns out to have A= 3,64
Angstrom. With these values the gain length corresponds
to about 145 micron, the appearance and the saturation of
the collective effects (taking place in 7-12 gain lengths)
being contained in 5 picoseconds, a time of the same
order of the duration of the laser pulse. The quantum
parameter qis0.5.

The energy spread Ay/y of the electron beam has been
chosen 1. 10* and the initid normalized transverse
emittance has been varied from O up to 2.

0.5 @ \s
<A,
(b)
0,0 ‘ : : — :
B2 A A%)/(pw)l

Figure 5: <|A[>pe Versus Aw/(op) for the case of fig 5
and (a) £,=0,44 um and (b) £,=0,88 um.

The saturation level of the radiation is reached at t=4 psec
a <|A|2>Opeak:0,275, with a total number of photons of
1,86 10", against the 2 10° provided by the incoherent
process.
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In Fig. 5 the spectrum of the radiation is presented, while
in Fig. 6 the dependence of the maximum of <|A[>> on the
transverse normalized emittance is shown. Curve (a) is
relevant to the situation of flat laser pulse with wy=50
micron, while curve (b) shows the more critical situation
where a Gaussian profile for the laser has been assumed.
In this case the quantity 6, has been taken equal to 106
um with a 4=0.8, increasing consequently the laser power.
We must note that we have considerable emission also in
violation of the Pellegrini criterion for a static wiggler. In
fact, the emittances considered exceed largely the value
YM/A4m, which in this case is 910 um. On the other hand,
on the fact that Zg/Lg=1.2-10% the criterion of Pellegrini
can be rewritten in a generalized form for both static and

optical undulators as g <, [Za/L Agl4r [5] where
o=,/do/(wp) ~2, giving the more relaxed limit £,<0,3L.

, 0.5
<|A| >peak

(a)

0.257
(b) .

0 : . : .
0.5 1. & 15 2.

Figure 6:  <|A[> e VeS &, With Aw/®=0. and: (a) flat
laser profile with we=50 um and &_,=0.8 and (b) Gaussian
laser profile with a (=0.8 and 6. =106 um.

0.87

2
<|A| >peak
0.41

250 500 w, 750 1000
Figure 7 <|A|2>peak vs W, for a Gaussian laser for £,=0,44
um, Aw/o=-1-10" a.0=0.8.

Fig 7 shows the dependence of the growth of the signal on
the transverse energy distribution of the laser in the case
of a Gaussian pulse for £,=0,44 pum, Aww=-1-10%
a0=0.8. In fact, in this case, a spot size with a radius
smaller than 75 micron does not permit the instauration of
the instability. The collective signal in this condition,
therefore, does not grow.
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REALISTIC EXAMPLE OBTAINED BY
MEANS OF A GENETIC ALGORITHM

A redligtic electron beam has been generated using the
beam dynamic code ASTRA. The sequence of the
accelerating and focalization elements in the beam line is
shown in Fig 8, where the RF section works in the
velocity bunching configuration.

. RE-Gim

— Laser heam

Electron heam

® Solenoid
=]
I RF sections

x

~1.5m

Q

[ § \
3.0m

Figure 8: Beam line lay-out.

Focal and
interaction point

However, the optimization of the output is very difficult
due to the high number of parameters which have to be
fixed and to the non linear correlations existing between
them. To circumvent this difficulty we have developed a
genetic code that manages to fix the values of the
parameters. The optimization is made by maximizing the
following fitness function:

1,9x10" 4

1,8x10° 4

T [eV]

1,7x1074

T T
0,0758 0,0759

z[m]

T T
0,0756 0,0757

Figure 9: Bunch phase space and dlice used (in blue).

35
|

FfitneS = —A
gn—x,y : O-x,y ’ (y}/j

as function of the following genes defining the beam
linee 1) Phase of the gun radiofrequency ¢y. 2)
Acceleration gradient in the bunching structure g, 3)
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Injection phase in the bunching structure ¢,,. 4) Position of
the bunching structure |,,. 5) Intensity of the first solenoid
field By, used to control the envelope in the emittance
compensation layout. 6) Intensity of the second solenoid
field B,, used to control the envelope. 7) Position of the
second solenoid | .

The convergence is reached in 500 generations on an
electron beam configuration whose best dice has an
emittance of 0,56 mm mrad, a radius of 15 micron, a
length of 15 micron with a charge Q=0.05 nC. The genis
values for the final configuration are: ¢ =9.77°, g, =
17.68 MV/m, ¢, =-91.57°, I, =1.3868 m, B; -0.256 T
B,=0.0532 T, |, =1.3685m. The energy spread of the dice
Ay/y is 0.15 %. The growth of the signal is shown in fig
10, while the spectrumisin Fig 11. The saturation occurs
in 6 psec, the focal spot size is wy=30 um, a,=0.8, for a
total laser power of W=9.77 TW.

0,10
TN
<|A> ~
0,05+
0,00 : T : :
0 4 6 8
t(psec)
Figure 10: Growth of the signal.
0,104
, VA
<Al > /A
/ \
A \
0,05‘ */ ‘
/ \
/ \
/ \
/ *\ o
0,00 x . . = ,
-0,0015 -0,0010 -0,0005 0,0000
Ao/m

Figure 11: Spectrum of the signal.
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Abstract

The quasi-stationary state characterizing the saturation
of a single-pass free-electron laser is governed by the
Vlasov equation obtained by performing the continuum
limit of the Colson-Bonifacio model. By means of a
statistical treatment, this approach allows to predict ana-
Iyticaly the saturated laser intensity as well as the final
electron-beam energy distribution. In this paper we con-
sider the case of coherent harmonic generation obtained
from a seeded free-electron laser and present predictions
for the first stage of the project FERMI@E!ettra project at
Sincrotrone Trieste.

INTRODUCTION

In a single-pass FEL, the physical mechanism respon-
sible for the light emission and amplification is the inter-
action between a relativistic electron beam, a magneto-
static periodic field generated by an undulator and an op-
tical wave co-propagating with electrons. Two different
schemes can be distinguished, depending on the origin of
the optical wave which is used to initiate the process. In
the SASE configuration, the initial seed is provided by the
spontaneous emission of the electron beam which is forced
by the undulator field to follow a curved trajectory. The
seed is then amplified all along the undulator until the laser
effect is reached. The SASE radiation produces tunable
signal at short (x-ray) wavelengths with several GW peak
power and excellent spatial mode. An aternate approach
to SASE is Coherent Harmonic Generation (CHG) [1],
which is capable of producing temporally coherent pulses.
A schematic layout of CHG is shown in Figure 1.

In this case, the initial seed is produced by an externa
light source, eg. alaser. The light-electron interaction
in a short undulator, called modulator, imposes an energy
modulation on the electron beam. The modulator is tuned
to the seed wavelength A. The energy modulation is then
converted into a spatial density modulation as the electron
beam transverses a magnetic dispersion. Figure 2 shows
the evolution of the electron-beam phase space (i.e. energy
vs. electrons' phase in the undulator plus radiator field)
from the entrance of the modulator to the exit of the dis-

* francesca.curbis@el ettra.trieste.it
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modulation

micro-bunching ..
emission

Figure 1: Schematic layout of the CHG scheme.

persive section. Finally, in a second undulator, called radi-
ator and tuned at the n-th harmonic of the seed frequency,
the micro-bunched electron beam emits coherent radiation
at the harmonic wavelength \/n. Such aradiation is then
amplified until saturation is reached.

Importantly, it shall be noticed that Single-pass FELs
represent an example of systems with long-range interac-
tions [2]. When long-range forces are to be considered,
a global network of connections between individual con-
stituting elementsiis active, and mean — field effects are
dominant. Surprisingly, within the realm of long rangein-
teracting systems, a wide number of striking phenomena
appear including ensembleinequival ence, negative specific
heat and emergence of Quasi—Stationary States (QSS), i.e.,
long-iving states where the system gets eventually trapped
before relaxing to its final statistical equilibrium. This lat-
ter remarkable non equilibrium feature is a so reported for

Va)‘

O _ COHERENT
"ENERGY
SPREAD

INCOHERENT
ENERGY SPREAD

., Energy

L IR IR
2 3 4 H 6 o 0 1 2 3 4 5 6 0 1 2 3 4
Phase Phase Phase

Figure 2: Electron-beam phase space at the entrance a) and
at the exit b) of the modulator; c) phase space at the exit
of the dispersive section. In a), the thickness of the distri-
bution correspondsto the (initial) incoherent energy spread
of the electron beam. In ¢) the gap between the boundaries
of the separatrix corresponds to the energy modulation in-
duced by the seed-€electron interaction (see Figure 1).
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FELs, where it plays a centra role, being the only state
experimentally accessible in real devices. In this respect,
FEL s provide a general experimental ground to investigate
the universal characteristics of systems with long rangein-
teractions.

Motivated by this analogy, we shall apply a maximum
entropy principle, inspired to Lynden-Bell’s theory of “vi-
olent relaxation” [3]-6] for the Vlasov egquation and an-
ayticaly predict the characteristics of the laser signal at
saturation. More specifically, the above theoretical inter-
pretative framework will enable usto estimate the expected
intensity for the case of FERMI@Elettra[7], afuture user-
facility based on CHG, without resorting to direct numeri-
cal simulations. Our resultswill be shown to correlate well
with Genesis-based [8] estimates.

FROM THE MEAN-FIELD MODEL TO
THE LYNDEN-BELL PREDICTION

In this section we will introduce the model that is cus-
tomarily employed to investigate the time evolution of a
single-pass FEL, both in SASE and CHG configurations.
By putting forward the hypothesis of one-dimensional
(longitudinal) motion and monochromatic radiation, the
steady-state dynamics of asingle-pass FEL is described by
the following set of equations:

do;
dz pi ( )

K 2
dz

- = A+ ZJ: e , €)

where z = 2k, pzy2/{0)? is the re-scaled longitudi-
nal coordinate, which plays the role of time. Here, p =
(awwp/4ck,)?/3 /v, is the so-caled Pierce parameter, v,
the resonant energy, (o) the mean energy of the electrons
at the undulator’sentrance, &, the wave vector of the undu-
lator, w, = (e%n/meg)*/? the plasma frequency, n being
the electron number density, ¢ the speed of light, e and m
respectively the charge and mass of one electron. Further,
ay = By, /(kymc?), where B,, isthe rms undulator field.
Introducing the wavenumber % of the FEL radiation, the
phased isdefined by 0 = (k+k,,)z — 26 pky 272/ (70)?; its
conjugate momentum readsp = (v — (vo))/(p{70)). The
complex amplitude A = A, + iA, represents the scaled
field, transversal to z. Finaly, the detuning parameter is
givenby 6 = ({70)> = 77)/(2p77), and measures the av-
erage relative deviation from the resonance condition. The
above system of equations (N being the number of elec-
trons) can be deduced by the Hamiltonian:
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where the intensity I and the phase ¢ of the wave are de-
fined by A = /I/Nexp(—ip). Here, the canonicaly
conjugated variables are (p;,6;) for1 < j < N and
(I, ). Besides the “energy” H, the total momentum P =
Zj p;+1 isalso aconserved quantity. Let usfinally define
the bunching parameter as b(t) = > exp(if;(t))/N :=
(exp(i0(t))). The latter provides a quantitative measure of
the degree of spatial compactness of the particles distribu-
tion.

Numerical simulations based on the above system of
equations show that the amplification of the wave occurs
in several subsequent steps. First, an initial exponential
growth takes place, which is successfully captured by alin-
ear analysis. Then, as previoudly anticipated, the system
attains a QSS, where the wave intensity displays oscilla-
tions around a well-defined plateau. As predicted by the
Boltzmann-Gibbs statistics, for longer times a slow evolu-
tion toward the final equilibrium is found. The processis
driven by granularity and the relaxation time diverges with
the system size N. Hence, due to the constraint imposed
by the typical length of an undulator, the QSS is the only
regime experimentally accessible in the case of single-pass
FELs.

When performing the thermodynamics limit, i.e, N —
oo, one getsto the following Vlasov—wave picture:

of _ _ of ‘ ing) 2L

5 = —p%—FQ(AmcosH—Ayme)a—p , (9
d:l‘fw - 75Ay+/fcos¢9d9dp , ®
z

% _ 6Ax—/fsin9d9dp . )

which can be shown to govern theinitial growth and re-
|axation towards the QSS. The latter conserves the pseudo-
energy per particle

h(f, A) :/p;f(H,p)dep—é(Ai—&—Az)-i-
/(Am siné + A, cos)f(6,p)dédp (8)

and the momentum per particle

amm=/m@mwwﬂﬁ+%» ©

Inref. [4] it was shown that the average statistical param-
eters of thelaser (intensity and the bunchingin the QSS) are
accurately predicted by a statistical mechanics treatment
of the Vlasov equation, according to prescriptions of the
seminal work by Lynden-Bell [5]. The analysis developed
in [4] was limited to the case of spatially homogeneousini-
tial conditions (i.e., initial zero bunching). In [9], we ex-
tended the analysis by including initially bunched distribu-
tions. In the remaining part of this section we will review
the foundation of the analytical method and presented se-
lect numerical results.

FEL Theory
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The basic idea of Lynden-Bell “violent relaxation” the-
ory [4, 6] isto coarse-grain the microscopic single-particle
distribution function f(6,p,t), which is filamented and
stirred by the dynamics. An entropy is then associated to
the coarse-grained function f, which essentially counts the
number of microscopic configurationsgiving risetoit.

Starting with an initial centered water-bag distribution,
which correspondsto arectangle uniformly occupied in the
phase space (0, p) with —py < p < pg and —6y < 0 < 6y,
the normalization condition reads fo = 1/(460po).

The entropy can be expressed as [5, 6]:

=g (- (o)

10)

The equilibrium is computed by maximizing this en-
tropy:

11
[ (s(f) (11)

while imposing the dynamical constraints:
h(f_7 sz Ay) = hOv (12)
U(f> Awa Ay) = 0o, (13)
[temaas = 1, (19

where hy and o stand, respectively, for the energy and
momentum (per particle) of the system. Performing the an-
alytical calculation and introducing the rescaled Lagrange
multipliers for the energy, momentum and normalization
constraints (3/ fo, A/ fo and pu/ fo) one obtains the typical
Fermi-Dirac distribution:

6—6(p2/2+2A sin @) —Ap—pu

f = 0 14+ e—B(P?/2+2Asin0)—Ap—p (15)
/ p N
A = Az + A2 = 35X sin(0) f (6, p) d6 dp.

The three constraints (12)—(14) are then imposed by
making use of the above expression for f(6, p) and A, and
the obtained equations numerically solved to providean es-
timate of the multipliers as functions of energy h, and mo-
mentum o of the system. Ones 3, v, u are calculated,
one can in turn estimate the value of the intensity I and the
bunching parameter b of the QSS.

To validate our findings, we performed numerical simu-
lation for awater-bag initial distribution as specified above,
where 6, < 7. Further, 1abel with |bo| theinitia bunching,
i.e., the positive quantity given by |bo| = |{exp(i6(0))}|.
Numerical calculations are performed based on the discrete
system (1-3). In Figure 3 the averageintensity at saturation
is reported as function of |bg|, for different values of the
initial kinetic energy. Results are compared with the an-
alytical estimate obtained above. Analogous plots for the
average value of the bunching parameter at saturation are
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reported in Figure 4. A direct inspection of the figures con-
firms the adequacy of the proposed theoretical framework:
predictions based on the Vlasov theory correlate well with
numerical curves. In the next section, starting from these
results, we will elaborate a strategy to gain insight into the
norHinear evolution of a CGH scheme without resorting to
direct numerical investigations. In particular, we will focus
on the case of the FERMI| @El ettra project.

08 08—
L - L
[ ] | - _
0,6.7» 0,6! - . =
04| 04]- 4
02— 02— —
L a b b) ]
) N N B R P S R A
I 0 02 04 06 08 1 0 02 04 06 08 1
0sE T T T I R
06— = 06— =
[ ] L g
[ ] m B g q r _— LB
04— L ] 04m [ ] L |
02— - 02— —
F o 4 )] 4
P R H N R NI R N B R R
0,2 0,4 0,6 08 0 02 04 06 08 1
[0,

Figure 3: Average intensity I at undulator exit as func-
tion of the initial bunching |by| for different values of the
initial average kinetic energy, respectively @) hy = 0.01
b) ho = 0.16 €) hy = 0.21 d) hp = 0.315). The continuous
lines correspond to the Lynden—Bell theoretical prediction,
while symbols represent numerical results obtained aver-
aging intensity fluctuationsin the saturated regime over ten
different realizations of theinitial conditionsresting on the
same values of 6y and py.
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Figure 4: Average values of the bunching parameter |bo|
at the undulator exit as function of |by|. Same choice of
parametersasin Figure 3.
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CHARACTERIZING THE SATURATION
OF CHG FELS

The seed-electron interaction in the first undulator of a
CHG scheme induces a coherent modulation, A+, of the
electron-beam energy, which superimposesto theinitial in-
coherent energy spread o,. Inside the dispersive section,
the energy modulation is converted into a spatial density
modulation. Performing a Fourier analysis of the spatial
beam distribution at the end of the dispersive section one
finds the following bunching parameters:

lbol = Jn(n)/ exp(1/2), (16)

where J,, stands for the n-th order Bessel function 1.
On the other hand, the total energy spread o - ;: @t the
entrance of the second undulator reads;

/ Av)? / n?2
O~ tot — 0'?/ + % =0y 1+ 77 (17)

where n is the harmonic number. Moreover, in term of
the rescaled variables used in the formulation of the above
one-dimensional model, the associated energy profile can
be ideally schematized as a water-bag distribution, where

O~ tot
P

Taking full advantage of the above theoretical analy-
sis, we are therefore in a position to quantify the saturated
(QSS) behaviour of a CHG device. In particular, we shall
focus on the case of the project FERM I @Elettra[7] and as-
sume the experimental setting relative to the output wave-
length 100 nm. Inthiscase, n = 3 (i.e, the initia seed
wavelength is 100 nm), v = 2348, o, = 150 KeV and
p = 3-1073. Direct numerical simulations are performed
using GENESIS [8], a three dimensional code that explic-
itly accounts for the coupling between the transverse and
longitudinal dimensions. Assuming aradiator length of 16
m, a horizontal and vertical (hormalized) beam emittance
of 1.5 x m and on optical waist of w ~ 300 pum, simula-
tions give an output power of about 3 GW.

Independently, one can calculated the value of |b| and
po by inserting the nominal values of the relevant param-
eters in equations 18 16. Then, Lynden-Bell theory en-
ables us to predict the QSS value for the intensity which
are shown to correlate extremely well with Genesis based
calculation, the disagreement being quantified in at most
10%[9] .

Po = (18)

CONCLUSIONS

The theoretical approach outlined in this paper consti-
tutes a novel strategy to predict the intensity at saturation

INote that in deriving equation (16) an optimization scheme for the
bunching parameter has been put forward according to the standard ex-
perimental procedure. A detailed account on the approximations involved
is presented in [9] starting from the usual expression given in [1]
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for a CHG setting, provided the value of the incoherent en-
ergy spread is assigned and without involving to direct nu-
merical investigations.

The short recipe goes as follows: by knowing o, one
can calculate o 1.+ by means of eq.(17) and consequently
estimate both |by| and po, based on egs.(16)—(18). The spa-
tial width, 6y, of the initial water-bag distribution (here
assumed to mimick the more natural Gaussian profile)
is eventually obtained upon inversion of relation |by| =
sin(6p)/6y. Oncethevaluesof 6, and py aregiven, thethe-
ory of theviolent relaxation allowsto quantitatively predict
the saturated state of the system.

Finaly let us stress that the applicability of the method
we have developed is currently limited to situations in
which transverse effects are neglected. This in turn en-
tails the possibility of assuming the electron-beam geo-
metrical emittance smaller than the radiation wavelength,
the beam relative energy spread smaller than p and the
Rayleigh length of emitted radiation much longer than the
radiator length. These conditions apply for instance to the
case of the whole spectral rangethat isto be covered by the
FERMI@Elettra FEL (100-10 nm).
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ANALYSISOF FEL OSCILLATIONSIN A PERFECTLY SYNCHRONIZED
OPTICAL CAVITY

N. Nishimori*, JAEA, Ibaraki, Japan.

Abstract

We analyze free-electron-laser (FEL) oscillations in a
perfectly synchronized optical cavity by solving the one-
dimensional FEL equations. The radiation stored in the
cavity can finally evolve into an intense few-cycle optical
pulse in the high-gain and low-loss regime. The evolution
of the leading slope of the optical pulse, which is defined
from the front edge toward the primary peak, is found to
play an important role in generating the intense few-cycle
pulse. The phase space evolution of electrons on the sec-
ond pass which interact with the leading slope of a SASE
output pulse is obtained in a perturbation method similar
to that used in our previous study for a SASE FEL. There-
sulting analytical solution of theleading slopein the second
pass is shown to be approximated by that of a SASE FEL
with FEL parameter greater than p. The same perturbation
method can thus be used to the subsequent passes.

INTRODUCTION

The FEL dynamics is affected by the slippage that is
caused by the velocity difference between the electron
bunch and the optical pulseinside an undulator. The group
velocity of the optical pulse becomes slightly slower than
the vacuum speed of light, since the trailing slope of the
optica pulse is mainly amplified due to the slippage. This
phenomenon, caled the laser lethargy (see Ref. [1] and
references therein), can be compensated in oscillators by
slightly shortening the optical cavity length from the per-
fect synchronism (0 . = 0), wherethe cavity length exactly
matches with the injection period of the electron bunches.
The FEL dynamics of the oscillators with shorter cavity
length (6L < 0) has been studied extensively [2, 3]. At
0L = 0, the optical pulse centroid continues to be retarded
on successive passes through the undulator, and the opti-
cal pulse finally dissipates, as shown in theoretical studies
[4,5, 6].

An experiment of a high-power FEL driven by a super-
conducting linac in the Japan Atomic Energy Research In-
stitute (JAERI) FEL facility has however showed that an
intense, ultrashort optical pulseisgenerated at 6L = 0.0 +
0.1 pm despite the lethargy [7, 8]. The optical power curve
measured with respect to §L is well reproduced by the
time-dependent simulation code based on one-dimensional
(1D) FEL eguations [9], if shot-noise effect is included
in every fresh electron bunch. A few theoretical studies
have attempted to explain the FEL oscillationsat 0L = 0,
proposing that sideband instability [10] or superradiancein
short-pulse FELs[11] is the fundamental physicsresponsi-
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ble for the lasing at L = 0. Nevertheless, the underlying
physics responsible for the FEL oscillationsat § L = 0 has
not been clearly explained yet.

In this paper, weinvestigate the FEL evolutionat 6L = 0
by analytically solving the 1D FEL equations. A set of
nondimensional parametersand the 1D FEL equationsused
in Ref. [12] are employed for the present study. The optical
pulse on thefirst pass, which is equivalent to the output of a
self-amplified spontaneous-emission (SASE) FEL and rep-
resented by the solution of the cubic equation [14, 15, 16],
is reflected back into the undulator for subsequent ampli-
ficationsin FEL oscillators. The phase space evolution of
electrons on the second pass which interact with the leading
slope of the FEL pulse, which is defined from the front edge
toward the primary peak amplitude in the present paper, is
obtained in a perturbation method similar to that used in
our previous work for the phase space evolution of elec-
trons in a SASE FEL [12]. Consequently, an analytical
solution for the optical growth of the leading slope during
the second pass is derived. The leading slope of the output
pulse is shown to be approximated by that of a SASE FEL
with FEL parameter greater than p. The same process can
thus be applied to pass numbers greater than n = 2 and the
evolution of the leading slope with respect to » is obtained
anaytically. Theoutput field similar to that of a SASE FEL
accounts for the exponential increase of the field amplitude
in the leading slope from the front edge toward the primary
peak, and the amplitude gradient with respect to the lon-
gitudinal position is shown to increase with n. With the
increasing gradient, the field gain per pass decreases down
tothelevel of optical cavity loss a, and a self-similar radi-
ation pulse is generated at saturation. The evolution of the
leading slope leads to sustained FEL oscillationsat 0 L = 0
and thus disappearance of the lethargy effect. More details
are described in Ref. [13].

1D FEL EQUATIONS

Thedimensionless 1D FEL equationsof Colson are used
in the present study under the slowly varying envelope ap-
proximation [17], while the variables used here are similar
to Bonifacio’svariables[16]. The simplest situation is con-
sidered in the present study. The electron beam energy is
given by yomc? with small energy spread. Theinitial elec-
tron bunch has a rectangular shape with density of n . and
auniform distribution in phase. The fundamental FEL pa-
rameter in MKSA unitsis given by

p= %[eawF\/ne/(som)/(4ckw)]2/3. 1)

Here \,, = 27 /k,, isthe period of the undulator, a,, isthe
undulator parameter, and F' is unity for a helical undulator
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or Bessel function [J.J] for a planar undulator [16]. The
dimensionless time is defined by 7 = 4mpct/\,,, so that
6T = 1 correspondsto the transit time of light through one
gain length of \,,/(47p). Thelongitudinal position of the
ith electron is defined by (;(7) = 4mp[zi(t) — ct]/Ar, SO
that 6¢ = 1 corresponds to the cooperation length defined
by L. = \./(47p). Here X, = A\ (1 + a2)/(273) isthe
resonant wavelength. The dimensionless field envelopeis
defined by

2w Ay F
(4mp)202me?

a(¢,7) = E(¢,7)explie(¢, 7)], (2
with phase ¢({, 7), which is eguivalent to Bonifacio's en-
velope [16]. Here E(¢, 7) isthe rms optical field strength.
The dimensionless energy and phase of the ith electron are
respectively defined by 1:(7) = [vi(t) — 70]/(p0) and
Yi(1) = (kw + kr)zi(t) — wyt, where k, = 27/, isthe
wave number of the resonant wavelength \,.. The dimen-
sionless energy p;(7) aso meansthe dimensionless energy
change at 7 from 7 = 0, since the energy spread of the ini-
tial electron beam is assumed to be small, i.e., 1;(0) = 0.
In the present definition, the evolutions of thefield enve-
lope a(¢, ), the energy 1;(7) and phase v;(7) of the ith
electron during FEL interaction are respectively given by

(5]

d'ucgf) = a[G(7), 7] exp[ivyi(T)] + cc., (3)
WD~ ), @
WD) _ el e ©

The angular bracket indicates the average of al the elec-
tronsin the volume V" around ¢.

EVOLUTION OF SASE FEL PULSE

The optical field and electron phase space evolutions on
thefirst pass, which are equivalent to thosein aSASE FEL,
are presented in our previous work [12]. The startup pro-
cess known as spectrum narrowing [18] or as longitudi-
nal phase mixing [19] leads to a uniform field in time and
space. The phase of the field ¢(0) is almost uniform over
the length NV \,. along the propagation direction when the
incident electron beam passes through N undulator peri-
ods [5, 19]. In the present study, the initial uniform field
is assumed to be given by |a(0)|e**() for simplicity. The
initial field evolves through electric interaction with undu-
lating electrons asit passes through the undulator. Theinci-
dent electron beam is assumed to be uniformly distributed
in phase v;(0) with resonant energy 1;(0) = 0 and inter-
actswith the SASE FEL field in the steady-state region due
to the dippage [16]. The evolution of the uniform field as
afunction of timeis derived from Egs. (3), (4), and (5), as
described by Colson et al. in Ref. [15].

The electron phase can be expressed as; (1) = 1;(0) +
Ay (1) where A, (7) is the first-order perturbation in
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a(7). Thefield at time 7 for the steady-state region where
¢ < —Tisgivenby

a(r) = a(0) +i /0 (e O AY (7)) ¢, (ry=cdr’. (6)

The ith electron interacts with the field in the steady-
state region due to the slippage, and the energy modula-
tion at 7' during 7 is given from Eq. (3) by dui(7') =
[a(7")e™i(®) 4 c.c.]d7’. The energy change of the ith elec-
tron at time 7, u;(7), is given by the sum of those modula-
tions during 7:

pi(T) = /OT{a(T’)eWi(O) + c.c.}dr’. @)

The electron phase perturbation is given from Eq. (4) by
Ay(T) = / wi(th)dr’ (8)
0

_ / " / " {a(r") explis(0)] + c.c. 3" (9)
0 0

Substitution of Eg. (9) into Eqg. (6) leadsto

o) =aO)+i [ ar [T [T a0
0 0 0

The integral equation (10) can be written in a differential
form by taking successive derivatives. The solution is ex-
pressed inthe form a(7) = 22:1 an exp(a,7) where the
o, are three complex roots of the cubic equation a® = i
[14, 15, 16]. When theinitia conditions a(0) = a(0) = 0,
thefield at time 7 for the steady-stateregionwhere { < —r
isgiven by

. —in/6 —in/2
e TE e’TC

i¢(0) .
_ 1O (e

a(r) = 2

(11)
Equation (11) isvalid in the linear regime before saturation
when the incident electron beam is resonant.

EVOLUTION OF OSCILLATOR FEL
PUL SE

We first study the optical field and electron phase space
evolutions on the second pass (n = 2) in an analytical way
and then show that the analytical method can be applied to
the nth pass with reasonable approximations. At first the
notation n is thus used for n = 2.

FEL evolution on the second pass

Theinput field for the second pass, a.,(¢) = a»(¢,0), is
the same as the output of a SASE FEL with FEL parameter
p except for a decrease of the amplitude due to the cavity
loss «. The leading slope of the input field for the second
passis therefore given as a function of ¢ by

CLn(C) = (|an(0)‘ei¢n(0)/3)(6_pn<eiﬂ/6

JePnCe” 0 L e—pnCE’”/z), (12)
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wherep, = 1and |a2(0)| = (1—«/2)]a(0)|. Equation (12)
can be used where |¢| < L, and || < L; beforethe field
reaches saturation. Here L, is the incident electron bunch
length in units of L. and Ly = 4wpN,, is the dippage
distance. The phase space evolution of electrons during
interaction with the leading slope given by Eqg. (12) isquite
similar to that of a SASE FEL. The perturbation method
used in Ref. [12] can be applied to a study of the optical
growth during the second pass, as long as the growth is
small and thefield a,,(¢) remains almost unchanged during
the FEL interaction. The electron phase can be expressed
as (1) = ¥:i(0) + A (1) where Ay, (7) is the first-
order perturbation in a,,[¢;(7)]/p2, since the field in the
leading slope divided by p? is weak even after saturation
except for anarrow range near ¢,. When the ith electronis
modulated in energy by interacting with the leading slope,
the energy modulation at 7/ during é7’ is expressed from
Eq. (3) by 6ui(7") = {an[Ci(T)]e™©) + c.c.}o7'. The
energy change of the ith electron at time 7, 1;(7), isgiven
by the sum of those modulations during 7:

ﬂ=ﬂﬂ%mwmmwwmhﬂdwﬂ<m

The integration of Eq. (13) after substitution of Eq. (12)
yields
i (1) = [2|an(0)]/3pn] X
{e V3G D2 cos[1,(0) + ¢ (0)
e VB30nG0/2 cos [y (0) + ¢, (0)
—eV3PnGl/2 cos[ipy (0) + dn(0) — puCi(7)/2 + /6]
+eV3rnGO/2 cos[1h; (0) + ¢ (0) — pnCi(0)/2 + /6]
$i(0) + ¢ (0) + pnGi(7) + 7/2]
i(0) + 6 (0) + pnGi(0) + 7/2]}.
The integration of Eq. (8) after substitution of Eq. (14)
yields
Ai(7) = [2|an(0)]/3p3] x
{7 V3G 2 sl (0) + 3 (0) — pui(7)/2 — /3]
—e™V30nG /2 cog 4 (0) + ¢, (0) — pni(0)/2 — 7/3]
—pnre” V3G O/2 cos[;(0) + 6 (0) — pnCi(0)/2 — 7/6]
+eV30n6 /2 sl (0) + ¢ (0) — pui(7)/2 + /3]
eSO cos[yi(0) + ¢ (0) — paCi(0)/2 + /3]
+pn7eY 36072 cos[1);(0) + 6 (0) — pnCi(0)/2 + /6]
— cos[1h;(0) + ¢, (0) + pnGi(7)]
+ cos[;(0) + ¢, (0) + pnCi(0)]
—pu cos[1hi (0) + ¢ (0) + pnGi(0) + 7/2]},
where ¢;(T) = ¢;(0) — 7 isused, whichis valid aslong as
the electron energy change y; () issmall and d¢; (7)/drm =

—1 holds. Equations (14) and (15) represent the phase
space evolution of the ith electron during the second pass.

— pnGi(7)/2 — /6]
= pnGi(0)/2 — /6]

+ cos[

— cos[y (14)

(15)
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The field gain da,,(¢)/dr caused by the electron mi-

crobunchinunitsof A, whoseinitia positionis¢;(0) = ¢+
7 is derived from substitution of ¢;(7) = ;(0) + A, (1)
into Eq. (5) asfollows:

day(C)/dr = (Jan(0)]e"® /3p7) (16)

(—pnCei™ O +irn/6) [1 _ efpn're”/s(l + pnTeiﬂ/G)]
(1= pare™™0)]

e—Pn,Tefi"/z (1 + PnTe_iw/Q)}L

x{e

_e(ﬂnce_m/(jfifr/G)[l —in/6

_ ePnTE

felmpnge™ ™2 —in/2) ]

when |Ay; (7)| < 1.

Thefield a,,(¢) is sequentially amplified from 7 = 0 to
7 = —( by the électron microbunches whose initial posi-
tion are (;(0) = ¢ + 7 as it passes through the undulator.
Thefield gain per passis given by

dan()/dn = [|an(0)]e" ) /3p}]

X {_pnc[e(7p7LCei"/6+i7r/6) — (Pnce_iﬂ/ﬁfi‘n'/ﬁ)
Jre(_f)n@*””—iﬂ/?)] — 2[e(=Pnie’ O 4 elonCe™ %)
el gy, (a7

The leading slope of the output field for the second passis
thus given by

an(C) + dan(¢) /dn = [|an(0)[e'*"(©) /33]
><{—pnC[e(’p"Ce”/G”’T/ﬁ) _ plpnge™ /% —in/6)

—|—e(7p"<e_i"/2*”/2)] + (p3 — 2)[8(7%(6”/6)

telPnCe™ ™) e(monce™ ™)y 6y

(18)
The amplitude and phase of the output field given by Eq.
(18) are plotted as solid circles in Figs. 1(a) and 1(b), re-
spectively, as afunction of ¢. The solid line shows the out-
put field of the second pass obtained in a time-dependent
numerical calculation, which solves Egs. (3)—(5) with an
input field given by Eq. (12) with p,, = 1 and represented
by the dotted line. In the calculation, the shot-noise effect
is neglected. One can see that the field given by Eq. (18)
agrees well with the numerical calculation where |¢| < 3.5
but the phase gradually deviates from the cal cul ation where
(| > 3.5. Thisis because the assumption that the field re-
mains almost unchanged during the passage through an un-
dulator does no longer hold where |¢| > 3.5 for the second
pass.

FEL evolution on pass numbers greater than 2

The output field of the second pass is equivalent to the
input field for the third pass except for amplitude decrease
due to the optical cavity loss «.. If the input field for the
third pass is found to be approximated by Eq. (12), the
same procedure described in the previous subsection can
be used for a study of the optical growth during the third
pass. The dash-dotted line in Fig. 1 shows the field given
by Eqg. (12) with p,, = 1.28. The amplitude of this field
is different from that obtained in a numerical calculation
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(solid line) by only 10% to —20% where |¢| < 5, and the
phase is different from the numerical calculation by only
£0.17 rad. These results suggest that the input field for the
third pass can be approximated by Eq. (12) with p3 = 1.28.
In a similar way, one can obtain p,, of the input field for
pass numbersgreater thann = 3 aswell. For examplep, =
1.52, ps = 1.73, pg = 1.90, and p; = 2.05.

As p,, increases, p? — 2 ~ p2 and Eq. (18) asymptoti-
cally approaches

an(C) + dan(C)/dn ~ a, () + [Jan(0)|e*(®) /3p3]
x{—png[e(*%ce”/c““/@ _ elpnCe” /O —in /6)

elmpnte” T Emin/D (19)
The field evolution per pass can aso be obtained by dif-
ferentiation of Eqg. (12) with respect to the pass number
under the assumption that p,, is independent of ¢ as fol-
lows:

dan(C)/dn = (Jan(0) e /3)(dpy/dn)
x{—([e(—Pnee™/ Him/6) _ g(pnCe™ ™/ =im/6)

tre(mpnteT T Pmin/2)]y (20)
Equation (20) should be equal to Eq. (19) subtracted by
an(¢) aslong as the gain is much higher than the optical
cavity loss and p,, is large enough for Eq. (19) to hold.
Thisyields
dpn/dn = 1/pj. (21)
When we assume that Eg. (19) holds when p,, > 2, Eq.
(21) gives
pn & (3n —12)1/3 (22)

for n > 7. Substitution of Eq. (22) into Eq. (20) yields

(1/lan(Q))(dlan(O)l/dn) ~ =(v3/2)¢(3n — 12)72/%,
(23)
when exp(—v/3p,(/2) > 1. Equation (23) shows that
the gain per pass decreases with increasing pass number n.
Please see Ref. [13] for further discussions.
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Abstract

A linear theory of two-stream Smith-Purcell Free-
Electron Laser (SP-FEL) using a dual-grating has been
given in this paper. A rectangular dual-grating is
considered to be driven by two admixed electron beams
with velocity separation. The linear dispersion equations
for even and odd modes are derived with the help of fluid
theory and the beam-wave interaction is analyzed through
the numerical solutions. The considerable enhancement of
growth rate is demonstrated due to the presence of two-
stream instability. An example of THz-band two-stream
SP-FEL is discussed.

INTROUCTION

It is well known that Smith-Purcell (SP) radiation is
emitted when an electron passes near the surface of
grating [1].At present, an intense interest has been raised
in SP radiation since J.Urata et al observed the super-
radiance in the THz regime from the experiment at
Dartmouth college [2,3]. The superradiance is regarded as
the result of periodic electron bunching, which is
produced by the interaction between the electron beam
and the fields above the grating. Some theories [4,5] have
been proposed to understand the physical mechanism of
beam-wave interaction. Recently, D.Li and Z.Yang [6,7],
J.T.Donohue and J.Gardelle[8] have performed the
simulations of SP-FEL in the THz regime with PIC code.

The THz sources, a currently flourish research area,
are of importance in varieties of applications in far-
infrared spectroscopy, imaging, ranging and biomedical
[9]. In order to improve the performance of such kind of
device, it is necessary to find an efficient mechanism for
the beam-wave interaction. The two-stream instability is
an important physical mechanism, which has been
successfully applied to some high power microwave
sources [10-12].

In this paper, we present a two-stream Smith-Purcell
Free-Electron Laser using a dual-grating, as shown in
Fig.1. The two admixed electron beams are symmetric
about z axial and guided by an infinite magnetic field.
For simplicity, we assume that the system is uniform in
they direction which is parallel to the slots of grating.

DISPERSION EQUATION

The system of beam-wave interaction isillustrated in
Fig.1. Two admixed beams with thickness 2b are located

*Work supported by National Nature Science Foundation of
P. R. China (60571020),"liuwenxin76@163.com
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above the rectangular grating, which drift in the z
direction at a constant velocity v; and v,, respectively.
The quantities D, H, d, a denote the rectangular grating
period, groove depth, slot width, the distance between z
axial and grating surface, respectively. For convenience,
the operation area is divided into five regions
—as<x<-bis region I , b<x<a is region II
, —b<x<Dbis region III, Region IVand V is the
lower groove —a—h<X<-a and upper groove
a< x<a+h. In the following analyses, we focus on
the TM waves.

=

Reginy v

Fegion II

—_— Region I

2a | gpl0

Va

‘—D.|
]

Region 1

ih Regiof 17

Fig.1 Schematic illustration of two admixed beams propagating
over the dual-grating
We assume that (i)the externally applied magnetic
field is so strong that perturbed electron motions are
restricted in the z direction; ( ii )the effect of beams self
static fields are negligible; and (iii)the perturbations are
uniform along the y direction. Maxwell’s equations and
relativistic hydrodynamic equations for two cold electron
beams are employed to describe this system as follows:

vxE+1% _o
c ot
() i
VxB+19E _ 47T 2 J
cot c4&’
2 ) ]
e
(g"‘vio g)&il == ngo E,
X 0 0 0
(a"‘vio g)éhil =y E&il (4)

Here, subscript | =1,2 represents the first and second

electron beam, respectively. E and B are the electric and

111



MOPPHO033

magnetic field vectors. ¥, =1+€V,/myc’ is the
relativistic mass factor, cisthe speed of light ,V, istheith
beam voltage, the voltage ratio of two electron beams
is v, =V,/V, and v, =c[(Z-12/$]*? is the
unperturbed velocity of ith beam. -e, my, Ny, Ny, N,
are the electron charge, the electron rest mass , the
unperturbed density , perturbed density and perturbed
velocity of ith beam, respectively. J =—g(n,o4, +dV,)
is perturbed current density. The relative density factor
o is Ny /Ny, .To obtain the dispersion equation, we

expand N, =N+, ,V =V, +&,, E=3&,,

B= ﬁy and solve for the perturbed variables. Using

Floquet’ s theorem, all the fields and beam parameters can
be written as a sum of space harmonics which have the
periodicity of the grating [13],

f(x2) =Y f,(0exp(jk,z— jat)  ©

N=—oo

where k, =k, + 220/ D , K, is wave number, @is the

angular frequency, nisan integer.

From Egs.1, 2, 3, 4 and expression (5), the wave
equation for the nth space harmonic of axial electric field
is given and the transverse components of electric and
magnetic fields can be expressed in terms of the axia
electric field as follows[14]:

2 2 .
[aa_2+gl,n(w_2_ knz)]azz,m (X)=0 , =123
X C
(6)
R ik 9 o
aEx,n,l = J’(z &azz,n,l
(7)
- jo 0 -
B = el
e ox o M
8
2 w;
£ =1- S s n = n= 1
+ Zl 7 (@-k,v,)* fn =2
©

1/2

where @, = (e’n,/my&,)"? is the beam-plasma

angular frequency, &, is the dielectric function,
k=[@ K is the

number. | =1,2,3 represents the region 1, II, III,
respectively.

transverse wave

Components of electromagnetic fields in each
region [13]
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Employed the wave Eq.6 and expressions (7) and (8),
the components of electromagnetic fields in the three
regions can be treated as follows:

The fields in Region I —as<x<-b and 1I
b < X < a can be expressed in terms of two coefficients,
respectively:
&, = A°sink, x+ B cosk, X
(10)
aé _ Jkn

z,nly

(A° cosk, Xx— Bl sink, x)

xnlg
n

(11)

A

y,nlo

(12)
where superscript |, = 1,2 respects the region I and

jw :
- CJT(A'f cosx,X— B sink, x)

n

regionll, respectively.
Region [lI(-b < x<b)

822’,1,3 =C,sinfS x+D,cosf. x
(13)

B, ;= 1P, (C,cosfB.x—D,sinf, x)

n3 =
yn cKx’

(14
where B =./&;, K, .
Region [V and V is the lower groove

—a—h<X<-aand upper groove a<x<a+h,
respectively. As the grating period is less than the free-
space wavelength, we represent the fields inside the 1™
groove using the form of TEM standing wave modes as
follows:

E, = Siasin[%(X$ (a+ h)]exp(ik,D) (15)

B, = jSiacos[%(xi (a+h)exp(ik,D)  (16)

where the “ +” denotes the upper interface x=a and the
lower face x=-a, respectively. The A'no, B, C,, D,
S,, mean unknown coefficients, which are depended on
the boundary conditions.

Dispersion equation

Applying the boundary conditions at the grating
surfaces X = xa ,the beam surfaces X = £b ,solving
simultaneously EQs.10-16 and then eliminating the
coefficients of A'n", B°,C,,D,, S, the odd mode

and even modes dispersion equation is obtained as
follows, respectively.

FEL Theory
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Q Q-R/&,
—cot + —sm =0
)+ 3 2 s () peaes
(17)
isthe dispersion eguation for the odd modes, and
1+T.&7
—cot — — "3 -0
@) ; K 2 Q /ggnz _R1
(18)

is the dispersion equation of the even modes, where
Q, =&y cot[x,(a—b)], R, =&;/2 -tan B.b,
T, =tan B b-cot[x,(a—b)] .The Egs17and 18 is

the similar to Ref.[13] when the voltages of two electron
beams are the same. In the absence of beams, the
dispersion equations of odd modes and even modes can
be reduced to:

k.d

—cot(ah)+

(19
is the dispersion equation for the odd modes, and

—cot(ah) Z—smc (kn )tanx a=0

n:—oo

smc( )cotzca 0

—oo

(20)
isthe dispersion equation for the even modes.
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Fig2. Dispersion curves of (a) even mode and (b) odd
mode. The parameters are period D=0.2mm, slot width
d=0.1mm, dlot depth h=0.1mm and the distance of two-
aratinas 2a=0.3mm
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NUMERICAL SOLUTIONS

In this section, we focus on the characteristics of
dispersion equation through the numerical solutions.

The dispersion curves without beams for the even
modes are found by the solutions of Eq.20, which are
shown in Fig.2 (a). The beam line with voltage 40kv is
plotted for reference. It is observed that the lowest order
mode has a cutoff frequency of 0.345THz and has a
maximum frequency 0.475THz. There is a stop band
between the two lowest order modes extending from
0.475THz to 0.8THz.

Similarly, the dispersion curves without beams for
the odd modes are obtained by the solutions of EQ.19,
which are shown in Fig.2 (b). The band gap is evident
extending from 0.46THz to 0.6THz. Obviously, the band
gap of even modes and the frequency of operation point
(solid dot) which is the intersection point of beam-wave
are greater than that of the lowest odd mode.

The two admixed beams are turned into a single
beam when the beam voltages are the same. The
dispersion curves of single beam for the even mode found
by the solution of Eq.18 are shown in Fig.3, where the | eft
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Fig3. Dispersion curves showing the real and imaginary
components of the frequency for the lowest-order even
mode, the parameters of grating are the same as that of in
Fig.2. The beam voltage is 40kv, electron beam density is
Ny=5.97 X10* m?
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Figd. Dispersion curves showing the real and imaginary
components of frequency for the lowest-order odd mode, the
parameters arethe same asin Fig.3
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axis is the real component of frequency and the right axis
is the growth rate. Seen from Fig.3, the growth rate is
found at the vicinity where the slow-wave and electron
beam are synchronous, which occurs at a frequency near
0.41 THz. The peak growth about 4.5GHz is found at a
frequency of 0.403THz. Similarly, the dispersion curves
of single beam for the odd modes are shown in Fig.4. The
peak growth rate about 3.24GHz is found at the
normalized wave number of 0.68, which occurs at a
frequency of 0.371THz.Obvioudly, the peak growth rate
of the lowest order even mode are greater than that of odd
mode.
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Fig5. Dispersion curves showing the real and imaginary
components of the frequency for the lowest-order even
mode, the parameters of grating are the same as that of in
Fig.2. The beam voltage is 40kv, electron beam density is
Nno=5.97 X10% m-3,the voltage ratio is v,=1.12
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Fig6. Dispersion curves showing the real and imaginary
components of the frequency for the lowest-order odd mode.
The parameters of grating are the same as that of in Fig.2. The
beam voltage is 40kv, electron beam density is ng=5.97 X10%®
m3, and the voltage ratio is v,=1.12

The dispersion curves of two-stream for the lowest-
order even mode obtained by the solution of Eq.18 are
shown in Fig.5. Obvioudly, the growth rate is remarkably
different from that of single beam, the cambered growth
rate is produced by the TSI, and the growth rate is
remarkably enhanced when the TSI wave is synchronous
with the slow-wave. The peak growth rate about 6.91GHz
isfound at the frequency of 0.412THz, which is enhanced
by a factor of 2 than that of single beam. Outside the
synchronous range of TSI and electro-magnetic wave, the
growth rate is still existed, which is thought to be yielded
by the TS|

Similarly, the dispersion curves of two-stream for
the lowest-order odd mode solved the Eq.29 are shown in
Fig.6. The peak growth rate about 6.04GHz is found at
the frequency of 0.375THz, which is enhanced by a factor
2. We may note from Figs.3, 4, 5and 6 that the even mode
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could be an operation mode for which the growth rate is
greater than that of odd mode. To obtain the higher
operation freguency, we should make the even mode as
an operation mode.

CONCLUSIONS

In this paper, we have studied the two-stream Smith-
Purcell Free-Electron Laser with a dual-grating. The
linear dispersion equations for the even modes and odd
modes are derived by making use of fluid theory, and
those of characteristics are analyzed through the
numerical solutions. We find that the peak growth rate is
enhanced by a factor of 2 than that of single beam when
the TSI wave is synchronous with the electromagnetic
wave. The nonlinear effect is under consideration, which
will be reported in the future.
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PRODUCTION OF ‘GIANT’ PULSES OF SCATTERED RADIATION FROM
PUMP WAVE SPOT RUNING OVER THE ELECTRON BEAM*

V. Baryshev, N. Ginzburg”, A. Sergeev, |. Zotova IAP RAS, Nizhny Novgorod, Russia.

Abstract

To generate ultrashort electromagnetic pulses it is
suggested to scan a spot formed by pump wave along an
electron beam. When pump spot velocity is equal to the
group velocity of scattered radiation the short ‘giant’
pulse of scattered radiation with amplitude increasing
proportional to interaction distance will be produced. The
running spot of pump wave can be realized after
reflection of frequency chirped laser beam from echelette
grating.

INTRODUCTION

In [1] the generation of millimetre wave superradiance
(SR) pulses have been observed in the process of
stimulated backscattering of relatively long pump wave
pulse by extended electron bunch with the length
restricted by cooperative length (the distance of the
scattered wave propagation during the time of instability
growth up). Under such conditions the scattered radiation
represented a single pulse with peak power strongly
exceeding the level of spontaneous emission.

In this paper we study the alternative method of
generation superradiance type pulses in the process of
stimulated scattering when the relatively short spot
illuminated by pump wave runs over the quasi-continuous
electron beam. Obviously scattering and beam modulation
take place only in area illuminated by pump wave. In the

shift direction
-
relativistic
electron t=t2
beam

*Work supported by ... Russian Fund for Fundamental Researches,
grant 05-02-17553
*ginzbura@appl.sci-nnov.ru
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case when the pump spot moves with group velocity of
scattered radiation the pulse of scattered radiation
propagating along electron beam will be amplified
continually by fresh (unmodulated) electrons due to
difference between signal wave group velocity ¢ and
electron translational velocity V. As a result the peak

amplitude of scattered pulse increases proportionally to
shifting distance. The running spot of pump wave can be
realized after passing (reflection) of frequency chirped
laser pulse from frequency depended refraction system
like prism or echelette grating (see Fig. 1). It should be
noted that the shifting direction and velocity of the pump
wave spot are not correlated with the phase and group
velocities of this wave. For our purpose to obtain the large
frequency conversion the direction of spot shifting should
be approximately opposite to the group velocity vector.

In the case of scattering of laser radiation by a
moderately relativistic electron beam with energy ~1-
3 MeV above process can be used to produce intense SR
pulses either at UV band (up frequency conversion), at
terahertz band (down frequency conversion) or bands
depending on direction of scattered wave propagation
with respect to electron beam. Correspondingly at the first
case illuminated spot should run together with scattered
wave in the direction of electron motion while in the
second case this spot together with scattered wave should
run at opposite direction.

t=t3

\\

chirped
laser pulse

echelette grating
Figure 1: Echelette scheme of scanning of pump field spot using frequency chirped laser pulse.
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MODEL AND BASIC EQUATIONS

Let us consider the process of stimulated scattering in
situation when the spot illuminated by a pump wave runs
along electron beam with velocity u in the direction of
electron motion. In this case due to the Doppler effect the
frequency of scattered radiation «, essentially exceeds

the frequency of pump wave o; . Neglecting pump wave

exhaustion the generation of pulses of scattered radiation
in the above process can be described by the system of
equations including the nonstationary equation for
scattering signal amplitude and the averaged electron
motion equations [2]:

o 10 : 128
(8Z+Catjas =iyt z/u)k.a! = oje “d0g

o 1a) O
o 7”5 ezukaX(t_Z/u)lm{asa?ele}

Here g = eAi’S/moyoc2 is the dimensionless amplitude

of scattered and pump waves, 6=ot-k.z is the

Proceedings of FEL 2006, BESSY, Berlin, Germany

electron phase respect to the combination wave,
0, =0, —0;, k., =0./c-0;/c, uzyazﬁf, | is the
dimensionless parameter which is proportional to the
beam current. Function y(t —z/u) describes the profile of
the spot illuminated by pump filed. Introducing the new
independent variables
o.clt —2z/v
=C C ( / ||) (2)
Ye-by

and assuming that the velocity of pump spot is equal to

the group velocity of scattered signal (u=c) Egs. (2) can
be presented in the form

z=-c%,,
C

H 21
%+@ =—LX(T—Z) _[e_'edﬁo
oL ot i 0
; L@
0“0

= =y(t-Z)Imjae"®
7= le-2) e

* /3 - - -
where a =paga;C 2, C = (cof)\ai\z)l is the gain (Pierce)
parameter. Under assumption that the development of

instability starts from the small perturbation of electron
beam density the initial and boundary conditions can be

Figure 3: Production of ‘giant’ single pulse in the case of moving pump field spot.
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written in the form
0, o =00 +rcos(0y +¢(t)), 0y e[02n] r<<1

g
0Z]7

where o(t) is the random function.

SIMULATION RESULTS

Let’s consider at first the traditional situation with the
unmovable u = 0 bell-shaped pump spot: (see Fig. 2a). In
this case, due to the slippage, radiation escapes from
pump spot. As a result the well-known multi-spikes
regime of SASE [3,4] is realized (Fig. 2b) when different
parts of beam radiate practically independently.

The totally different situation takes place when the
pump spot moves along the electron beam together with
scattered signal: u=c (Fig. 3a). But because electron

velocity v is slightly less than c. the interaction

(scattering) spot slips along beam and the pulse of
scattered radiation formed at initially stage of interaction
propagates through the unmodulated electrons being
effectively amplified (see Fig. 3b). As a result the
scattered radiation represents the single short pulse with
amplitude essentially exceeding the amplitude of spikes in
the SASE regime (compare with Fig. 2b). In the ideal
situation the amplitude of above ‘giant’ pulse growths
proportionally to the interaction distance L (see Fig. 4).

It is important to note that due to short lifetime of
individual electrons in the interaction spot above process
is less sensitive to the spread of beam parameters in
comparison with traditional steady state regime (see
Fig. 5).

10.0 ‘ ‘
max
5.0
L
0.0 T T T T T 1
0 10 20 30

Figure 4. Dependence of pulse peak amplitude on the
shifting distance.
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0.0 1.0 2.0 3.0 4.0

Figure 5: Dependence of radiation peak amplitude on
electron velocity spread A for steady state regime (1) and
‘giant’ pulse regime (2).

CONCLUSION

In conclusion lets make preliminary estimations of
possible experiments on backscattering of 10 p CO, laser
radiation by high current () relativistic electron beam. For
electron energy 3 MeV scattered wavelength ~200 nm
will belong to UV bands. For laser pump pulse with
duration 1 ns the shift of pump spot will be about 30 cm.
For power density of pump wave ~150 GW/cm? and
current density 30 kA/cm® the gain parameter is

C~6.3-10°. As a result for initial perturbation

r=0.001 the maximal power density of scattered
radiation can achieved ~1 GW/cm.
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INFLUENCE OF LINER FLUCTUATIONS ON LOW-AND HIGH-GAIN
CHERENKOV FELS

I. dela Fuente®, PJ.M. van der Slot, K.-J. Boller
Laser Physics and Non-Linear Optics Group, University of Twente
PO Box 217, 7500 AE Enschede, The Netherlands.

Abstract

Imperfectionsin the dielectric liner of a Cherenkov Free-
Electron Laser (CFEL) result in fluctuations in the phase
velocity of aradiation wave when it propagatesthrough the
lined waveguide. Random fluctuations in the phase veloc-
ity reduce the bunching of the electrons and consequently
lower the gain of CFELs. Here we theoretically investi-
gate the influence of these liner-induced phase fluctuations
in the radiation field on the saturated power of low to high
gain CFELSs. To obtain different gain regimes, we keep the
electron beam radius constant and vary the current density.
As an example, we study a 50 GHz CFEL and quantify
the reduction in the single-pass saturated power for differ-
ent rms liner fluctuations when the CFEL is driven by an
electron beam with current densities varying from 1 A/cm?
(average gain of 0.43 dB/cm) to 25 A/cm? (average gain of
1.39 dB/cm).

INTRODUCTION

The increasing number of microwave applications in
both research and industry [1, 2] has increased the in-
terest in tuneable high-power microwave sources. The
Cherenkov Free-Electron Laser (CFEL) isapromising can-
didate as a compact high-power microwave source for var-
ious applications. CFELSs have been operated at 100 kW
peak power level at 1 mm wavelengths, at 200 MW peak
power level a 8 cm wavelengths and at wavelengths as
short as in the far infrared [3]. The simplicity of its con-
struction, the high efficiency and an aff ordable compact de-
sign have made the CFEL attractive for applications where
high microwave frequencies and high powers are needed.
However, simple imperfectionsin either the electron beam
or the lined waveguide section, that are used to generate the
laser gain, can seriously degradethe performanceof the de-
vice [4].

In a CFEL, accelerated electrons are injected through
a wave-guiding structure that slows the phase velocity of
the electromagnetic wave to a sub-luminous value. An ex-
ampleisametallic, cylindrical tube lined with a dielectric
materia, e.g., quartz. By choosing appropriate dimensions
for the waveguide, i.e., the inner diameter for the tube, the
thickness and dielectric constant of the liner, the phase ve-
locity of EM waves can be matched to the velocity of the
injected electron beam for a desired wave frequency [5]. A
transversely magnetic (7'M wave can decelerate or accel-
erate co-propagating electrons. A net deceleration of elec-
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tronsin the pump beam and, correspondingly, anet amplifi-
cation of the wave, occursonly if the electrons are forming
bunches, if these bunches travel with the phase velocity of
the radiation wave, and if the bunches are located within a
certain phase range of the radiation wave (when seen from
the frame of that wave). A fluctuating phase velocity of the
wave in the waveguide would appear as a fluctuating rela-
tive phase of the bunches; it could bring bunches out of the
optimum driving phase, and this would reduce the amplifi-
cation. Likewise, a spread in longitudinal electron veloci-
tiesresultsin a spread in relative phases between wave and
the electrons. This resultsin areduced bunching within the
electron beam and consequently in alower amplification of
the wave[3].

Although the variations in the phase velocity can have
different origins, we will model only one type of imper-
fection, namely, fluctuationsin the inner radius of the liner.
Other types of fluctuations, such asaspatial inhomogeneity
of the liner's dielectric constant, are not treated separately
because we expect widely analogous results. In a previ-
ous study we have shown that in a low current CFEL, a
typical manufacturing tolerance in the inner radius of the
liner of 5 % can reduce the saturated power by a factor
of 2 [4]. In this paper, we investigate the sensitivity of
the CFEL to small random liner imperfectionsfor different
gain regimes. We therefore consider a 50 GHz CFEL with
afixed liner geometry, electron beam energy, and electron
beam radius. The different gain regimes are obtained by
varying the electron beam current density from 1 A/cm? to
25 Alcm?,

In the remainder of this paper wefirst present asummary
of the theoretical model that describes the dynamics of the
CFEL in the presence of radii fluctuations. Next, we will
show the numerical results for a CFEL system operating
in different gain regimes. We end with a discussion and
conclusions.

THEORETICAL MODEL

The theoretical model describing the dynamics of a
CFEL in the presence of small and random fluctuations of
the liner inner radiusis presented in previous work [4] and
here we present a summary.

The standard CFEL dynamical model [3, 6] assumes that
the electromagnetic wave co-propagating with the electron
beam can be described by a superposition of empty (i.e,
without the electron beam) waveguide eigenmodes with
amplitudes that vary slowly with longitudinal distance z.
Using the power orthogonality property of the eigenmodes,
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and applying the slowly varying amplitude and phase ap-
proximation to Maxwell’s equations, the dynamical equa-
tion for the mode amplitudes are derived. The system is
closed by the Newton-L orentz equations, that describe the
motion of the electrons under influence of the electromag-
netic wave.

The effect of a small random fluctuation in the inner ra-
dius r4(z) of the liner that varies slowly along its length
is twofold. First, it varies the phase velocity of the wave.
Second, it modifies, in principle, the transverse mode pro-
file. However, our analysis shows that the liner fluctuations
mainly affect the phase velocity of the wave and that the
transverse mode profile remains approximately unchanged
[4]. In our model, we allow the wave number to vary slowly
along the length of the liner, and write for the longitudinal
component of the electric field £, ,, for mode T'M,,:

E.n(r,z,t)=

aon (2) f;i?z)exp <z /O ’ kn(z’)dz’wt), )

where f,(r) is the transverse mode profile of an empty
lined waveguide [7], a,(z) the slowly varying mode am-
plitude, and the slowly varying longitudinal wave number

kn(Z) is g|Ven by
z d?”d ,
Tdo/(; wdz,

@)
where, for convenience, theinner radius of theliner at z =
0 istaken equal to the mean radiusr 49 and kg, isthe wave
number corresponding to a homogeneous waveguide with
rq = T40- 1heevolution of the normalized field amplitude
ao, (2) = == aon(2) for the T'My,, modesis:

dky,

# ok,
kn(z) = kOn +A a2 dZ/ ~ kOn +

8rd

w,

2 / 2
21— oy Pom g% Pt
kg, 0Oz

2 2
cg AnT5o

a0 . [N e Kn —ia
/ drr [zll(nnr)< g |e ny 4 k—[g(mnr)(e ")
0 z Oon

©)

Here A,, is a normalization constant, w,, is the plasma
frequency, (3 is the electrons velocity normalized to the
speed of light in vacuum, I, and I; are the Bessel func-
tions of second kind, and «,, isthetransverse wave number.
The symbal (.. .) represents an average over dl electrons
within one radiation wavelength. Undefined symbols are
described in [4].

DESCRIPTION OF THE CFEL

This model has been applied to a particular design for
a Cherenkov free-electron laser that can be operated with
both low and high electron beam currents. In this analy-
sis we choose Al, O3 with a dielectric constant of €=9.8 as
the liner material, and keep the geometry constant. Like-
wise, the outer radius of the cylindrically shaped electron
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beam is fixed at r,=5 mm. However, to vary the single-
pass gain and saturated power of this device, we consider
different total beam currents I, ranging from 0.8 A to 20 A.
The remaining geometrical parameters are: an average in-
ner liner radius of r4,=5.5 mm and an average liner thick-
ness of d=0.57 mm. This system requires an el ectron beam
energy of 84.2 keV to operate at 50 GHz. We integrate
the dynamic CFEL equation (eg. 3) up to the point where
the laser saturates. Using a constant inner radius equal to
rqo and aninitial seed power of 10 mW, these electron cur-
rents produce a saturated power Py of about 200 W at a
distance zy of 100 cm and 20.8 kW at a distance of 45 cm
for 1,=0.8 A and 20 A, respectively. The corresponding
average gain is 0.43 dB/cm and 1.39 dB/cm, respectively.

The variation in the inner liner radius is modeled using
a random fluctuation superimposed on the average radius
rdo. A spatial low-pass filter with cut-off distance z. is
used to remove fast fluctuations from the random distribu-
tion. Further, the fluctuations are scaled to obtain a certain
standard deviation o,.; of the distribution. For each par-
ticular realization of a fluctuating liner radius we numer-
icaly calculate the saturated power P,; and the position
Zsqtr & Which this power is obtained. To obtain also sta-
tigtical information on the output as a function of the ex-
perimental parameters, we generate 100 different realiza-
tions of liner fluctuations for each combination of the rms
amplitude o4 and cut-off distance z.. For each combina-
tion we determine the ensemble average P.,; and standard
variation o, and corresponding values for the distance to
saturation zq;.

RESULTS AND DISCUSSION

First, we numerically study the sensitivity of this partic-
ular CFEL to an increasing amplitude of the random fluc-
tuations in the liner inner radius while the spatia filter is
kept constant at z.=10 cm, corresponding to approximately
16 times the free-space wavel ength. The ensemble average
of the saturated power, P,,;, normalized to the saturated
power in absence of fluctuations, Py, is shown in Figs. la
and 1b as afunction of the standard deviation of the fluctu-
ationsin the inner liner radius, o,.4, for the two beam cur-
rentsof 0.8 A and 20 A, respectively. Corresponding values
for the distance to saturation z,; are shownin Fig. 2. Fig.
1 shows that for this particular CFEL and a beam current
of 0.8 A, asmall rmsliner fluctuation of 2.5 um (=0.05 %
of r49) is sufficient to reduce the saturated power by a fac-
tor of 2 on average. The rms liner fluctuation increases to
25 um (=0.5 % of r4g) to obtain a similar reduction when
the CFEL is driven by abeam current of 20 A. At the same
time we observe that the relative spread o,/ Ps,; is much
larger for the 0.8 A beam current compared to the 20 A
beam current. The variation of the distance to saturation
with the rms liner amplitude (see Fig. 2) shows a different
behavior for the two beam currents. For the 0.8 A cur-
rent, the distance increase quickly from 100 cm to close to
150 cm and then remains approximately constant. The ob-
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Figure 1. Normalized saturated power (P,,;/Py) and nor-
malized standard deviation (o, / Psq:) as afunction of the
standard deviation of the liner fluctuations o .4 for acurrent
of 0.8 A (a) and 20 A (b).

served spread in z,: remains approximately constant. On
the other hand, for the 20 A current the distance to satu-
ration increases approximately linearly with o .4, while the
relative spread is slightly reduced.

These findings indicate that this particular CFEL is far
more sensitive to fluctuations in the inner liner radius than
the system studied in our previous study [4]. In that study
we also considered a CFEL operating at 50 GHz. However,
that system used a0.8 A electron beam with a1l mm radius
(25 Alcm? current density) to drive the CFEL. We found
that an rms fluctuation of about 5 % was required to reduce
the saturated power by a factor of 2. For the device of this
work, thisis 0.5 % and 0.05 % for the same current density
and total beam current respectively. To alow the CFEL of
this work to be driven by a higher total current, we have
increased the beam radius. As a conseguence, the trans-
verse dimensions of the CFEL have increased and we have
chosen adifferent liner material. Thisleadsto alarger vari-
ation of k,, with inner liner radius 4 (see eq. 2): 9k, /0rq
is-4.6 106 m~2 for the device in thiswork, while it equals
-0.46 10 m—2 for the device in our previous study. It is
therefore not surprising that the current system is more sen-
sitive to liner imperfections than the system considered in
our previous study.

Second, we have investigated the influence of spatial
distribution of the liner imperfections by varying the cut-
off distance z. of the low pass filter applied to the ran-
domly generated liner fluctuations. The normalized ensem-
ble average P,,./ P, and the normalized spread o,/ Psq+
are shown in Fig. 3 for 1,=0.8 A and 20 A, and the corre-
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Figure 2: Normalized distance to saturation (Z5.:/20) and
normalized standard deviation of zsat (0. /Zs4;) asafunc-
tion of the standard deviation of the liner fluctuations o ,.4
for acurrent of 0.8 A (a) and 20 A (b).

sponding valuesfor z,: are shownin Fig. 4. Thesefigures
show that both the saturated power P;,; and the distanceto
saturation z,,, vary only weakly with increasing z.. if z. is
sufficiently large (z. >> X\ = ¢/f). Note, that the latter
condition is anyhow implicit in the approximationsused in
deriving the dynamical CFEL equation (eg. 3).

Last, we compare the sensitivity of this system to liner
imperfections as a function of the total beam current I, for
afixed 0., =15 ym and afixed cut-off distance z.=10 cm.
Fig. 5a shows the normalized ensemble average P..;/ Py
and spread o,/ Ps,; as afunction of I, and Fig. 5b shows
the corresponding values for z ;. These figures show that
I, must be larger than 30 A to keep the reduction in P,
to less than 15 %. We also observe that the relative spread
0,/ Psat reduces with increasing beam current, while the
spread o, /Z54; Shows a slight increase.

CONCLUSION

We have studied the sengitivity to imperfections in the
liner of a particular CFEL operating at 50 GHz as a func-
tion of total beam current. The system studied in this work
is based on a previously studied system with increased
transverse dimensions and a different liner. The increased
dimensions allow a larger total current to pass through the
lined waveguide and study the system in different gain
regimes. As a consequence, the variation of longitudinal
wave number with inner radius increased by afactor of 10
compared to the system we used in a previous study, that
also operated at 50 GHz. Taking this difference into ac-
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Figure 3: Normalized saturated power (P,q./Fp) and nor-
malized standard deviation (o, /Ps,;) as a function of the
cut-off distance z.. for acurrent of 0.8 A (a) and 20 A (b).
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Figure 4: Normalized distance to saturation (Z54¢/z0) and
normalized standard deviation of z;at (0. /Zsqz) @ afunc-
tion of the cut-off distance z. for acurrent of 0.8 A (a) and
20 A (b).

count, we find that both systems show similar sensitivity to
liner imperfectionswhen the CFEL s are driven by electron
beams having the same current density of 25 A/cm?2. For
the current system we find that a total current of at least
30 A isrequired to keep the reduction in ensembl e average
Pyqt tolessthan ~15 % of Py (for 0,.,4=15 pm). The same
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Figure 5. Normalized saturated power (P,;/Pp) and nor-
malized standard deviation ( o,/ Psq:) (8) and correspond-
ing values for z4,; (b) as afunction of the electron beam
current for 0,4 = 15 pm and z.=10 cm.

rms liner fluctuation reduces P,,; to less than 20 % of P,
for I, <5 A. A high gain also reduces the relative spread
in Py, for an ensemble of similar imperfections, while at
the same time the relative spread in z 5, increases slightly.
These findings show that systems with high gain are less
sensitive to liner imperfections compared to systems with
low gain. However, the actual alowable rms fluctuation
depends both on the gain and on the particular geometry of
the lined waveguide of the Cherenkov FEL.
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THEORY OF RADIATION OF ELECTRONSIN THE FIELD OF A LINEAR
POLARIZED STATIONARY ELECTROMAGNETIC WAVE

Drebot I.V., Grigoryev Y.N., Zelinsky A.Y ., NSC KPTI, Kharkov, Ukraine

Abstract

In the paper the results of exact integration of Lorentz
equation for a free electron in the field of a linear
polarized standing electro-magnetic wave are presented.
Standing wave is considered as a sum of two running in
opposite directions linear polarized waves. Projections of
equations on coordinate axes can be integrated once. It
allows us to reduce the task to solution of nonlinear
equation of the second order for electron coordinate. The
axis of projection coincides with a wave line. For
approximate integration of the second order equation the
expansion on two small parameters are used. Velocity and
coordinate of electron in parametric form are presented in
the paper. It is shown that under interaction of a
relativistic electron with stationary wave there is a
motion, which has of beating character. The amplitude
and period of the beating were cal culated.

INTRODUCTION

The theory of the electron interaction with a standing
light wave originates in description of the Kapiza-Dirac
effect [1]. The physical sense of the effect is stipulated
radiation of electrons in the field of a stationary wave.
After that sufficiently large amount of papers were
devoted to the theoretical investigations of electron
radiation in the field of alight wave.

The interest to the subject has been revived lately due
to huge progress in intense laser technique. The latest
works use both quantum and classical electrodynamics
approach.

The man difficulty in using of classica
electrodynamics approach is determination of solution of
equations of electron motions in the form which will be
convenient for analytical calculations of the radiation
spectrum and for estimations of the electron velocity and
coordinate evolutions. For example, in basic works [2,3]
the solving of motion equations is reduced to the solving
of the equation system of the two first order equations.
But in this case one can find only approximate solution
and the solution can be formulate as a function of intrinsic
time of the electron. Such approach makes calculations of
the radiation spectrum and other characteristics quite
difficult. In the paper [4] an electron trajectory in the field
of a standing linear polarized electromagnetic wave was
reduced to the solving of nonlinear differential equation
system with time dependent coefficients. After
linearization of the system the Hill equations has to be
solved.

In the presented paper, the approximate solutions of the
Lorenz equation for an electron in the field of linear
polarized standing wave are presented. The standing wave
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is considered as a sum of two running in opposite
directions waves with the same polarizations.

Two projections of the Lorenz equation can be
integrated once [4]. It alows to reduce the task to the
solving of a second order nonlinear equation. For the
approximate solution the expanding on two small
parameters was used.

In the work the expressions for velocity and coordinates
of an electron were derived in a form of parametrical
functions of time. Using [5] and with the help of derived
formulas one can calculate radiation spectrum of an
electron in the field of standing linear polarized
€lectromagnetic wave.

As one can see from the derived solutions, the electron
motion in the standing wave has beating character and can
lead to electron grouping in the propagation direction.
The period and amplitude of the beatings were calculated.

MOTION EQUATIONS

An electron motion in the field of standing wave can be
described with Lorenz equation:

d_mev _ CE+§[VH], )

)
where, f=v/c, mythe rest mass of the electron, c is the

velocity of light, e is the electron charge, v =Z—: is the

vector of an electron velocity, © =ix+ jy+kz, tistime,

E,H arevectorselectrica and magnetic field.

We will consider the standing wave as a sum of two
linear polarized running in opposite direction waves..

E-E+&; B=kE, B=kB,

5=0 §,=05,=0 §,=0 @
H=H, +H, H =[i;E] =By

|:|2 =[; E1.] =By ?)
Hy, =Q Hiy =Q H,, =Q Hoy =Q

E, = KEq, co{Zm/l(t —%} + 51};
o " @
Cc

Substituting (4) in (2) and (3) one can get:
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E= k{E01 cos{Z;rvl(t —%) + 51} + d—f =¢e(VE), a7
(5)  one can derive the second order equation for electron
+Egp, CO{Z/[VZ('[ +§j+§2D; coordinate X .
¢ By ek v
2= 2 2 ((1_ ﬂx)
H= —T[EOl co{Zm/l(t —§j+ 61} -~ 1-4, mcd+y + A7)
(6) Cos{wal[t - 5] + 51} -
—Ep co{Zm/z(t +§j+ (SZD; c (18)
—1-B, )Co{Zm/l(t - 5] + 51} -
Using expression: mc/(l—ﬁz)y2 =¢ (where &-is ¢
electron energy), and expressions (5),(6) we project _ @+ B,)Cod 27v [t " ﬁj g
equation (1) on coordinate axes: X 2 2
< dt f,b’z e(l By EOl cos{Zm/l t——]+51} where 3, = ﬁx Ed x'
(7) C dt®
Integrating (18) we derive:
+ e(1+ By E02 005{2751/2 t+ E] + 52} 144, 2eE0
I3 j - B)Codlp |-
T 0 P (l+v1 +A) 19)
at *Pv)= -+ B )Cos<p+ o+,
1+ IB X (tO )
- = _X _ C,=In——M—.
s G- eﬁZ[E"l °°{2’”1(‘ cj“sl} P I A )
« © For standing wave we can set:
~Eor CO{Z’W 2 ” —] * 52D EqEorEos 67670 vevsy.
where 1% EE 1 dy Than ¢_ 27Z'V('[——j o, = 27rv(t+5j.
P = P c dt Py = c dt c
Equations (7 8) can be integrated once. As a results the Asit follows from (19):
following expressions can be derived: 1+4, 145, (to) 00 (20)
BoIN1-p% =y (10) 1-By  1-f4(to)
B, 1157 = A an ‘"
o) =250 [Y___{a-p,)codp |- @+ B, )Coslp, ot
where ¥ = PF + &, (12) moc . (L+y? + A%) " ) ” i
F :(Sr{ml(t—X]+§l}+9r{2ﬁvz(t+xj+52D—
c c 13) APPROXIMATE SOLUTION
[S{m{to_ x(to)j+ 51} S{mz - x(to)] D Assuming P<<1, &, <<, ®(t) <<1 and
C
20 _1_ g+ 020
EEo ,52 =7(t0)ﬁz(t0); ¢ m+ 2
= W A= V(to),By (to) one can get fronil (20):
to isinitial time: EOZEO _E'O By (1) = By (to) +E(1_ Bx (to)@(t) (21)
, 02 -
With use of two integrals (10) and (11) one can  P(t)=P°®y+P{,0,+P%,®, (22)
express, 3;, 8y ,¢ through By ./, A where
B2 =y 21— B2+ P + A2) (1g) P1=T E3)(Cosi2p |- Cosf2p, ) - ASinle (1)
z X
ﬂ)% = A2 (1- ﬁXZ) I(1+y 2, A2) (15) + Sn[%(to)])(sn[(ﬂf]— Sin[ +]) (23)

§=my* Ly + A2 I(1- B

1
s 32 (Cosf2¢_(tp)] - Cos[2g, (t;) ]}
Substituting (14-16) to (9) and using expression:
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@, ~ 2 2{(Sinfp_]- Snlp, ) - L1 J{ sng._ sng,
+ 24 = (- BX )T
—(Snfp_@ty)]+ Sinle, (o))} (24) ° 21v || - By (o)) @+ Ao | (33)
o + LA, COS[ZﬂVtO]}
@4 =2(27v)T _[Sn 471'1/ dt— 1- B (to)
o (25) As it is followed from expressions (2-3), at ,BX =1
! ) running in the initial propagation direction wave exits
B J Ax(®) Sn[4m/t]dt} electron oscillations with larger amplitude than the wave
o running in opposite direction.
and T2 =1+ 7° (to)(8° (to) - % (to)).. Twolast itemsin (32):
The approximate solution of (21) we will find in the 1 o 1 1 1 )
form: P ( ) (1 ﬂx (tO)) 2 T 5 L2 Sn[Zﬂ-Vﬂxt_znO]-i-
X 2rv 2 :Bx (tO)
== B, (tg)(t—t) + " (0% + apXs) (26)
o Pl 0 1 00X+ 0rXs +%ﬁx(to)5in[27rvt]}
By = By(to) + a1 (1% + 02%;) (26)

dx, . . dx, . ] ) . , .
= e T oy <<L o, <<, At B, =1 an electron motion, which has beating
Substituting  (26,27) to (21) one can get Ccharacter [7] with period T:

m=% o =P, a,=¢&,; S R (34)
1 21v (1= B, (1))
_~§(l B )@y~ ) (28) The Ay, maximum and A, minimum beating

X, :%(1_16300))(1)2 (29) amplitude can be described with folslowmg expressions

, PN ) Nl 2 (t,)]) (35)
:Bx = ﬁx(to) +P Xl + szxz ; " 8mT? ,sz(to)
3
X 2 61— f2(tg)) I+ | 0)])
==, (ty)(t —ty) + P x + P&, x _ PPe(l- B (%) x (to 36
c x o 0 1 z%2 (30) A e 00 (36)

Expressions for Cf)l, 5)2 one can produce from the
corresponding expressions for ®,, @, by substitution of
o_,p., to x=cf(ty)(t—-ty), and  change
P00, P, .

Substituting expressions for ﬂx and X from (30) to
(14) and keeping items of the second order on P and £,

one can derive approximate expression for ,BZ

T _ /
7 =2 B, (to) + 7o) e =T Aol (PR +£,) + 0P
@, = 2mv((1+ B (to)) —11o) Fo = Sn[2zv(L= B, ()t + 7o)+

where 77, = 27vf, (to)to

d +Cos|27v(1- B, (to))t — 175 |+ 2Sin[274, |
®, And after approximate integration (25) is equal to:

In the same way, substituting expressions for ﬂx and
q~)3 :1——2{ 1 j(l—Cos[Zm/,Bx (t)t—2770]) + X from (30) to (15) and keeping items of the second

By (to) (31)  order on P and £, we can produce approximate
+ B, (to)[Cos[2mt] - Cos[2zut, [I}

Integrating (28) and (29) one can get for X;, X,

expression for /3, :

A Bx(to)
O {[—1]{ Sn2p.___Sin2g, } ﬂy:F(l_ﬂxz(t‘)»u{l_ T B2 (()t )L
e A-B,()  @+A,(t) ) ) f* 0 (38)
t P P
Cos2p_ _ Cos2p, | _ R R N S ZFz}rop3
+4Sin[27zvt0]{(l_ﬂx(to)) (1+,Bx(t0))} ESin[47rvt0] (32) 1— :Bx(to) or2 0 2 0

Integrating (37) and (38) we derive dependence

—ﬂx(to)COS[“’Wto]}Z”V(t—to)—ﬁxSO)5‘”[47”"0] coordinates Z and Y ontime t

1
+ —_—
{ﬂx (tO)
1
24 (to)

Sn[2mB, (0t - 20 )+ %ﬂx(to)Sn[zm}
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R
Cosf2mv(1- f,(to))t +71o] , Cos2mv(d- B, (to))t - no]} , 9
a-B,to) @+ By(t)

. P 2Cos2mit,]

2 (- A2(t0) + (& +2Sn2mn Dt —to)} + Z(to)

/Bx (tO)
1- B (to)

B(to) p2t 5 P& t )
—PE, 0Ly [RPdt——22 [Fdt [+ y,(t
¢ 1—ﬂf(to) 2 or2 t{ 0 T2 t;[ 0 Yo(to)

y= Ig(l—ﬂf(to))llz{(t—to)— p? X -

(40)

CONCLUSION

The expressions derived above, describe the electron
motion in the field of standing linear polarized light wave
and allows to calculate spectrum of electron radiation
with use of methods described in [5,6].

Today, it is supposed to use interaction of relativistic
electron with intense laser beams accumulated in an
optical cavity for generation of shirt wave radiation. The
transversal sizes of the beams in the interaction point are
equal of about several tens of micrometers. For this
reason, the evaluation of transversal sizes of the electron
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beam during interaction is very actual task. It necessary to
note, that the largest increasing of the electron beam
transversal size is produced with the wave running in the
direction of electron beam propagation and not the wave
which generates the shirt wave radiation.
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TRANSVERSE COHERENCE PROPERTIES OF
THE LCLS X-RAY BEAM*

S. Reiche’, UCLA, Los Angeles, CA 90095, USA.

Abstract

Self-amplifying spontaneous radiation free-electron
lasers, such as the LCLS or the European X-FEL, rely on
the incoherent, spontaneous radiation as the seed for the
amplifying process. Though this method overcomes the
need for an external seed source one drawback is the in-
coherence of the effective seed signal. The FEL process
alows for a natural growth of the coherence because the
radiation phase information is spread out within the bunch
due to slippage and diffraction of the radiation field. How-
ever, at short wavelengths this spreading is not sufficient to
achieve complete coherence. In this presentation we report
on the results of numerical simulations of the LCLS X-ray
FEL. From the obtained radiation field distribution the co-
herence properties are extracted to help to characterize the
FEL asalight source.

INTRODUCTION

Self-Amplified Spontaneous Emission Free-Electron
Lasers (SASE FEL) [1] alow to overcome the restriction
in wavelength imposed by existing seeding sources and to
explore new wavelength regimes. A particular interestisin
the ,&ngstrom wavelength regime which opens entire new
classes of experiments such the 3D imaging of individual
molecules or the analysis of chemical reaction on the fem-
tosecond scale. Supported by the successful demonstration
of SASE FELs at wavelength down to 14 nm [2], several
X-ray FELSs are currently under construction such as the
Linac Coherent Light Source (LCLS) [3] or the European
X-FEL [4].

The drawback of any SASE FEL isthat it uses the spon-
taneous undulator radiation as its seed signal, which isin-
trinsically broadband and incoherent. Though the FEL pro-
cessincreases the longitudinal and transverse coherence by
slippage and diffraction over the length of the undulator it
never reaches the coherence level of a seeded FEL ampli-
fier. In particular at short wavel ength diffraction —the main
method to the build-up transverse coherence —isineffective
and under certain circumstances the FEL can reach satura-
tion before obtaining transverse coherence [5].

For the design of the optical transport line and diagnos-
tic as well as proposed experiments it is of importance to
characterize the radiation properties of the SASE FEL as
alight source in advance. For that simulations were con-

*Work supported by the U.S. Department of Energy contract DE-
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Table 1: LCLS Design Parameters

Beam Energy 13.4 GeV
Beam Current 3.4kV
Undulator Period 3cm
Undulator Parameter 35
Undulator Length 130 m
Radiation Wavelength |  15A

ducted and the results are presented here. The work was
donein context of the LCLS (Tab.1 list the main parameters
of LCLS). The main radiation properties have been pre-
sented elsewhere [6] and this presentation focusses solely
on the fluctuation in the spot size at the detector locations
(expressed by divergence and effective source location of
the FEL beam) and the degree of coherence of the FEL sig-
nal.

RADIATION SIZE AND DIVERGENCE

Because a SASE FEL has no well-defined input to be
amplified, the output is of stochastic nature and varies from
shot to shot. For the purpose of designing the X-ray beam-
line the evolution of the FEL pulse along the optical beam
lineis of importance to know. In particular the divergence
and beam size determine the design of apertures and target
sizes.

The easiest quantities to extract from the results of FEL
simulations are the rms sizes of the radiation pulse in the
near and far field. To these values the envel ope equation of
afundamental Gauss-Hermite mode [7]

w(z) = woy 1+ (ZZO)Q (1)

Zr

ismatched. Although Eq. 1 hasthree unknown parameter —
the waist size wy, thewaist position z, and Rayleigh length
z —the systemisfully deterministic because wy and z,. are
related to each other by the radiation wavelength, which is
afixed parameter for our calculation.

Higher mode content obscures the results because the
mode number becomes an additional unknown parameter.
Dueto the similarity of the Gauss-Hermite modesto the so-
[ution of the two-dimensional harmonic oscillator in quan-
tum mechanics [8] and the fact that the calculation of the
rms size is equivalent to the energy eigenvalue of the har-
monic oscillator the waist size wq has to be corrected to
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wop — wo(1+n+m), wheren and m arethe mode numbers
of the Gauss-Hermite mode. In the far field zone (2 < z)
it can be also viewed as areduction in the Rayleigh length
zr — zp /(1 4+ n + m) for agiven and fixed waist size wy.

The motivation for thiswork is to estimate the radiation
size of the FEL pulse at any detector position in the far
field zone. With that assumption we treat the entire higher-
mode content as a single fundamental mode, defined by its
Rayleigh length and waist position. Thiswill yield wrong
results at the source position by a mismatch in the actually
waist size and the assumed one, however that information
isirrelevant for the design process of the X-ray beam beam-
line and diagnostics.

50F T T T T T T
40F 3

30F 3

z [m]

20f 3

80 Evaluation Point

Source Point ]

0 20 40 60 80 100 120
z[m]

Figure 1: Effective Rayleigh length and waist position (top
and bottom plot, respectively) along the undulator for an
FEL amplifier.

Astheinitial step we analyze z,. and z, for the case of
a seeded FEL with LCLS like parameters. The results are
shown in Fig.1. The FEL is seeded with a radiation field
(2 = 50 m) larger than the electron beam size but after
afew gain length the FEL-eigenmode is dominating. Be-
cause the mode size becomes smaller the Rayleigh length
is reduced to about 20 m. In the lethargy regime of the
FEL the radiation field remains almost unaffected and fol-
lowsfree-space diffraction asis seen by the amost constant
waist position over the first 10 m. The FEL eigenmode has
anintrinsic phase front curvature enhancing the diffraction
and putting the source point behind the point where the
field distribution is evaluated. At saturation gain-guiding
vanishes and the phase front curvature straightens out as
indicated by the growth in the Rayleigh length and a semi-
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constant waist position. However in deep saturation elec-
trons gain some energy back while the radiation field has
spread out by diffraction. This causes a disruption in the
phase front at the electron location, coupling higher mode
to the field distribution. As a result the diffraction is en-
hanced and the Rayleigh |ength becomes shorter.

SASE Simulations, using the LCLS design parameters,
yield a radiation pulse with about 200 spikes at the undu-
lator exit. Each spike is analyzed and the effective source
position and Rayleigh length are extracted. To avoid that
the analysisis obscured by the incoherent part of the radia-
tion pulse (namely the area between spikes) only spikes are
considered which have a peak power of at least 20 % of the
maximum power in the pulse. Also we assume that over a
single spike the phase fronts are very similar and thus can
be treated as a single sample point.

Asit can be expected from the intrinsic stochastic nature
of the SASE FEL processthereis fluctuation in both waist
position and Rayleigh length. The distributions are shown
in Fig. 2. The effective waist position is in average 38 m
within the undulator from the undulator exit and has arms
fluctuation of 4.8 m. The average Rayleight length of 32 m
isactually larger than the steady-state case. The rmsvaria-
tionis4 m. The reason for alonger Rayleigh length is the
deep saturation behavior of an SASE FEL, where the radi-
ation further gains power in this super-radiant regime. The
phase fronts are not as disrupted as in the seeded FEL case
(see above). No significant correlation between Rayleight
length and waist position has been observed.

Start-end simulations yield a different electron distribu-
tion than specified in the design case. Most notable is that
only the electron bunch as a whole is aligned and match
to the undulator axis while each slice has a certain degree
of mismatch and misalignment. In addition wakefields are
included which alter the energy of the electron along the
undulator and thus disrupt the FEL process. While the
statistic of the waist position remains almost unchanged
(< 2o >= 37 m with an rms fluctuation of 5.7 m) the
Rayleigh length is significantly shorter with 7.8 m and a
rms variation of 2 m. Though some asymmetry in the
electron distribution and the mismatch of the beta-function
yield a coupling of higher modes to the emission the main
reason is the centroid motion of the electron slices. In the
saturation regime most electron slices undergo a turning
point of their betatron oscillation. The strong focusing lat-
tice provides a rather sawtooth-like trgjectory, typical for
any aternating-gradient focusing system, and the electron
beam slice emits predominantly in two directions. Instead
of once central distribution in the far field there are two
overlapping distributions, left and right of the axis. The
resulting distribution is significantly broader than for the
aligned case, which is reflected by the shorter Rayleigh
length in the statistic.
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Figure 2: Histogram of Rayleigh length and waist position
(top and bottom plot, respectively) for an SASE FEL pulse,
evaluated at the undulator exit.

COHERENCE

In the previous section we expressed the quality of the
SASE FEL radiation pulse by the fluctuation in the di-
vergence and effected source position for all longitudinal
modes (spikes in the radiation power profile). With the ex-
tracted Rayleigh length the size of a corresponding funda-
mental Gauss-Hermite can be calculated and be compared
to the radiation size of the FEL mode as an indication for
the higher mode content. However higher modes are not
necessarily an indication for poor transverse coherence. In
the case that the phase relation between all modes remains
constant from shot to shot corresponds actually to a fully
transverse coherent pulse.

Coherence is a statistical property of a radiation source
and refers to how much you can extrapolate the radiation
phase information in time and space for any given mea
surement. Mathematically it is expressed by the mutual
coherence function [9]:

T1o(r) = <E(F1,t)E(F2,t+T)> ©

While the temporal coherence function is easy to de-
fine (I'11(7)) any experiment which relies on spatial co-
herence (e.g. diffraction on a grating) will always include
sometemporal information due to the difference in the path
length to the detector. For sake of simplicity we assume
that the signal E(7, ¢) is quasi-monochromatic so that the
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time delay due to the path length difference from +; and 7
falls within the temporal coherence of the signal and thus
the time dependence in the mutual coherence function can
be neglected. The mutual coherence function becomesthen
the mutual intensity Jio = I'12(0). In analogy to the tem-
poral coherence function, the mutual intensity function is
normalized as
_ Jio
e VJ11J22

to yield values between zero and one. It is referred to also
as the complex coherence factor. A zero value refers to
no correlation in phase between the observed field at the
two postions #; and 7> while a value of one means that the
phase remains constant over time.

The complex coherence factor compares two fixed points
in the transverse plane. If we alow both points to be free
parameter 111, would yield afour dimensional distribution.
For sake of simplicity we restrict one point to be on the
undulator axis. In analogy to the temporal coherence time
[10] the coherence areais defined as

3

A, = / Jnad A @

and reflects the size of ausable target areafor experiments,
relying on coherence, without the need to enforce coher-
ence (e.g. with a pin hole). The optimum case would be
when the coherence areais much larger than the actual spot
size. Note that for a fully coherent signal the coherence
areaisinfinite.

il W
e
",w‘;“.!“‘\ll“\\\

i

fii
/4'»/.'»",,,.»

Figure 3: Complex coherence factor for LCLS design case
at the undulator exit.

The entire field information of a time-dependent sim-
ulation for the LCLS design case was saved and used to
evaluate the mutual intensity function and complex coher-
ence factor. The resulting distribution for 15 is shown in
Fig. 3. The coherence area, as defined in Eqg. 4, is 0.071
mm?, abouit five times larger than the spot size £. Thisin-
dicates sufficient transverse coherence over the entire spot-
size and that the FEL pulse can be used for diffraction ex-
periments without the requirement to enhance coherence
by a pin hole aperture. The growth in the transverse co-
herence can be seen in Fig. 4 which is a monotonically in-
creasing function along the undulator. On the other hand
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the radiation diffracts faster than the build up in the coher-
ence areawithin the first tens of meter. However, at around
70 m gain guiding is dominant and the spotsize remains
constant till saturation where the spot grows again due to
diffraction. At around 60 m, the coherence area becomes
larger than the spot size though it does not necessarily indi-
cate good transverse coherence. For that the ratio between
A, and 3 must be much larger than one.

0.08 T T T T T T
0.06 - -

0.04 -

A,Z [mm?]

0.02 .

* *

0.00 L L L L L L
0 20 40 60 80 100 120 140
z[m]

Figure 4: Evolution of the coherence area A, and spotsize
¥ (triangle and diamond shape, respectively) along the un-
dulator.

For LCLS the FEL pulse has to propagate at least 115
m till it reaches thefirst user station. The coherence areais
further increase and in the case of the LCL S design casethe
value becomes 0.32 mm? while the spot sizeis 0.044 mm?.
The reason is that noise consists typically of higher modes
which diffracts stronger than the FEL pulse itself, clearing
up the signal at the detector location. This becomes more
apparent in the case of the start-end simulation where the
electron beam dlices are not aligned and matched to the
focusing lattice (see previous section). The complex coher-
ence factor is shown in Fig. 5 and the resulting coherence
area is 0.27 mm? while the spotsize is 0.057 mm?. The
ratio indicates that the coherenceis still sufficient.

"
R
3 o

Figure 5: Complex coherencefactor for LCLSfor the start-
end simulation, evaluated 115 m downstream of the undu-
lator exit.
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CONCLUSION

Simulations have been conducted to study the radiation
properties of the LCLS pulse, namely the variation in the
beam size at the detector location and the degree of co-
herence. A fundamental Gauss-Hermite has been matched
to each spike in the radiation profile to describe the diver-
gence by an effective Rayleigh length and source position.
The average source position is about 35 m within the un-
dulator before the undulator exit and fluctuate by about 5
m. The Rayleigh length depends strongly on the underly-
ing model of the simulation and shows significantly smaller
values for start-end simulation. It is caused by centroid
misalignment of the individual electron slice of the LCLS
electron bunch. The build-up of transverse coherence dur-
ing the FEL amplification process is sufficient to spread
throughout the entire bunch. For the LCLS case The effec-
tive coherence area, within which the field amplitude and
phase have a significant correlation to each other, is about
5 times larger than the spot size when evaluated at the first
experimental location 115 m downstream the undulator.
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AN ANALY SIS OF SHOT NOISE PROPAGATION AND AMPLIFICATION
IN HARMONIC CASCADE FELs

Zhirong Huang*
Stanford Linear Accelerator Center, Stanford, CA 94309, USA.

Abstract

The harmonic generation process in a harmonic cascade
(HC) FEL is subject to noise degradation which is propor-
tional to the square of the total harmonic order [1]. In
this paper, we study the shot noise evolution in the first-
stage modul ator and radiator of aHC FEL that producesthe
dominant noise contributions. We derive the effectiveinput
noise for amodulator operating in thelow-gain regime, and
analyze the radiator noise for a density-modulated beam.
The significance of these noise sources in different har-
monic cascade designsis also discussed.

INTRODUCTION

Harmonic cascade (HC) FEL s are envisioned to generate
fully coherent x-ray pulses[2] and are currently under ac-
tive development for several VUV and soft x-ray projects
(see, eg., Refs. [3, 4]). It was pointed out in Ref. [1] that
electron shot noise can be amplified by at least the square
of the total harmonic order in this process, much like afre-
quency multiplication chain in radar communications [5].
Thus, it isimportant to understand the shot noise contribu-
tionsin the harmonic generation process which may be the
limiting factors in determining the temporal coherence or
the final wavelength reach of these seeded FELSs.

In a self-amplified spontaneous emission (SASE) FEL,
the one-dimensional (1D) shot noise power spectrum is
pymc?/(27) [6], where p is the FEL Pierce parame-
ter [7] and ymc? is the electron energy. The shot noise
power spectrum can be identified to be about the forward-
direction spontaneous undulator radiation in the first two
power gain lengths [8]. The three-dimensional (3D) cor-
rection to this simple 1D result including effects of energy
spread and emittance is given in Refs. [9, 10]. If the first
undulator of a HC FEL operates in the high-gain regime
(i.e., much longer than the gain length), the SASE noise
power (integrated over the gain bandwidth) may be used
to estimate its noise contribution to a HC FEL. However,
due to the availability of high-power seed laser, the typ-
ical design of the first undulator of a HC FEL is a short
(energy) modulator that operates in the low-gain (or even
no-gain) regime [3, 4, 11]. Thus, the shot noise content of
this modulator can be different from a high-gain undulator.
After the dispersion section, the density-modulated elec-
tron beam entering the radiator generates additional shot
noise. In this paper, we analyze the shot noise evolution
in the first-stage modulator and radiator of a HC FEL that
produces the dominant noise contributions. We also dis-

* zrh@sdlac.stanford.edu
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cuss the significance of these noise sourcesin different har-
monic cascade designs.

ANALYSIS

To illustrate this noise degradation process, we consider
aseed signal at thefundamental wavelength \; = 27 /k; =
27wy

By = (Eo+AE)e? 2% ~ (By+AE)e (14iA6) . (1)

Here Ey and 8 = —w;t are the amplitude and the phase
of the signal, AF and A6 represent any small amplitude
and phase noises (such as caused by the electron shot noise
and/or any noise carried by the seed laser). After atotal of
Ny, = hihs... frequency multiplication, the electric field at
the output harmonicis

En, =G(Ey + AE) exp (iN}LH + iN;LAO)
~G(Fy + AE)eN? (1 +iN,Af) | %)

where we have assumed that N, Af < 1 (otherwise the
effect is rather large), and G is an arbitrary function of the
field amplitude (such as the Bessel function bunching fac-
tor). Thus, the noise-to-signal ratio at the final harmonic
radiationis[1, 5]

P, o a(Pa
(E)N,LN’I (E)l' S

Ny, can be a very large number (a few hundred to a few
thousand when harmonic cascading a UV laser to an x-ray
FEL). (P,); istheinitial noise power which includes both
the intrinsic laser noise and the electron shot noise. Sup-
pose that the seed laser noise is controlled to a tolerable
level, the shot noise fluctuations of the electron beam pro-
vide the essential contributions, which will be studied here.

We focus our analysis on the first-stage of a harmonic
cascade that includes a modulator, a dispersion section and
a radiator (tuned to the h** harmonic of the seed wave-
length) as shown in Fig. 1. Thisfirst stage has the largest
total harmonic conversion factor and hence produces the
dominate noise sources. The initial longitudina phase
space distribution functionis

2590—9

wherefy = —ckitg deﬂ:nb&theelectron phaserelativeto
the EM wave (i.e., input laser field), o describe theinitial
relative energy deviation, and x = N./I; is the line den-
sity of the electron bunch with N, electrons and [, bunch

F(6o,m0) (no—m5), (4
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seed
laser

electrons 7%

dp=hq/h

Figure 1: Schematic of thefirst-stage HC FEL.

length. The normalization in Eq. (4) is chosen so that the
ensembl e average

([ P m)dm) =1 ®

for a constant current profile.

Intypical HC FEL designs[3, 4, 11], the first undulator
is relatively short and is mainly an energy modulator, then
we have

m =no + nssinbo +nn (o) , (6)

where 7, is the energy modulation amplitude induced by
the seed laser field, and 7,, is the energy modulation in-
duced by the noisy spontaneous undulator radiation.

A dispersion section immediately after the modulator
can convert the beam energy modulation into a density
modulation. This is accompanied by a magnetic chicane
that changes the phase of the electron according to its en-
ergy deviation:

01 =600+ kiRsem =60+ Dny . (7)

Here Rsg is the net momentum compaction of the chi-
cane together with the first undulator (modulator), and
D = kiRss. The harmonic bunching near the h*" har-
monic (when v ~ h) can befound as

b, _/ﬂd
/d90
k1l

Here we have assumed the laser pulse length is at least
as long as the electron bunch length. If the laser pulse
only overlaps a fraction of the electron bunch, [, should
be taken to be the laser pulse length instead of the elec-
tron pulse length, then N, represents number of electrons
within /. Let us also assume that the modulated part of the
electron bunch is long compared to the laser wavelength
(i.e., k1l > 1), and that the electron energy distribution
is Gaussian with a slice rms energy spread o,,, we expand
Eqg. (8) in Bessel seriesof 1 and to thefirst-order inn,, (as

e O F(01,m)

o [00+D(no+ns sin 00+nn)]F(90 770) )

©)
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|hDn,| < 1) to obtain
b :/%/dﬂo i Jy(—hDn )ei(p—V)Goe—iano
v kllb e P s
X(l — ithn)F((gQ,??o>

[eS) 1 Ne
_ _ - i(p—v)0; ,—ivDnj;
= Z Jp( hDT]S) [Na Z;e P e n,
(90)] )

p=—00 J
22,2
h"D UU /d90 i(p— V)@O
2 kily
©)

where we have applied the smooth distribution function in
the second term of the bracket as 7),, is treated as a small
perturbation.

When v = p = h, thefirst term in the bracket produces
the desired harmonic bunching signal as

—ihD exp (

N,
Jn(=hDns) —ihDn;
by =——————~ e m;
h ¥ >
h2D202
3 .

When v # h, thefirst term produces the noise bunching in
the radiator as the ensemble average

=1

=Jn(=hDns) exp (— (10)

1

(10p%) = — N, (12)

1
2

Z J2(~hDn,) = N
p=—00
Thus, the modulated bunch generates the same amount of
the shot noise bunching in the radiator as a fresh electron
bunch.

The second term in the bracket of EQ. (9) is the noise

bunching originated from the modulator. As 7, isnearly a
sinusoidal function of 8, it can be written as

_ 7h2D2a§ . B n
b, =exp 5 ihDJp41(—hDns)n, (Av)

- ihDJh—l(_ths)n; (Ay) ) (12)
where Av = v — hand
do
me(aw) = [ et ahy, @) @y
kllb

is the Fourier component of n,, near the first undulator
(modulator) resonant frequency ck .

If z = hDny < 1, we can expand Jp, (z) ~ (z/2)"/h);
If the dispersion strength is optimized to yield the maxi-
mum |by| @& hDns ~ hor D ~ 1/n,, then J, ~ Jpy1 ~
0.3. In either case, we can approximate the bunching ratio
as

m 2
by

+ 2
2l (Av)|
~ 4h - (14)

S
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The power spectrum dP/dw in the radiator is proportional
to |b|2. Integrating over their respective bandwidthsin the
radiator, we obtain the modulator noise-to-signal power ra-
tioas

by Aw ([ (Av)[?)
n —4 2 n n 1
(7)== @

where Aws = 2mc/l, is the Fourier transform limited
bandwidth for the signal, and Aw,"* is the bandwidth of
the modulator noise. For simplicity, we assume that the
full modulator bandwidth is much smaller than the full ra-
diator bandwidth centered around a much higher frequency
(i.e, Awy = Avpw < Aw, = Av.wy), then we have
AW = Aw,, = Av,w; Without convoluting the band-
widths of the modulator and the radiator.

The laser-induced energy modulation amplitude can be
estimated as

L2, P

2 2 2
=K —=
Ns 1[‘]J] 740_% PO )

(16)

where Py = Iamc?/e ~ 8.7 GW. Using the one-
dimensional FEL theory, we find that the Fourier compo-
nent of the shot-noise-induced energy modulation is

1T (aaK N,

1 Ne
y Z RICIEINALY
N, 4 ’
]:1

wherev = tAvN,,; isthe scaled detune in the first undu-
lator with V,,; period, and

{ei’j sinz(z?)/ﬂ - 1}

my (Av)

(17)

fw) = (18)

describes the energy modul ation bandwidth due to the shot
noise with a relative bandwidth given by Av,,, = 1/Ny;
for N,; > 1. Inserting Eq. (16) and (17) into Eq. (15), we
obtain finally

(P;f) :hQAulNulreai K2[39? (mc?/e) I
h

Pm
=h? (—) . 19
7). (19)
Thus, the effective modul ator noiseis
)\uNu . 2 KZ JJ2 2
pp = AelVurery, KRWP me?, o)
8o 1+ K7/2 e

For efficient laser-beam interaction in the modula
tor, the laser spot size is usualy chosen to be o, =
A1 A1 Ny /87 (i.e, the Rayleigh length is one half the
undulator length with the laser waist located at the mid-
dle of the undulator). When the electron beam matches the
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laser spot (i.e., 0, =~ o), we have

At Nuire KZIJ? mc?

P" = —1T 21
" 802 1+K%/2 e @D
2
Tre MC
~ — 22
N e (22)

Equation (21) can be shown to be the spontaneous undula-
tor radiation in the forward direction (within a solid angle
A2 /(270?) and a full bandwidth w; /N,;). Equation (22)
holds for K2 >> 1 and can be used for a quick estimation
of modulator noise power. If the modulator length is much
shorter than two power gain lengths, then the modulator
noise power is much smaller than the usual SASE noise
power as discussed in the introduction.

Asshownin Eq. (11), the density-modulated beam gen-
erates the same shot noise bunching. The additional radia-
tor noise-to-signal ratio can be estimated as

(PZ{> Awy (b} 1%) Awy /Ne

Ps ), Awgbj, Awg J2(hDng)e P25
(23)

where Aw; = Aw, = Av,wy, isthe noise bandwidth in

the radiator. If the radiator is also alow-gain device, then

Av, =~ 1/N,o. If the radiator is a high-gain device, then

Av, =~ 2p. In either case we can write

(P,;’) C1/Ne 1/N,e
P/, bi Jﬁ(ths)eflﬁDg"% '

(24)

where N;. = N.l./l, is the number of electrons within
the radiator coherence length i, = \,/(Av,). Note that
the radiator noise-to-signal ratio is independent of the sig-
nal laser power Py, but depends strongly on the harmonic
bunching strength. This has implications on different de-
signs of HC FEL s to be discussed below.

NUMERICAL EXAMPLESAND
DISCUSSIONS

Equations (20), (22), and (24) are the main results of
this paper and may be used to estimate the shot-noise-to-
signal ratio of a HC FEL using a high-power seed laser
in a short modulator. Let us take some numerical exam-
ples to illustrate the significance of various noise contri-
butions. Consider the BESSY HC FEL design at the final
radiation wavelength Ay = 1.24 nm [3]. For I = 1.75 kA
and A\, = 297.50 nm, the modulator noise power according
to Eq. (22) is 26 W. If the laser power is 100 MW, then the
modulator noise-to-signal ratio at the final wavelength after
the total harmonic number N;, = 297.50/1.24 = 240 is

P™ 26
S =N’x —— ~15%.
( Py >N;L 7 700 x 100 %

Thus, the modulator noise contribution is noticeable but
till small. In passing, we note the bandwidth of the modu-

(25)
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lator noiseis about w, /N1, hence the final relative band-
width of the first-stage modulator noiseis

Awpt 1
wys N}LNul )

(26)

This may still be a small relative bandwidth than a SASE
FEL at 1 nm. For example, , N;, = 240, N,; = 18 inthe
BESSY FEL, and Aw™ /ws ~ 2 x 10~4. Thus, even when
the final noise level due to the first modulator is compa
rable to the signal strength, the temporal coherence of the
HC FEL is till improved as any noisy structure within the
dlippage length \; N,,; of the first modulator is naturally
smoothed. This noise filtering effect was observed in the
LUX HC FEL simulations[11].

Let us now consider the radiator noise. First, we take
I =1.75KA, N, =40, and )\, = 297.50/5 = 59.50 nm,
then we have Ni. = N. N\, /I, ~ 108 in Eq. (24). The
BESSY FEL employs a fresh bunch approach that shifts
the output radiation to a fresh part of the bunch for the
next-stage interaction and hence alows for a large energy
modulation to be induced in the part of the electron bunch
that overlaps with a very short laser signal [12]. In this
approach, the harmonic bunching is usually maximized by
choosing D ~ 1/n,. If hDo,, < 1, we have b7 ~ 0.1.
The increase of the energy spread due to the large energy
modulation is not an issue as the next stage interaction oc-
cursat afresh part of the bunch with the sameinitial energy
spread. In this case, the radiator noise-to-signal ratio given
by Eq. (24) is extremely small, at the 107 level. Even af-
ter another harmonic conversion factor of 48 (from the ra-
diator wavelength \;, = 59.50 nm to the final wavelength
Ay = 1.24 nm), the contribution from the radiator noise is
still small.

Nevertheless, the fresh bunch technique requires a tight
timing control between the short laser pulse and the elec-
tron bunch. In addition, experiments demanding most pho-
tons in a narrow bandwidth may benefit from using a laser
pulse longer than the electron bunch length to seed the
whole bunch. In this case, the induced energy modula-
tion must be controlled to a small level in order not to de-
grade the beam energy spread (i.e., n, < o0y). In view
of Eg. (10), the harmonic bunching cannot be maximized
as hDny, < hDo, < 1, then the radiator noise-to-signél
ratio can increase dramatically. For example, in the whole-
bunch seeding example described in Ref. [1], the second-
harmonic bunching at the radiation wavelength 130 nm is
only b3 ~ 0.25 x 10~ in order to avoid a significant in-
crease in the energy spread. Thus, the radiator noise-to-
signal ratio given by Eq. (24) can be much larger (~ 10 —3).
An additional harmonic conversion factor of 16 (to the fi-
nal wavelength at 8 nm) will amplify this radiator noise-to-
signal ratio to 25%. Therefore, the shot noise contribution,
especialy in the radiator section, may limit the temporal
coherence of such a harmonic cascade.
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Abstract

It is widely known that the mode quality of the output
of free-electron lasers (FELS) is near the diffraction limit.
In this paper, we analyze the optical mode quality in FELs
using the M? parameter, which is an optical analogue of
the emittance for particle beams and measures the
divergence of the optical mode. For a perfect Gaussian
beam M? = 1 and increases as the mode quality
deteriorates (i.e., the divergence angle and the higher
order mode content increase). Thus, the optical mode is
often described as M? times diffraction limited in the far
field. We show how M? may be calculated in two ways:
(1) by a direct integration over the transverse mode
structure, and (2) by allowing the mode to expand beyond
the wiggler and analyzing the divergence. We then
simulate a forthcoming experiment a Brookhaven
National Laboratory using the MEDUSA simulation code
and show that M?, as expected, is near unity at saturation.

INTRODUCTION

It widely known that the mode quality of the output of
free-electron lasers (FEL) is near the diffraction limit [1-
3]. The question of mode quality is relevant to
atmospheric propagation of high power FELs [4,5].
Numerical analysis has shown that the mode content in
oscillators is predominantly in the TEMy mode by
solution of the paraxial wave equation for a fixed electron
beam profile and the subsequent decomposition into
Gaussian optical modes [1]. The optical mode quality was
observed in the Los Alamos FEL oscillator [2,3] where
the mode was shown to be near the diffraction limit. The
mode quality in this experiment was characterized by a
measurement of the Strehl ratio, which is defined as the
ratio of the on-axis intensity at the mode waist to the
intensity of a pure Gaussian mode (TEMgg) with the same
spot size at the lens plane. However, the Strehl ratio is
difficult to determine for optical modes that differ
appreciably from a Gaussian. Higher order mode content
is likely to be more important in single-pass FELS, such
as Master Oscillator Power Amplifiers (MOPA) or Self-
Amplified Spontaneous Emission (SASE) configurations
that are operated past saturation. Hence, an alternate and
less ambiguous measure of beam quality is desirable.

In this paper, we quantify beam quality by means of the
M? parameter, which is an optical analog of the emittance
for particle beams and provides a measure of the

*Work supported by the JTO and ONR
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divergence of the optica mode [6-8]. It is equal to unity
for a perfect Gaussian beam (pure TEMg) and increases
as the mode quality deteriorates (i.e., the divergence angle
of the mode and the higher order mode content increase).
Thus, the optical mode is often described as M? times
diffraction limited in the far field. The M? parameter, as
well as optical mode distortion due to mirror heating was
measured in the FEL oscillator experiment at Thomas
Jefferson  National Accelerator  Facility [9]. This
experiment produced average powersin excess of 2 kW at
a wavelength of 3.1 microns. Measurements indicated
beam quality near the diffraction limit with M?> = 1.1 at
the output mirror for powers up to about 350 W. As the
power increased beyond 350 W, M? increased and
reached values of about 2 for powers of 500 W. However,
much of the increase in M? that occurred at higher power
increased was attributed to mirror distortions and not the
wave-particle interaction in the FEL. As a result, the
mode quality may be improved in high-power oscillators
using mirrors that compensate for distortions. Note that
the mode quality in high-power amplifiers is governed
solely by the FEL interaction.

In this paper we determine M? in two ways: (1) by a
direct integration over the transverse mode structure, and
(2) by alowing the mode to expand beyond the wiggler
and analyzing the mode divergence. This is discussed in
Sec. I1. In Sec. 111 we study M? in FEL amplifiers using
the MEDUSA simulation code [10,11] and then simulate
a forthcoming experiment at the Source Development
Laboratory at Brookhaven National Laboratory. A
summary and discussion isgivenin Sec. IV.

THE M? PARAMETER

A perfect Gaussian beam experiences parabolic
expansion in which the spot size increases on either side

of the waist via[12]
2

A
2 5 (Z_ 20)21 (1)
W
where w(2) is the spot size, wy is the minimum spot size
(i.e, a the waist), 4 is the wavelength, and z, is the
location of the waist. Note that the Rayleigh range is
given by zz = 2w/ so that WA(z * z7) = 2wy” and the
optical mode area increases by a factor of two over the
course of the Rayleigh range. The asymptotic diffraction
angle is given by tan 6, = A/aw, = Wy/zz. Since the waist
sizeis, typicaly, much less than the Rayleigh range, this
meansthat &, = A/ .

w2(z) = wg +
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A similar expression describing parabolic expansion
also holds for a more general optical beam that includes
higher order modes and can be written as [6-8]

2
W(2) = - (z2-2)°, @)
0
where the upper case W, corresponds to the average waist

size for the overall optical beam, and
f dxdyr?I(x.y,2)
W3(z) =2 : €)
| ey

W2+M4

denotes the spot size of the overal optical mode where
I(x,y,2) is the average (over a wave period) intensity.
Observe that in the limit of a purely Gaussian optical
beam, W(2) = w(2) and M? = 1. As such M? (> 1) is a
measure of the optical beam quality and is the optical
analogue of the emittance for particle beams. Note also
that this definition of M? can unambiguously deal with
optical modes that differ markedly from a pure Gaussian,
unlike the definition of the Strehl ratio. This asymptotic
divergence angle & isgiven by

tan gp=M? | @

W

so that 6, =~ M4/ W, for small divergence angles. Thisis
shown schematically in Fig. 1.

W(2)

\ T emw ﬁu

V2W,
WO I

Figure 1: Schematic illustration of parabolic mode
expansion

In general, the opticall mode may be expressed as a
superposition of Gauss-Hermite modes and we can write

SA(X,t)= GZe|n(Xy)[5A|nCOS¢(Xt)+ SARSIN g(x.t)], (5)

where @ ,(xy) = exp[-r*/w(2)*H[V2Xw(2)]H.[V2y/w(2)],
H, is the Hermite polynomial of order I, ¢(x,t) = koz — at
+ o(2)r’w(z)? for wavenumber k, (= a/c) and angular
frequency w, and o(2) describes the curvature of the phase
front. For propagation in vacuo, the amplitudes SA*? are
constant, ¢ is the overall phase, and the spot size and
curvature vary asw(z) = W[1 + (z— z0)%z:8"? and of2) =
(z — zp)/zr. However, the optical mode in an FEL is both
amplified and guided by the interaction with the electron
beam so that the amplitudes, spot size and curvature will
vary in a more complex way aong the length of the
wiggler. Nevertheless, it may be shown that the overall
spot sizeis given in terms of this representation by
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2\ S,
WA2) = wi(z) & . (6)
1
where
S, = ZZ'*”I'n'&AIn, )

Z 2" n![(I +n+ 1)5A
+ 21+ 1)(1 + 2)( SALSAY ,, + SAZSAZ L)
+2(n+1)(n+2)(SAUSAY, , + ARSAR, )] ®)

and 5AZ, = 6AY? + SA2%. Observethat S, = S, for a pure
Gaussian Mode (TEMqg) and we recover W(2) = w(2).

We now discuss the calculation of the M? parameter. If
we express the overal field in the form JdA(x,t) =
A(X)écogkoz— at +&x)], then it may be shown that

M2 = ”olxolyq*l
oo fgonlez (2],
oo o

where the intensity is| = (aky/8m)A% As aresult, it can be
shown that

W2 [2w27) S,

w(z) |[W(z) = & S

] 12 ' (10)

where
S, = 2% 2" NI+ 1)(1 + 2)( SARISATY 5. OAMSAT 2,)
+(n+1)(n+ 2)(AR, ,0A — 6ARSAL. ,)], (11)
S,= 2 Fnn( OANSARN, — 6AZOAR) (12)

and

2r L
I:I,I',n,n' = %[L deJ;) dppexp(—pz)

x [coso H|(p cosO)H p(p siné)

+singH (p cosd)H h(psine)]

x [cos@H,.(p cosO)H . (p siné)
+8in@H, (p cosé)H,(psind)| | (13)

is a coefficient that depends only on the mode indices. In
the limit of a purely Gaussian mode S, = S5, W(2) = wW(2),
and S; = S, = 0 so that Eq. (10) yields M? = 1 as expected.

In principle, if we know the modal decomposition at the
exit from the wiggler in an FEL (including the mode
amplitudes, the spot size w and the curvature @), then M?
can be calculated for the output optical mode using the
above method. However, if there is significant higher
order mode content, then it can prove numericaly
arduousto evaluate the Fy . v coefficients. Therefore, it is
useful to have an aternate technique for obtaining M
One such technique makes use of the expansion of the
optical mode. If the spot size is known at three different
locations beyond the end of the Wiggler then the three
equations W? = Wy? + M*@%(z — z,)* for i = 1-3 can be
solved for M? where &, = 7Wy/A. Thus,
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2
MZ:L ﬂiz—l : (14)
7lz-27] N W

for any choice of i, where
_23+22,+ 2
==
2,— 2, (23— 7)) (W5 = WE)+(2, — 2,)(W5 — W)

, (15)
4 (23— 2)(W - WO~z — z,)(W5 — W)

and
_ 2 2(22,)(Wo-WF)—(2-2, ) (WE-WE)
Yo~ \/\Nl-‘r(Zl_ZO) (z-2z)(z-2)(z-2z)
(16)

This technique can be applied either in experiment or
simulation. When used in simulation (experiment), the
optical mode must be allowed to propagate into free space
and the overall spot size [(3) or (6)] must be calculated
(measured) at three such points.

NUMERICAL ANALYSIS

For simulation purposes, we use the 3-D FEL
simulation code MEDUSA [10,11] which can model
planar or helical wiggler geometry and treats the
electromagnetic field as a superposition of Gaussian
modes (Hermite or Laguerre) and uses an adaptive
eigenmode agorithm called the Source-Dependent
Expansion [13] to self-consistently describe the guiding
of the optical mode through the wiggler and which
reproduces free-space diffraction in the absence of the
wiggler. The field equations are integrated simultaneously
with the 3-D Lorentz force equations for an ensemble of
electrons. No wiggler-average orbit approximation is
used, and MEDUSA can propagate the electron beam
through a complex wiggler/transport line including
multiple wiggler sections, quadrupole and dipole
corrector magnets, FODO lattices, and magnetic chicanes.

The example under consideration is that of a seeded
amplifier experiment to be conducted at the Source
Development Laboratory at Brookhaven National
Laboratory [14] that will operate at a wavelength of 0.8
microns using the VISA wiggler [15]. The electron beam
will have an energy of about 72.3 MeV and a peak current
of 300 A. The emittance and rms energy spread are 2.0
mm-mrad and 0.01% respectively. The VISA wiggler isa
Halbach design using NdFeB magnets and incorporates a
FODO lattice for stronger beam focusing. The wiggler
period is 1.8 cm and the maximum on-axis field strength
is 7.5 kG with afield error of 0.4% and a gap of 6.0 mm.
The FODO cells have a length of 24.75 cm and each
guadrupole has alength of 9.0 cm and a focusing gradient
of 33.3 T/m. Hence, the separation between quadrupoles
is 12.375 cm. The VISA wiggler was built in segments,
and the wiggler to be used in the experiment will have
110 periods of uniform field strength. The photo-cathode
drive laser is also used to provide the seed for the
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amplifier and can provide up to severa tens of MW;
however, thisis larger than needed for the experiment that
will use about 10-100 kW of seed power for saturation to
be achieved within the length of the wiggler.
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Figure 2: Evolution of the power, spot size and beam
envelopes in the x- and y-directions.

The first case we consider makes use of 34 Gauss-
Hermite modes and assumes a seed power of 10 kW. This
yields saturation at the end of the wiggler at a power level
of 115 MW. The evolution of the power, overall spot size
of the optical mode, and the beam envelopesin the x- and
y-directions is shown in Fig. 2. Observe that the beam is
not perfectly matched into the wiggler/FODO lattice since
the beam envelopes in the x- and y-directions vary in the
FODO lattice and that the overall mode spot size expands
and contracts with the beam envelope showing the optical
guiding of the radiation; however, the guiding is not
strong enough for the optical mode to follow al the
variations in the beam envelope.
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Figure 3: Transverse mode pattern at the wiggler exit for
a seed power of 10 kW.

The use of 34 modes in the simulation means that very
high order modes are included. Because of this the

FEL Theory
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method for calculating M? based on integration over the
transverse mode profile is numerically arduous, and we
choose rather to allow the mode to propagate beyond the
end of the wiggler and use the three-point solution given
in Eg. (14). This can be accomplished easily in
simulation simply by terminating the wiggler, after which
the Source-Dependent Expansion reproduces free-space
propagation when the resonant wave-particle interaction
ceases. The result of this calculation shows that M? = 1.45
for the optical mode at the wiggler exit. This is close to
the diffraction limit as expected in FELs and corresponds
to a near-Gaussian mode pattern as shown in a
normalized transverse mode patternin Fig. 3.
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Figure 4: Variation in M? versus the number of modes
included in the simulation showing convergence after
about 20 modes.
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An important issue in modeling the beam quality in
FELs is the convergence of the simulation with respect to
the number of modes in the superposition. The number of
modes required to obtain reasonable values for the
saturated power is generally smaller than that required to
obtain an accurate determination of the optical mode
quality as measured by M2 For example, simulation
using 6 Gauss-Hermite modes also yields a saturated
power of 115 MW but the exponentiation length is
somewhat shorter and M? = 1.26. Hence, it is important to
determine the number of modes required to reach
convergence. Thisis shown in Fig. 4 for these parameters
where we plot M? versus the number of Gauss-Hermite
modes in the superposition. It is clear from the figure that
convergence is achieved using about 20-25 modes for M?
= 1.45. It is important to bear in mind, however, that the
number of modes required for convergence will vary with
the specific parameters of interest. In particular, for
optical guiding to be effective the exponentiation length
must be shorter than the Rayleigh range. In general, the
smaller the ratio between the exponentiation length and
the Rayleigh range, the fewer the number of modes that
will be needed to achieve convergence.
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SUMMARY AND DISCUSSION

In summary, we have discussed the determination of M?
in FELs by two methods. Oneis a direct calculation based
upon the mode decomposition at any point within the
wiggler, and the other relies on a three-point fit to the
optical mode spot size as it propagates beyond the end of
the wiggler. These techniques have been applied to an
example that corresponds to an amplifier experiment at
Brookhaven National Laboratory. We found that the
simulation required a relatively large number of higher
order modes to achieve convergence in the determination
of M% While MEDUSA employs a Gaussian modal
representation of the electromagnetic field, it islikely that
this implies that alternate techniques using a transverse
field solver will require a relatively fine mesh to achieve
the same result. Further, the results indicate that the beam
quality to be expected is near-diffraction limited when the
wiggler length is comparable to the saturation length.
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WITH HARMONICS OF A TI: SA LASER PRODUCED IN GAS.
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Abstract

A particular seeded configuration will be tested in 2006
on the SCSS prototype accelerator (SPring-8 Compact
Sase Source, Japan). This facility is based on a thermionic
cathode electron gun (1 nC), a C-band LINAC (5712
MHz, 35 MV/m) and an in-vacuum undulator (15 mm of
period. 2 sections of 4.5 m length). The maximum
electron beam energy is 250 MeV and the SASE emission
from visible to 60 nm can be obtained. The external
source, coming from the High order Harmonic Generation
(HHG) process, can be tuned from the 34 (266 nm) to the
13™ harmonic (60 nm) of a Ti: Sa laser generated in a gas
cell. The experiment contains a first chamber, dedicated
to harmonic generation and a second one for harmonic
beam diagnostics and adaptation of the harmonic waist in
the first undulator section. The tests have been performed
in Saclay (15 mJ, 10 Hz, 50 fs). An energy of 2 uJ with a
high stability for the 3™ harmonic and a good transversal
shape with an optimized energy level and a high stability
for the 13™ harmonic have been obtained at the first
undulator center place. The performances using analytical
formulas, GENESIS and SRW have been updated. The
chambers will be installed on the SCSS prototype
accelerator in the beginning of October for the seeding
tests.

INTRODUCTION

These last years, most of the new FEL sources were
dedicated to the so-called Self Amplified Spontaneous
Emission (SASE) [1], which provides with a very high
brightness photon beam at short wavelength but with
limited temporal coherence. Consequently, a few FEL
facilities, like ARC-EN-CIEL (Accelerator Radiation
Complex for Enhanced Coherent Intense Extended Light) a
French proposal for a 4™ generation light source [2], have
adopted a new configuration: a seeding configuration, in
which High order Harmonics of a laser Generated in gas
(HHG) are injected into a FEL, giving its full coherence
property to the emitted radiation. It also reduces the
saturation lengths allowing a more compact source [3]. In
addition, other SASE projects have decided to implement it
on their facility: SCSS prototype accelerator (SPring-8
Compact Sase Source) [4] and SPARC (Sorgente Pulsata e
Amplificata di Radiazione Coerente) [5]. Recently such a
seeding experiment with high harmonics produced in gases
was performed in an X-ray laser [6]. It is proposed here to
seed the FEL of the SCSS prototype accelerator at a 60 nm
radiation, corresponding to the 13™ harmonic of a Ti: Sa
laser (H13) generated in a gas cell. June, the first lasing of
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the SCSS prototype accelerator FEL [7] has been observed
at 49 nm. The characteristics of the electron beam,
undulators, laser and harmonics come from ref. [8] and the
basic layout is given in Figure 1.

Magnetic
chicane e e In vacuum-undulator
e section 1 section 2
Linac o Seeded FEL Ligth
Periscope

Telescope Gas cell
N A——
- Ti: Sa Laser
. / 9or13em =7 (800 nm, 50 mJ,
I e 13015, 10 Hz)

IR + odd harmonics
(in particular: H3 and H13 beams)
Figure 1: General layout of the seeding experiment with
harmonics generated in a gas cell.

HHG SYSTEM

The harmonic generation in gas results from the strong
non linear polarization induced on the rare gases atoms,
such as Ar, Xe, Ne and He, by the focused intense
electromagnetic field Ey ., of a "pump" laser [9]. In our
case, a 7 m focal length lens focuses a Ti: Sa laser in a
cell (Figure 2) filled with Xe or Ar gases, which are well-
adapted for the generation of 60 nm radiation. The laser
passes through the cell and is aligned by means of two
pinholes of 1 mm of diameter, made on Tantalus plates,
which create a constant leak of gas.

i‘ Entrance and exit of the IR laser
Figure 2: Gas cell system producing HHG light.

The general experiment is based on a system of two
chambers (Figure 3).

Seeded FELs
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Figure 3: General layout of the HHG system.

The first one is dedicated to the HHG production
(Figure 4). The cell position is motorized for accurate
alignment of the IR laser and optimization of the
harmonic production rate.

Figure 4: HHG chamber with gas cell and motorization
system.

The second one (Figure 5) has been designed for
adjusting the harmonic beam at the focusing point in the
first undulator section by means of two SiC spherical
mirrors. A periscope system is used to align the harmonic

beam with the e-beam.

2 SiC spherical mirrors (SM)
of the telescope

2 SiC flat mirrors (FM)
of the periscope

(T i

{
F )

Translator system

To undulator

Figure 5: Refocusing system and periscope.
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FIRST HHG TESTS IN SACLAY

The first tests have been performed in Saclay with
the LUCA laser beam (1 to 15 mJ, 20 Hz, 50 fs, 5 m long
of focal lens). In the starting phase of tests, the seeding
wavelength was the 3" harmonic (H3, 266 nm), which is a
more intense and easily useable source (can be
propagated outside vacuum, and detected with a VUV
photomultiplier). The behavior of the harmonics (Figure 6
for the 3™ harmonic) in operation is mainly optimized
with the IR beam diameter (a), power, focusing position
in the cell and the gas pressure (b). The respective optimal
values, in the test configuration, are 20.8 mm, 115 mW, 4
cm before the cell center and 5 107 mbar in the first
chamber.
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Figure 6: Optimization of the 3" harmonic flux, generated
in a 9 cm cell filled with Ar gas, with the Hamamatsu PM
R759, as function of the IR beam diameter (a) and of the
gas pressure in the first chamber (b).

The transverse profiles (Figure 7) of the 3™ harmonic,
observed with a VUV CCD camera (COHU solid state
camera) are quit similar to a Gaussian fit.

—— Gaussian Fit
Vertical

Heorizontal

H3 Flux (2. u.)

40 a0 GID 7‘0 SID 9.0 1‘00
CCD camera position (pixzel)
Figure 7: Horizontal and vertical profiles of the 3™
harmonic, at the theoretical focusing point in the first
undulator section.
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Figure 8 shows the influence of the gas pressure on the
optimum of the flux on the two different harmonics.
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Figure 8: Comparison between optimization of 3" and
13" harmonics (resp. H3 and H13) as function of the
pressure inside the gas cell (proportional to the first
chamber pressure)

The shape of the 13" harmonic can be observed
(Figures 9 a and b), 3 m after the cell corresponding to 8
m before the theoretical focusing point in the first
undulator section. A Micro-Channel Plate (MCP,
Hamamatsu F2221) was used with a phosphor screen
(P43) associated to a CCD camera and placed after a Sn
filter (eliminating the IR laser and selecting especially the
13™ harmonic). The beam section presents some light
aberrations particularly visible in the horizontal profile.
These latter must be really more important in the first
undulator section, where the interaction occurs with the e-
beam (the overlapping can be decreased of 15%), but can
be compensated using a toroidal mirror.
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Figures 9 a and b: Transverse section (a) and profiles (b)
of the 13"™ harmonic, 3 m after the cell but 8 m before the
theoretical focusing point in the first undulator.
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IMPLANTATION ON THE SCSS
PROTOTYPE ACCELERATOR

The harmonic generation experiment will be located in
the SCSS prototype accelerator tunnel, together with the
accelerator and the undulator sections, between the
chicane and the shielding wall (Figure 10). The focusing
of an intense IR laser comes from the laser hutch, on the
opposite side of the shielding wall. The Ti: Sa laser is
based on a Tsunami mode-locked oscillator, a Spitfire
regenerative chirped-pulse amplifier and a Coherent
multipass amplifier and delivers more than 50 mJ at 100
fs. On an optical table, the IR beam is adapted for
harmonic generation optimization and synchronized with
the e-beam.

) -
. I |
Figure 10: Location for the HHG experiment on the SCSS
prototype accelerator.

The laser waist propagation in horizontal (x) and
vertical (y) (Wox and W,y) has been calculated [10] to
evaluate the geometrical aberrations caused by the two
spherical mirrors at the theoretical focusing point in the
first part of the first undulator section. Correlated to the e-
beam transverse sections, the filling factor (measuring the
overlapping of the two beams) can be calculated and is
then implemented in our simulation codes (see next
section). Figures 11 a and b present the focusing of the IR
beam and the 13" harmonic vertical and horizontal
propagations, which are quite similar until the focusing
part, where the geometrical aberrations lead to a
difference of 35 cm in the focusing position between the
vertical and horizontal propagations. (b) is a zoom of (a)
with the implementation of the e-beam dimensions [8].
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Figure 11: a) propagation of focused IR laser and the 13"
harmonic, b) focusing inside the first undulator section
and overlapping with the e-beam.

SIMULATIONS

New calculations (with ref. [8] characteristics) with
SRW [11], analytical expressions from G. Dattoli [12]
and Genesis [13] (respectively Figures 12 a, b and c),
have been performed for comparing the SASE and the
seeding configuration, with 20 kW of seed (corresponding
to a slightly pessimistic value of what can be expected).
The different simulations converge very well to a similar
evolution. First, the saturation peak power levels are very
similar (10> W). Second, the saturation length for the
SASE case is about 10.5 m (10’ W at 9 m) for all the
simulations but varies from 6m to 7.5 m in the seeding
case.
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Figures 12 a, b and c: Comparison between SASE (black
plain line) and seeding configuration (red dash line) with
a) SRW b) analytical expressions and c) Genesis.
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CONCLUSIONS

Using state-of-the-art High Order Harmonics in gas for
seeding a FEL appears very interesting, because the seed
radiation is fully coherent and tunable in the VUV-XUV
range. Moreover, it reduces the saturation lengths in a
more compact source. From the HHG part, the
experiment has been perfectly designed and optimized for
producing harmonics and especially the 13™. New tests
will be performed in situ (near SCSS area in September)
with a more performing vacuum system, a more powerful
laser system and with different optical characteristics,
allowing to still increase the harmonic production and to
completely test remote control system before installing it
inside the accelerator tunnel for the seeding experiment
(October).
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Abstract

A coherent short wavelength source can be realised with
a Free Electron Laser by using High Gain Harmonic Gen-
eration configuration. The injection of an external light
source in the first part of an undulator results in a coherent
light emission in its second part. The SPARC FEL (Fras-
cati, Italy), delivering an electron beam at 200 MeV pass-
ing through an undulator of 6 sections, can be configured
to test such schemes. We propose to use High order Har-
monic Generation (HOHG) in gases process as the seed.
HOHG produces a coherent XUV source by focusing an
intense laser pulse into a gas medium. This beam, com-
posed of odd harmonics of the fundamental laser, is then
shaped using a telescope of two spherical mirrors, allowing
the focusing at a given position, in the SPARC undulator.
Appropriate tuning of the undulator gaps will amplify the
3rd and 5th harmonics seeded, and non-linear harmonics
of those wavelengths, allowing the perspective of produc-
ing VUV coherent radiation. The chambers for harmonic
generation and shaping have been realised and tested at the
CEA (Saclay, France). We present these tests.

INTRODUCTION

Along the last few years, other Free Electron
(FEL) schemes than the common Self Amplified S
neous Emission (SASE) [1] have been proposed to ge
intense and short pulse duration in XUV domain. h
Gain Harmonic Generation (HGHG) configuration
an external seed, a laser source, induces energy modi
of the relativistic electrons in the modulator, leadir
coherent emission of the microbunched electron be
the radiator at the n*” harmonics of the laser funda
wavelength. The harmonic radiated is selected tuni
undulator gap. The properties of the output radiati
determined by the seed laser and can thus inherit
degree of temporal coherence. Seeded FEL amplif
eration in combination with harmonic generation ha
demonstred experimentally in midinfrared and VU v uu-
main [4, 5].

A way to reach shorter wavelengths is to use a seed laser
in VUV domain. Development in femtosecond laser tech-
nology have made possible to imagine new coherent short
wavelength sources. One of these sources, called High Or-
der Harmonics Generation (HOHG), is based on the inter-
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e-beam

action between the laser beam and a gas target [6, 7]. Mi-
crojoule energies can be obtained at wavelengths down to
50 nm [8, 9]. It has been proposed to use HOHG as seed to
inject an undulator, either in the amplifier or in the HGHG
configuration [10]. HOHG seem to be a very good candi-
date to seed FEL cascade, to extend the operating wave-
length of FELs down to sub nm. The SPARC configuration
will allow the study of the problems related to the injection
of an external radiation seed in a single pass FEL and the
analysis of the coupling efficiency of the electron-photon
beams in terms of the input parameters [11].

EXPERIMENTAL SETUP FOR THE
HARMONIC CHAMBERS

SPARC undulator is composed of 6 sections of 75 peri-
ods each. The e-beam energy may be varied up to 150-200
MeV. A Coherent femtosecond laser which delivers 120 fs,
2.5 mJ pulse with a central wavelength at 800 nm and a
modified repetition rate of 10 Hz, generates HOHG in a
gas jet. The VUV radiation is then injected into the undu-
lator by means of a magnetic chicane. Electron and photon

the undula-

llow to test
Undulator

Magnetic Chicane e

VUV beam

Femtosecond
Laser IR

&
/ Gas

VUV+IR

IR filter

Figure 1: Experimental layout to seed harmonics generated
in gas into FEL.
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HIGH ORDER HARMONIC GENERATION

HOHG is obtained by focusing an intense laser pulse
into a rare gas medium. The atoms of the gas medium are
irradiated and ionized by the strong laser field, releasing
free electrons with no kinetic energy. Those electrons are
then accelerated by the laser electric field. When the elec-
tric field sign changes, the electrons can be driven back in
the vicinity of the parent ions, and if a collision occurs,
the extra-energy of the ion-electron recombination is re-
leased by emitting a photon. New frequencies are created
and, after the gas medium, one can observe odd high order
harmonics of the fundamental frequency co-propagating
with the fundamental laser beam. This VUV radiation
also exhibits an excellent spatial and temporal coherence
[14, 15, 16]. The coherence properties of the harmonics
are similar to those of the fundamental laser beam which
make them suitable for seeding experiment.

The setup for the production of the harmonics in gas is
mainly composed of two chambers. The laser is focussed
by a plano-convex lens (f=2 m) and delivered through an
antireflecting coated 790 nm window in the first chamber
where HOHG occurs. Then, 1.5 meters downwards, the
second chamber is used to adapt the waist, i.e. the har-
monic beam mode in the middle of the first undulator for a
correct overlap with the e-beam. This shaping is performed
using two spherical mirrors reflecting nearly at normal in-
cidence, both equipped with motorized mounts, and an ad-
ditional translation stage under the second mirror, for the
adaptation of the focusing point in the undulator. The dis-
tance between the gas jet and the middle of the first undu-
lator is about 8 m. A scheme of the experimental setup is
given in Figure 2.

s VUV Spherical Photodiode
- +IR mifrors
Iris .
CCD
camera
f=2m —&
vov | | [ L
nit SO Interferential

filter

8 m

Figure 2: Experimental setup

CHARACTERISATION OF THE HHG
PRODUCED IN CEA-SACLAY

In order to prepare the seeding experiment on SPARC
facility, the chambers for harmonic generation have been
tested during two months at the CEA-Saclay (see Figure
3). The radiation generated in the chambers passes through
an interferometric filter centred at 266 nm (H3) eliminating

Seeded FELs
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Figure 3: Picture of the chambers being tested at CEA-
Saclay.

IR beam as well as other harmonics. The 266 nm radiation
is then detected with a calibrated VUV photodiode blinded
for diffused IR light.

The femtosecond laser system (LUCA) of the Saclay
Laser-matter Interaction Center (SLIC) has been used as
fundamental source for the tests. The characteristics of this
laser based on 2 TW, 20 Hz CPA Titanium:Sapphire Sys-
tem [17] are given in Table . Both duration and energy of
the laser pulse were tunable: several tests were performed
using a 2.5 mJ - 120 fs laser pulse in order to work in sim-
ilar conditions as the one expected on SPARC facility.

Table 1: Characteristics of the laser system LUCA used for
the tests. The pulse duration was measured using autocor-
relator, assuming a gaussian profile.

Laser characteristics Value Unit
Wavelength 800 nm
Spectral width 20 nm
Pulse duration 56.8 fs
Energy 50 mJ
Beam diameter 35 mm

The initial configuration foreseen for harmonic genera-
tion, a simple gas jet with an aperture of 0.5 mm and no
additional nozzle, allowed a very small amount of UV pho-
tons to be produced. To reach a better conversion factor,
the geometry was improved through out the testing of four
different configurations: Jet and vertical guide, Jet and hor-
izontal guide, Static Cell and finally Pulsed Cell. The in-
creasing performances are summarized in Figure 4. In the
Pulsed Cell configuration, the gas is injected in a 1 cm
long-windowless cell by bursts of 1.3 us through an elec-
tromagnetic valve synchronized with the incoming laser
pulses. A conversion factor of 10 ~3 was obtained as regu-
larly acheived in recent experiments. A good stability was
also reached, as well as a nearly perfectly gaussian har-
monic beam.

The first step to optimize the harmonic yield was to con-
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Pulsed cell
2 5mJ-B0fs-14mm W

H3 energy [uJ]
)

Jet and vertical guide
24 3.2mJ-60fs-15mm

Configuration

Figure 4. Energy obtained on the third harmonic using dif-
ferent interaction medium configurations.

trol the laser aperture and the cell focus position[18, 19].
Closing an iris placed before the lens means decreasing the
energy laser and increasing the focal spot size, therefore
decreasing the focal intensity. As illustrated in Figure 5
with 2.5 mJ laser energy in Argon gas, a larger aperture is
needed in case of a long pulse duration: 14 mm (resp. 18
mm) for 60 fs pulse (resp. 120 fs chirped laser pulse). The
energy contained in each pulse remains unchanged, and
fixed to 2.5 mJ. The optimum at 60 fs corresponds to a fo-
cal spot diameter of 340 um, and at 120 fs of 279 um; both
leading to an intensity of 2 x 101 W/cm?. The reduced
spot diameter at 120 fs involves less medium in the laser-
matter interaction, resulting into a lower energy emission
(less photons are produced).

Signal Intensity [u.a]
| |

11 12 13 14 15 16 17
Iris Aperture [mm]

Figure 5: Aperture size dependence of H3 in Argon with
2.5 mJ laser energy for two pulse durations.

Figure 6 illustrates the third harmonic dependency in the
cell position. The maximum efficiency has been reached
when the focusing point of the laser beam was 1.5 cm after
the cell.

Figure 7 illustrates the influence of the pressure on the
3rd harmonic signal. The amount of UV photons produced
increases with the backing pressure. No optimum could be
reached, since the electromagnetic valve was limiting the
available pressure in the cell.
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H3 intensity [a.u.]

Focusicell position [cm]

Figure 6: Cell position dependence of H3 in Argon with
2.5 mJ laser energy, for two pulse durations.

Intensity [a.u]

5 10 15 20 25 30
Backing Pressure [bar]

Figure 7: Pressure dependence of H3 in Argon.

The number of 3rd harmonic photons generated in the
optimized conditions with 60 fs pulse is 1.3 x 10'3 (9,7
1J) and the corresponding conversion efficiency reaches
4 x 1073, In the same conditions, when 3rd harmonic is
generated by a chirped 120 fs pulse, the number of photons
decreases by factor 4.

We used a VUV spectrometer composed of a LiF prism
and a photomultiplier to measure H3 and H5 with an en-
trance pinhole of 5 mm. Scanning on the prism angle being
manual, we only measured maximum signal at one posi-
tion of the prism angle for H3 and H5 allowing the coarse
comparison of the relative contribution of each harmonic,
as illustrated in Figure 8.

The harmonic beam propagation has also been studied. It
is crucial for evaluating the overlap between the light wave
and the electron bunch in the undulator. The harmonic
beam is shaped using two concave mirrors optimized for
266 nm wavelength with respectively a focal length of 200
mm and 150 mm. The distance between the two mirrors
is about 38 cm. The incidence angle of 2° induces small
geometric aberrations. The total transmission for 3rd har-
monic is 90 %. The spatial profile of the 3rd harmonics
has been measured using a CDD camera. Figure 9 shows
the evolution of H3 from the exit of the chambers through
out the undulator, and Figure10 shows the transverse pro-
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Figure 8: 3rd and 5th harmonics in argon as function of
energy laser for two pulse widths.

file of the harmonic at focusing point. The focal spot size
is about 940 pm. The theoretical fit with a quasi-gaussian
beam [20] gives a M? value of 1.6 and a 3rd harmonic size
of 220 um at generation point . With these measurements,
we will able to determine the filling factor which takes into
account the interaction between electrons and photons.

2000

15002,

Entrance undulator /\/
1000 ¢ = [o]

500

-500+

Waist H3 [um]

-1000 4

-1500
-

-2000
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Figure 9: Longitudinal evolution of the beam waist of the

3rd harmonic in vertical (AA) and horizontal (o) direction.
In solid line indicate the quasi-gaussian beam fit.

®

Figure 10: Transverse profile of the 3rd harmonic at focus-
ing point
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CONCLUSION

The results of the preliminary tests performed at CEA-
Saclay on the chambers are encouraging. An efficient ge-
ometric configuration has been defined for the generating
medium. According to those first measures, the laser sys-
tem foreseen at SPARC (120 fs, 2.5 mJ) should be adapted
for generation of both 3rd and 5th harmonics with HOHG.
We expect more than 4uJ on the 3rd harmonic in Ar-
gon. The telescope system focuses the 3rd harmonic beam,
which is slightly astigmatic, at the estimated entrance of
the first undulator with a focus waist size of 300 pm.

The peak power of this coherent VUV light was es-
timated to be 19 MW. Calculations with PERSEO and
with GENESIS 1.3 code have shown that saturation can
be reached with SPARC undulator, using a 266 and 160nm
wavelength seed with only a few kW power [11].

The harmonic chambers should be transported to SPARC
facility by the end of January 2007. After implementation
on the linear accelerator modules, in spring 2007, first seed-
ing experiments of SPARC FEL with this scheme should
start.
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Abstract

ARC-EN-CIEL (Accelerator-Radiation for Enhanced
Coherent Intense Extended Light) aims at providing the
user community with coherent femtosecond light pulses
covering from UV to soft X ray in France. It is based on a
CW 13 GHz superconducting linear accelerator
delivering high charge, subpicosecond, low emittance
electron bunches at high repetition rate. Phase 1 exploits
the different sources of seeding with 220 MeV at 1 kHz,
in particular High order Harmonic generation in Gas
(HHG), to improve the longitudina coherence and
shorten the output radiation wavelength in a rather
compact device. Phase 2 is based on a CW 10 KHz 1
GeV superconducting linear accelerator for HHG seeded
High Gain Harmonic Generation (HGHG) extending to 1
nm. In phase 3, fs undulator sources in the IR, VUV and
Xray and a FEL oscillator in the 10 nm range will be
implemented on two ERL beam loops for beam current or
energy enhancement.

INTRODUCTION

France is now equipped with a third generation
synchrotron light source under commissioning [1] at
Saint-Aubin, close to Paris. The Storage Ring consists in
a 357 m circumference ring, with 16 cells and 24 straight
sections, out of which up to 21 will house insertion
devices (ID). High brilliance radiation, from the VUV up
to the hard X ray domain will be provided to external
usersin 2007 with the low emittance (3.7 nm.rad) beam at
the 2.75 GeV. Innovative ID’s are under construction to
provide the best possible performances in a wide energy
range (5 eV to 50 keV) [2].

Prospects concerning the Fourth Generation Light
Source in France are based on the ARC-EN-CIEL project
[3], following a long tradition in FEL in France, in
particular in storage ring based FELs (ACO [4], Super-
ACO [5]) and on infrared LINAC based FELs (CLIO
[6], ELSA [7]). After considering the installation of an
FEL inthe VUV on SOLEIL in the oscillator or coherent
harmonic generation configurations, it was decided to
propose an independent LINAC based dedicated facility
providing coherent radiation down to 1 nm, for easier
access of the users. The possible implementation of the
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first and potentially second phase of ARC-EN-CIEL in
the former tunnel of the Accélérateur Linéaire de Saclay,
at I'Orme des Merisiers, next to SOLEIL, would make a
very attractive acclerator based light source complex.

From the beginning, the project aims at developing a
strong synergy between the FEL and the laser
communities, leading to couple the electron beam and
lasers. The innovative choice of seeding the FEL with
High order Harmonic produced in Gas, at a high
repetition rate leads to a significant shortening of the
wavelength of the seed, in addition to the advantages of
seeding with respect to SASE (pulse to pulse intensity
stability, reduction of jitter, compactness, enhanced
longitudinal coherence). Indeed, more than 70% of the
users intend to perform pump-probe experiments and a
high stability is reguested, confirming the choices of
seeding and High Gain Harmonic Generation, as
discussed in the frame of the user workshop
“Applications of VUV X fs tunable sources combining
accelerators and laser: “slicing” at SOLEIL and the ARC-
EN-CIEL project” (Feb. 3-4 2004, Orsay). Besides,
propositions of plasma acceleration and Thomson
scattering emerged from the laser-electron beam
combination.

The request of high repetition rate (1-10 kHz) in order
to couple as efficiently as possible the electron beam with
the high harmonics produced in gas led to the choice of a
superconducting type of Linear Accelerator. Expertise
exits in DAPNIA in CEA and in SOLEIL with the
superconducting RF cavity. A high repetition rate of the
photon source is also desirable for users. A 100 fs pulse
corresponds to the typical demand.

ARC-EN-CIEL is planned into three phases. a first
phase reaching an energy of 220 MeV for HGHG sources
in the VUV, a phase 2 at 1 GeV with HGHG sources
down to 1 nm using High Harmonics produced in gas, and
a phase 3 including two recirculation loops, for Energy
Recovery or energy enhancement where undulators (12 m
long, period 30 and 20 mm) are installed, providing
subpicosecond radiation in the VUV and X ray ranges
(5.10" phot/s/0.1%bw for 0.1 mA average current). In
addition, a 0.1-1 kW average power, 0.1-1 % bandwidth
FEL oscillator, installed in the first loop, could cover the
120-10 nm, thanks to recent development of multilayer
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mirrors for lithography, and SIC mirrors in normal
incidence. Harmonics can aso be produced from the FEL
oscillator, with 500 MW at 4.5 nm and 10 MW at 2.7 nm.
The beam at 2 GeV from the loop will allow shortening
further the radiation wavelength down to 0.4 nm with an
additional undulator section. Expected radiation from
ARC-EN-CIEL is illustrated in figure 1, comparing
radiation of its three phases with respect to the insertion
devices of SOLEIL. THz radiation will also be provided.
The present work, part from the detailed analysis of the
components of the project, is concentrating on the
progress on several key elements.

T T
ase 2
E o I Phast
Wk were ARG

Phot/s/0. 1%6bw/mm™/mr
s

. L L .
1eV 10V 100 eV TeeV 10keV
FPhoton Energy

Figure 1 : Peak brilliance. Phase 1 : HGHG radiation +
seeding wavelength, Pge = 100 kW for HHG harmonics n°7-9,
600 kW for n°3-5. 1 kA, F=0.1. Phase 2 :HGHG radiation 1.5
kA, 1.35 = mm.mrad, 0.0004% dlice energy spread, 200 fs,
beta=2 m, F = 0.088. Phase 3 : spontaneous emission of
undulators of period 30 and 80 mm calculated with SRW.
Undulator period lengthin mmin ID name.

THE ACCELERATOR

Thegun

The choice of the gun is not completely defined. It
should provide 1 nC for 2zmm.mrad total emittance €. At
the beginning, we have considered a Zeuthen photo-
injector [8], with a CsTe cathode, to be modified for
operation at 1 KHz. This requires a coupler modification
with respect to the present design. The active removal of
the power can be performed via a phase inversion during
faling time. A longer term system is based on a
superconducting gun, as presently developed by
Rossendorf  [9], where emittance compensation and
reliability can still be an issue. We also thought about the
adaptation of the CeB6 thermo-ionic gun developed at
RIKEN for the SCCS project, and the recent very
spectacular results in terms of beam stability and
emittance [10] bring usto go further in the analysis of this
solution for ARC-EN-CIEL. Besides, R&D is going on
the cathode materials in LSl (Polytechnique) with the use
of Carbon nanotubes.

The cryomodules

ARC-EN-CIEL is based on TESLA type cavities at 1.3
GHz, to be operated in CW mode. The elliptica 9-cell
cavities routinely provide 25 MV/m accelerating gradient,
while recent advances in the cavity design and integration
procedures indicate the possibility of pushing the gradient
to 35 MV/m, which is a target parameter for the
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International Linear Collider. The design of the
cryomodule may be revisited for a better cryogenic
efficiency accounting for the CW operation.

Studies concerning the compensation of the
microphonics are presently under way at CEA-DAPNIA
and BESSY [11]. The microphonics have been analysed
with appropriate techniques and different compensation
schemes are elaborated using active piezoelectric tuners.
However, the large number of the transverse mechanical
eigen-modes of the cavity represents a strong limitation
for the compensation. A passive damping of these modes
by a careful design and mounting of the cavity-tuner
system in the cryomodule would alleviate the complexity
of the active compensation scheme and improve its
efficiency.

The electron beam dynamics

Calculations performed for ARC-EN-CIEL phase 1
accelerator consider an RF gun, a first cryomodule
bringing the energy to 100 MeV, a third harmonic cavity
compensating the non linearity of the longitudinal phase
space, a S-chicane compressor, and a second cryomodule
raising the energy to 220 MeV. 6 additional modules are
included in phase 2. ASTRA [12] is used to simulate the
RF gun and the cavity modules, and CSRTrack code [13]
for the compression scheme, taking into account Coherent
Synchrotron Radiation in the chicane.

Figure 2a presents the evolution of the different
emittances along the bunch compressor. The tota
emittance is raised to 2.7 mmm.mrad in the compression
process through the chicane (from 2.1 to 0.1 mm/ 300 fs
rms). With an adequate electron beam optics [14], the
dice emittances along the bunch remain amost
unchanged (ranging from 0.7 to 1.1) with a small
mismatch from dlice to slice. The compressor creates a
correlated emittance that reaches 0.18 m mm.mrad,
betraying a spread of the dices in the transverse phase
gpace. It is the main contribution to the total emittance
increase by strong mismatching.

=
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emittance (1 mm.mrad
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Figure 2 : Evolution of the emittance along the chicane.
Chicane parameters: total length: 10 m, R56=0.15 m, dipole
length : 0.3 m. First dipole at s=23 m.

The influence of the laser pulse length on the
optimization of the different emittances while keeping a
congtant space charge density was also investigated. A
longer laser pulse is favorable in the compressor, for
avoiding emittance degradation due to coherent
synchrotron radiation, the longitudinal wake function
being proportional to o, ~*%, with o, the beam length.
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Although the output bunch is also compressed down to
300 fs, its mean length through the chicane is longer and
the emittance is smaller. In order to avoid beam
degradation due to non linear part of the Rsgs COefficient,
the voltage of the harmonic cavity has to be increased to
give an invert sign of the non linear component. For
longer laser pulse and longer electron beam length before
the chicane, the energy variation is more important and
the deformation of phase space is larger (see fig. 3).
Systematic simulations done for different pulse lengths
(20-40 ps range) and harmonic cavity voltages (20-25
MV/m range), keeping the final bunch length constant at
0.1 mm bring to a minimum of the total emittance for
Eq=22 MV/m. In Fig. 4, one finds at the end of the S
chicane, a minimum total emitance at 2.1 T mm.mrad for
the laser pulse length 6=25 ps. The total emittance
globally increases with the laser pulse length apart for
0=20 ps, for which it is higher. The centra dlice
emittance decreases with the laser pulse length (radia
laser spot reduction). Further studies concern the pre-
injection in the case of the thermo-ionic gun (SCSS type)
will be studied, calculations for the phase 2, including the
second bunch compressor and for phase 3 with ERL
loops.
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Figure 3 : Longitudina phase space representation for a laser
pulse length of &) 20ps, b) 40 ps for different voltages of the

harmonic cavity. Black (resp. grey): E,=22 (resp. 20)MV/m.
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Figure 4 : Emittance evolution versus the laser pulse length.

THE LASER SYSTEM AND
SYNCHRONISATION

The laser system

One passive mode locked Ti:Sa based oscillator is
foreseen, delivering 1 W at 76 MHz repetition rate
(around 13 nJ /pulse). This will feed three independent
high power, multiple repetition rate, laser systems.

The first system, devoted to the photo-injector should
provide ~50-100 uJ pulse energy in the UV (266 nm),
producing a 1 nC electron beam following interaction
with a photocathode with 1 % quantum efficiency. Special
attention will be paid to the laser beam transverse features
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(dimensions and shape) for preventing the electron beam
emittance increase [15]. A laser amplifier delivering at
least 1 mJin the IR (800 nm), followed by a regenerative
amplifier and single pass preamplifier, both pumped by a
15 W Q-switched solid state laser can be adopted. Very
highly efficient third harmonic generation will be
performed with an ultra short pulse (50 fs) on a
sufficiently thin nonlinear crystal (BBO), in order to
reduce pulse distortion. A prism or gratings based UV
stretcher will bring the duarton up to 20 ps.. Transverse
and longitudinal measurement as well as shaping of the
laser pulse cal for a complete setup including a
DAZZLER system [16] in the IR, spectral interferometric
techniques (either self-referencing, like SPIDER [17] or
not), a beam transverse filter and deformable mirror with
high dynamics. Such approaches are under study on the
CEA-SLIC servers LUCA (20 Hz) and PLFA (1 kHz)
[18]. Recent promising developments by FASTLITE [19]
of a Dazzler operating in the UV domain Dazzler, should
allow a direct shaping of the laser beam issued by THG
process. Otherwise, we intend to develop brand new
solutions for a dedicated UV regenerative amplifier, based
on the amplification and Kerr properties of crystals like
Ce*:LiCaAlFg [20].

The second one, a broadband system, includes non
linear processes like Optical Parametric Amplification,
Third and Fourth Harmonic Generation (THG, FHG) and
HHG, for two color pump-probe based experiments. It is
based on Chirped Pulse Amplification (CPA) technique,
on abasis of a 10 mJ, kHz or multi-kHz system, in which
a 4-pass amplifier is injected with the beam issued a first
regenerative amplifier. The first two systems will operate
at a multi-kHz rate, while the third will be limited to few
Hz (eventually few tens of Hz).

The third laser system will deliver high energy (1 J),
short duration pulses and will be mainly devoted to
plasma accel eration and Thomson scattering.

The synchronisation

The synchronisation of the RF and the master clock in
respect to the femtosecond time scale taking into account
the natural pulse-to-pulse jitter for a Ti:Sa oscillator of a
few tens of fs lead to adopt a frequency-stabilized laser
oscillator. Care will be devoted to minimize the intrinsic
jitter encountered by the e- beam through its travel in the
accelerator to the wiggler. The jitter between the different
laser branches distributed on relatively long distance (~
100 m) should aso be reduced and environmental
contributions such as slow thermal drift should be
lowered. Moreover, unlike the accelerator beneficing of
the vacuum technique, inherent jitter sources along the
complex laser system (stretcher /compressor pair,
regenerative /multipass amplifiers, thermal lensing...) is
under study in CEA-SPAM. Measurement of the
synchronisation between the laser pulse and the electron
is a key issue, the development of the electro-optical
measurement has been set-up on the ELYSE gun at LCl
(Orsay). The first step of measurements leads to a
resolution of 250 fs.
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THE LIGHT SOURCES

The undulators

ARC-EN-CIEL phase 1 plans to use a 20 mm period
in-vacuum hybrid undulator as a modulator (50 periods),
and a 30 mm Applell undulator as a radiator (400
periods). Identical sections of modulator and radiator will
be added for the second phase of ARC-EN-CIEL (4 to 8
m for the modulator, and 4 sections of 4 m for the
radiator). Such undulators are currently developed for
SOLEIL third generation facility.

The choice of such radiator type undulators follows
estimations of magnetic performance of an Apple-ll type
undulator with a small period based on magnetostatic
calculations performed using the Radia computer code
[21]. The expected horizontal and vertical peak fields of
an Apple-ll at 30 mm period and 6 mm vertical gap are
Bx = Bz = 0.63 T; corresponding to the effective
deflection parameter K = 2.5 (seefig. 5).

it Peak Fields in Helical Mode [T]

Dieflection Paremeter in Helical Made

1l Periad [mm]
Figure 5. Peak magnetic fields (left) and deflection parameters
(right) as functions of period of an Apple-Il undulator in helical
mode at different vertica gaps. Calculations done for NdFeB
magnet blocks with remnant magnetization of 1.22 T and
transverse dimensions 30 mm x 30 mm, horizontal gap between

movable and fixed magnet arrays: 1 mm.

Seeding with High Harmonics generated in gas
Collaborations have been set up for demonstrating the
feasibility to seed a LINAC based FEL with HHG on
SCSS phase 1 in Japan [22] and on SPARC in Italy [23].
Tests of the chambers and of the optical transport have
been performed this year with the Luca laser, and seeding
will be performed at SCSS on fall 2006 and in summer
2007 on SPARC. This will provide an experimental
demonstration of the concept for ARC-EN-CIEL. FEL
radiation based on analogous systems for ARC-EN-CIEL
is calculated using PERSEO 1D code [24] with a gain
reduction due to the filling factor [25] and recently
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Figure 6: Steady-state GENESIS simulations for ArcEnCiel
phase 1, 1 — 1 HGHG scheme, 266 nm seed: @) gan in
modulator, b) gain in radiator (30 mm period helical mode).
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compared with GENESIS1.3 [26] integrated in a hew test
version of SRW [27] alowing the wavefront to be
transported in the beamline to the user sample (seefig. 6).
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Abstract

Several seeding schemes, like self seeding for FLASH
or seeded HGHG cascades for BESSY soft X-ray FEL,
are proposed for existing or planned free electron laser
facilities. The simulation of these schemes requires the
detailed knowledge of the properties of the seeding
rediation and the implementation of these properties in
the codes. Time dependent simulations with the 3D code
GENESIS calculate the electric field distribution in and
at the end of the undulator. The physical optics code
PHASE permits the propagation of wave fronts across
grazing incidence optics. Using the combination
GENESIS PHASE GENESIS, the properties of the FEL
output for different seeding schemes can be obtained.
For example, the radiation quality of a SASE FEL can
be improved in a sdf seeding scheme. Here, the
radiation is monochromatized after a first undulator
section and seeded to the second undulator
modules. We present simulation studies for the self
seeding option of FLASH.

INTRODUCTION

Synchrotron radiation beamlines at 3" generation
storage rings are generally optimized with ray tracing
codes which are based on geometrical optics. This is
justified as long as the radiation is incoherent. Coherent
radiation has to be propagated with physical optic codes
which describe the coherent properties of the light.
FELs, the 4™ generation light sources, are built to
produce transversally and longitudinally coherent
radiation in the wavelength regime down to 1A.

X-ray FEL facilities based on the SASE principle are
under construction at various places [1-3]. Since the
SASE is a random process the longitudinal distribution
of the light pulse as well as the spectrumis spiky.

Using a coherent seed pulse the FEL output can hence
significantly be improved. The cascaded HGHG FEL
scheme uses the coherent properties of the seed laser and
transforms these properties through several stages to the
required wavelength regime where no seeding laser is
available [4,5]. The radiation properties degrade with the
number of stagesinvolved. Therefore, it is advantageous
to start with arather short seeding wavelength which can
be produced by high harmonic generation (HHG) [6] in
order to reduce the number of stages.

Self seeding is another approach to improve the
spectral properties of the FEL [7]. The SASE radiation is
passed through a monochromator which filters out the
central frequency. Thisradiation is used as a seed for the
following undulators.
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It has also been shown that the output power of a
cascaded HGHG FEL can be enhanced if the radiation of
the first stage is monochromatized before transportation
to the next one [8].

These examples demonstrate that there is no strict
separation between FEL undulators and
monochromators. They have to be described in a closed
form, instead. In this paper we demonstrate for the
example of the self seeding option of FLASH the
necessity for a three dimensional and time dependent
description of the propagating coherent radiation within
the undulators and the monochromators.

THE PHYSICAL OPTICS CODE PHASE

The propagation of wavefronts in free space is usually
done using Fourier optics techniques [9]. Depending on
the geometry one of three propagators can be applied:

i) In the near field approximation the electric
field distribution is expanded in plane waves,
the plane waves are propagated by
multiplication with a complex factor and the
result is back transformed to real space.

i) In the far field approximation the image
distribution is composed of the contributions
from individual point sources.

iii) In the very far field the field distribution
equals the angle distribution in the source
plane (apart from a constant factor).

Optica elements can be introduced into this
formalism in the following way: The electric field is
propagated to the center of the optical element with
Fourier optics. Then, the wavefront is propagated over
the optical element using a ray tracing technique which
takes into account the phase differences. Then, the
wavefront is further propagated with Fourier optics
methods (ZEMAX, GLAD [10,11]).

The code PHASE, written at BESSY, is based on
another technique, the stationary phase approximation
[12] which will be briefly explained.

The following equation correlates the electric fieldsin
the source and the image plane.

E(a) = [h(a'a)-E(a)-da
The integration is done over the source plane and the

propagator h has the form:
h(&é):iz IW'b(W’l)'mﬂa)'d\N'dl
Surface

r,r' are the distances between the source / image
plane and the optical element, bis the obliquity factor
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and the integration extends over the optical element
surface. Each point in the image plane requires the
evaluation of a four dimensional integral. Each
additional optical element adds another two dimensions
in the integral and it is obvious that the expressions can
not be evaluated within reasonable time without certain
assumptions. The stationary phase approximation uses
the fact that the optical path length changes quadratically
with the optical element coordinates in a region close to
the principle rays (extremum of the optical path). The
integration over the optical element coordinates can be
done anaytically if the beam is not scraped at that
element and hence, the dimensions of the integral can be
reduced from six to four.

All expressions (coordinates, path length, scaling
factors etc.) are expanded up to fourth order in the
coordinates and angles of the initial plane. Using these
expansions the transformation of cross products of
coordinates and angles can be derived as well. Using
these cross terms the transformation over one element
can be expressed via a 70x70 matrix. The combination
of several optical elements is done simply by the
multiplication of the individual matrices.

In principle the complete beamline can be described
with one single matrix for each term as long as the
photon beam does not hit an aperture. In case of a
monochromator at least two runs are required: i)
propagation from the initial plane to the exit dit and ii)
propagation from the exit dlit to the image plane.

Monochromatic light is assumed during the
propagation. For time dependent simulations, the input
data have to be Fourier transformed and the individual
frequencies have to be propagated one after the other.
The results are again Fourier transformed yielding the
time dependent fields at the exit of the monochromator.

All equations have been derived with the algebraic
code REDUCE [13] and the basic code has been
produced automatically. For more details on the
agorithm we refer to [12].

THE SELF SEEDING OPTION OF FLASH

The basic setup of the self seeding option is
illustrated in Figure 1. It consists of two undulator stages
separated by a magnetic chicane and a monochromator.
The first undulator operates as a SASE FEL in the linear
regime. After it the electrons are separated from the
SASE radiation. The electron beam passes through the
magnetic bypass that is used to remove the longitudinal
charge density modulation (micro bunching). The
radiation pulse is spectrally filtered in a high resolution
grating monochromator and afterwards is superimposed
with the electron beam at the entrance of the second
undulator. Thus the monochromatic photon beam serves
as a coherent radiation seed, which is amplified up to
saturation in the second undulator. The self seeding
technique increases the spectral brilliance significantly
i.e. the output power of the seeded FEL is concentrated
in a single line which is orders of magnitude narrower
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than the spectrum of the conventional SASE FEL. The
concept of the self seeding has the advantage that it is
independent of any external radiation source and the
seed is naturally synchronized with the electron bunch.

electron beam bypass demodulated  output

electron beam radiation
1st undulator I 2 l
; : nd undulator
Trre 9razing:mirrors,g sy

e \\/ ] ERERES
slit ‘ FEL amplifier

SASE FEL
(linear regime) e

grating monochromatic

x-ray beam electron dump

electron beam

Figure 1: Schematic layout of the self seeding setup.

THE MONCHROMATOR

The seeding requirements for energy resolution, unity
magnification, and only vertical deflections have been
addressed [14] with a beamline (Figure 2) based on a
spherical varied-line spacing grating (SVLSG).

The monochromator includes a plane mirror and three
SVLSG (in the same spherical substrate) covering the
energy range 6-64 nm. The plane mirror illuminates the
grating at the correct angle of incidence such that the
monochromator magnification is close to unity. In
addition, each grating is designed to perfectly focus the
beam along the dispersion (vertical) direction at the exit
dlit a two energies in its range, and to zero the coma
aberration at one energy.

_ Side View v
Cylindrical Cylindrical
Mirror Mirror
rho=345 mm rho=531mm
87.5° Plane
- Foous Mirror

64nm  ggoe g5

Ut uz

.
Spherical Undulator
Undulator Mirror VLS Spherical

i Spherical Mirror

R;?;:m Gratings R=25.7m

800, 356, 160 I/mm 86.16°
R=6.05 km

Monochromator >
focus

Figure 2: Seeding monochromator.

The pre and post focusing optics include four optical
elements. The first and last optical components are two
sagittally focusing cylinders that provide the unity
magnification aong the horizontal direction. The
demagnification along the dispersion direction onto the
entrance dit is performed with a spherica mirror. A
spherical mirror after the exit slit magnifies the entrance
dit width such that the size and divergence at the
entrance of the second undulator overlaps with the
electron beam for maximum amplification.

SIMULATIONS

Time dependent simulations for the first undulator at a
carrier frequency of 60nm have been performed using
GENESIS [15]. The standard FLASH undulator
geometry has been assumed, where the electron beam is
kicked in order to avoid saturation within the 15m
undulator length which is required for shorter
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wavelengths [16]. The total length over which the SASE
interaction takes place is about 6.5 m, which is enough
to reach a power level of about 0.2 GW. This value is
well below saturation, but high enough to guarantee that
after monochromatization the power is several orders of
magnitude above shot noise. Electric fields for 560 slices
(121x121 grid points) separated by 540nm provide the
full information of the radiation pulse. The frequency
resolution after Fourier transformation is determined by
the length of the total pulse to be transformed. For a
reasonable resolution the pulse length has been enlarged
to 4096 dlices by adding slices with no intensity.

After Fourier transformation the frequency dice for
the central frequency (60nm) has been propagated
upstream to find the beam waist. For this specific case
the waist is located 1000mm upstream of the undulator
exit.

The PHASE propagation has been limited to 40
frequencies. The other frequencies are diffracted by the
grating to large angles such that they are blocked by the
exit dlit. The wavefronts corresponding to the 40
frequencies have been propagated to a plane close to the
first element which istheinitial plane for the subsequent
PHASE propagation. The PHASE simulations have been
donein two steps. Firgt, the electric fields in the exit dlit
plane have been evaluated on a grid with 51x51 data
points. The sizes of the dlit aperture was chosen to be
2mm horizontally and 40pm, 200um and 400mu
vertically. These data have then been used in a second
PHASE run from the exit plane to the center of the
second undulator (2500mm downstream of the undulator
entrance).

These 40 frequency dlices plus the other 4096-40
frequency dlices (the latter ones with no intensity) have
been Fourier transformed to time space to be used in
further GENESIS simulations through the second
undulator. For this a modified version of GENESIS is
used in order to include the full 6x6 matrix to describe
the electron bypass that debunches the electron beam.
The electric fields behind the monochromator have been
scaled such that the intensity at the central frequency has
dropped to 11 percent corresponding to the theoretical
beamline transmission.

Figure 3 shows the temporal and spectral power of the
initial pulse and the pulses behind the monochromator.
Though the line width behind the monochromator
shrinks with the dlit width, the pulse duration does not
increase.

The reason is the correlation between the wavelength
and the spot location in the dispersion plane of the
grating which is imaged to the center of the second
undulator. The bandwidth at a certain grid point does not
scale with the dlit width because only a small frequency
interval contributesto the intensity at that point.

For the simulation of the second undulator, the
particle distribution of the first undulator is taken, which
is debunched, using the full 6x6 matrix which has been
simulated with ELEGANT. The field used as a seed is
the one as calculated by PHASE. The tota interaction
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Figure 3. Relative power versus time (left) and
frequency (right) for the initial pulse at the exit of the
first undulator (black) and behind the monochromator
for exit dits of 40um (blue), 200um (red) and 400pm
(green). The monochromator transmission is not yet
included.

length simulated is about 4.3 m, after which maximum
peak brilliance has been reached.

RESULTS

The simulations for the three different dits show
similar results. The main difference is that the seed
power is different at the entrance of the second
undulator. However, in all cases it is well above
shotnoise and only influences the position a which
saturation is achieved. In Figures 4 and 5, the results for
a400 um dlit are shown.

Wider monochromator dlits increase the total power
which is, however, not completely passed to the electron
beam because the transverse beam size acts as further
dlit. The spectral power increases by a factor of 2.5
going from 40 to 200um dlit width and does not increase
further at 400um.
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—— SEEDED)|
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Figure 4: Comparison of the power spectrum for SASE
(black curve) and a seeded pulse (red curve) for a dit of
400 um. The small graph in the top left corner shows the
same spectrum on a logarithmic scale. Note that the
central frequency of 60 nm for the seeded pulse is about
an order of magnitude higher compared to SASE,
whereas the other peaks are about a factor of 5 lower.

Seeded FELs



Proceedings of FEL 2006, BESSY, Berlin, Germany

4.0x10° — . . . . . .

3.5x10° F

3.0x10°

2.5x10°

2.0x10°

Power/GW

1.5x10°

1.0x10° |

5.0x10° F

\.
— 1

0.0 ) !
0 50 100 150 200 250 300 350

s/um

Figure 5: Power along the bunch for a SASE pulse
(black curve) and the seeded pulse (red curve). Note that
the seeded pulse is much smoother. The remaining
spikes are at least partially due to the fact that the
bunching is not fully suppressed in the simulation due to
the limited number of particles used.

CONCLUSION

We presented for the first time combined time
dependent FEL simulations and physical optics
wavefront propagations using the codes GENESIS and
PHASE. The wavefronts generated in a time dependent
simulation of GENESIS have been propagated with the
physical optics code PHASE and the result has been
used as a seed for a further GENESIS run. It has been
demonstrated that the self seeding scheme significantly
improves the spectral performance of FLASH. The line
width becomes narrower, the power increases and the
temporal structure is smoother.
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DEVELOPMENT AND APPLICATION OF FIGURESOF MERIT TO
EVALUATE THE OUTPUT OF HGHG FEL CASCADES

B. Kuske', R. Follath, A. Meseck, BESSY, Berlin, Germany

Abstract

In the design of Free Electron Lasers (FEL), parame-
terslike the peak power and the spectral power were estab-
lished as figures of merit to evaluate the FEL's output qual-
ity. However, spectra obtained with studies using bunches
from start-to-end simulations including errors show that it
is not sufficient to optimise these simple parameters. To
establish a stable and reliable user facility, parameterslike
pulse reproducibility, stability of the source point or signal
to background ratio have to be considered and optimised.
This paper suggests different criteriaand parametersto de-
scribe and compare the output of different FEL schemes
with respect to a regular user operation. As these criteria
are not readily available from common FEL codes a post
processing DL code has been written, that extractstherel-
evant information from a standard GENESIS output. The
code is used to reevaluate start-to-end simulations for the
BESSY low energy FEL [1].

INTRODUCTION

A growing number of proposalsfor FEL projects planto
use High Gain Harmonic Generation (HGHG) structures
in order to exploit the advantages that arise from seeding
the FEL process, at wavel engths much shorter than what is
available today with conventional seed lasers [2]. As the
efficiency in the generation of higher harmonics declines
rapidly with the harmonic number, a multi step harmonic
generation in cascaded structures can be used to extend the
wavelength range of this concept down to a few nanome-
ters. Cascaded structures require an overall bunch length of
the electron beam in the order of some hundred femtosec-
onds, because for each stage an unspoiled part of the bunch
must be used (fresh-bunch technique). These long bunches
usually exhibit parameter profiles at the end of thelinac that
are far from being constant. For example, an energy chirp
is needed for bunch compression, the current is not con-
stant and the emittance and energy spread vary for different
slices. As aresult, the temporal and spectral power func-
tions are not as smooth as known from theoretical studies.
Fig. 1 shows the power spectra of three different ssimula-
tions including errors of the BESSY low energy FEL. The
spectra are not Gaussian anymore, and they vary consider-
ably for each set of errors. Although the peak power varies
by less than 20% the pulse energy differs significantly.

The result of start-to-end simulations including phase
and amplitude errors in the gun and in the linac and charge

*Funded by the Bundesministerium fr Bildung und Forschung
(BMBF), the State of Berlin and the Zukunftsfond Berlin
T Bettina. K uske@bessy.de
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Figure 1: Power emitted by the fina amplifier of the
BESSY low energy FEL-line for three different sets of er-
rorsin the gun and the linac. The pulses are not Gaussian.

and timing errors of the photo cathode laser, for the two
stage low energy FEL line have been published in [3].
Those 24 cases are reevaluated in the current paper incor-
porating aspects that are relevant for the users of the FEL
radiation.

The BESSY soft X-ray FEL is designed as a user facil-
ity and hence the quality of the radiation will be judged
at the position of the experiment. For the passage through
the beam line, three radiation parameters are of major im-
portance, namely the transverse and longitudinal position
of the source point and its size. Vertical offsets give rise
to energy fluctuations behind the monochromator. Hori-
zontal offsets lead to intensity fluctuations behind horizon-
ta dlits. Both offsets should not exceed 20% of the ra-
diation size. Variations in the size or the location of the
source point degrade the energy resolution. Location fluc-
tuations should not exceed one Rayleigh length. The signal
to background ratio and the pulse energy within a selected
bandwidth are further figures of great interest to the exper-
imenters and beam line designers. Most of these criteria
are indirectly supplied by FEL codes like GENESIS [5],
but not easily accessible, especially when alarger number
of runs are considered, asin tolerance studies. Therefore, a
small evaluation program has been written using IDL [6] in
combination with the original GENESI S output interpreta-
tion routines. The given figures of merit as well asthe lim-
its set for stability, result from discussions with the BESSY

Seeded FELs
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Figure 2: Peak power versus 90% energy for 24 pulsesin
the BESSY low energy FEL final amplifier. The spread in
pulse energy can be considerablefor similar peak power.

experimental group.

PULSE ENERGY AND BACKGROUND

In order to describe the FEL pulse, the FWHM of the
pulseisdetermined as well asthe width of the pulse at 10%
of the peak power, called the 10%-width. For a Gaussian
pulse, the ratio of the two is ~ 1.8. 75% of the 24 investi-
gated caseshave aratio around 1.2, indicating a pul se shape
with steep flanks, only one case showed awide profile with
aratio bigger than three.

Theintegral of the power inside the 10%-width is called
the 90% pulse energy. Fig. 2 shows the peak power versus
the 90% energy for the 24 runs. Especially around peak
powers of 4 GW, where most pulseslie, the spread in pulse
energy, which isthe figure of interest for the experiment is
considerable, due to the different pulse shapes. Therefore
the peak power is not well suited as a figure of merit.

Any power outside the 10%-width is considered to be
background. The signal to background ratio is important
for the quality of the experiments. The background is com-
puted in percent of the total pulse energy, see Fig. 3. Itis
below 2% in all cases.

It must be mentioned, that in order to reduce the compu-
tation time only short parts of the complete 700 fsbunch are
simulated in the studies. The calculation of the background
at this point includes power emitted outside the 10%-width
of the 100 fs long bunch part tracked through the final am-
plifier. Contributions of the two parts seeded in upstream
stages will approximately double the shown background,
while the contribution of unseeded partsis negligible.

SOURCE POINT CHARACTERISATION

In seeded devices, the determination of the radiation size
is not straightforward. At the beginning, the radiation is
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Figure 3: The background signal of the lasing part of the
bunch in percent of the total pulse energy.

dominated by the seed. While the seeding radiation di-
verges, bunching builds up in the seeded part of the elec-
tron bunch and power is emitted, increasing exponentially.
The radiation size calculated by FEL codesthususually in-
creases in the initial part of seeded FEL amplifiers due to
the diverging seed and only later decreases due to the build
up of coherent FEL radiation.

FEL codes usually calculate the radiation size for each
slice of the bunch. For seeded devices though, averaging
over all bunch dices will yield wrong results, as the radi-
ation size at the location of the seed’s interaction is much
smaller than in the rest of the bunch, where the little power
emitted is independent of the seeded process.

Theradiation size and divergence of each slice provided
by GENESI S hasto be weighted with the power emitted by
thesdlice. Theresult followsthe behaviour described earlier.
The radiation size has a maximum inside the final ampli-
fier, where the divergence dlightly decreases. In order to
calcul ate the phase space volume, the radiation size and di-
vergenceat the end of thefinal amplifier are used. Note that
from [7] it is known, that the beam waist, when cal culated
exactly by back tracking the radiation, lies a couple of me-
ters upstream and is smaller than at the end of the device.
Thus, the data plotted in Fig. 4 is an upper limit, and the
phase space volume is expected to be up to 50% smaller.
Still most points lie close to the line indicating twice the
diffraction limit. Asthewaist location will jitter from shot
to shot, this conservative estimate seems adequate.

SOURCE POINT STABILITY
Transverse Sability

Asmentioned earlier, transversejitter of the source point
reduces the energy resolution of the beam line. Itisdesired
to reduce the transverse fluctuationsto less than 20% of the
rmsradiation size.

Rather than first |ocating the source point, and then com-
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Figure 4: The size and divergence of the radiation field at
the end of the final amplifier. The black lineindicatestwice
thediffractionlimit. Thebeamwaist will inreality lieafew
meters upstream the end of the undulator and will be up to
50% smaller, on the other hand jitter of the waist location
has to be taken into account.

paring the beam offsets at this point to the radiation size,
the ratio between the transverse offsets and the radiation
sizeis computed at each point in final amplifier. The max-
imum of each of the resulting curves for the 24 runsis de-
picted in Fig. 5. These results only show shot-to-shot fluc-
tuations, that are due to phase and amplitude errors in the
gun and in the linac. The amplitudes at the beginning of
the cascades amounted to < 1um rmsin the horizontal and
< 0.5pm rmsin the vertical plan.

The major source for beam steering, though, are
quadrupole jitters, e.g. dueto ground vibrations. All time
independent beam offsets will be corrected by the steer-
ing magnets. Start-to-end calculations assuming a Gaus-
sian rms quadrupol ejitter of 300 nm, resulted in rms beam
offsets at the beginning of the HGHG cascades aslisted in
Tab. 1.

Table 1: Transversejitter (rms) at the end of the linac, due
to random quadrupol evibrationswith 300 nm offsets (rms).

offset [pm] | angle[urad]
horizontal 275 155
vertica 10.0 157

For an estimate of their effect, bunches where started on
the phase space €llipse described in Tab. 1 and tracked
through the final amplifier. The largest transverse offsets
in the undulator where reached for large initial horizontal
amplitudes, the maximum reached was 28um. The mini-
mal radiation size of all investigated cases is 140um, Fig.
4, therefore the 20% criterion is fulfilled throughout the
final amplifier for all runs. Alternative optics, taking the
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Figure 5: The maximum of the vertical and horizontal
transverse offsets in the fina amplifier in percent of the
radiation size, when errors in the gun and the linac are in-
cluded in the start-to-end calculations. To include effects
of quadrupole offsets, the data can be linearly scaled.

larger horizonta trgjectory jitter into account, could even
improve on the results.

Longitudinal Sability

The longitudinal location of the source point is difficult
to determine. It does not coincide with the saturation point.
Furthermore, in start-to-end calculations including errors,
each bunchis populated differently and is seeded at varying
locationsdueto timing jitter, so that the source point moves
from shot to shot.

In [7], an exact, but time consuming procedure is intro-
duced to locate the position and size of the radiation waist.
It is pointed out that the waist lies over 5m upstream of
the end of the undulator for the investigated cases. Fur-
thermore, the horizontal and vertical waist position do not
necessarily coincide.

A shot-to-shot jitter in the location of the source point or
avariation in its size, leads to a degradation of the energy
resolution. The criterion for longitudinal stability has been
set to fluctuationsin the beam radius of |ess than afactor of
/2, which for Gaussian beams correspondsto variations of
the source point location of less than one Rayleigh length.

It can be extracted from [7] that the distance, in which
the beam radius increases by /2 is > 5m and thus much
larger than the theoretical Rayleigh length. With a total
length of the final amplifier of 7.5 m, the longitudinal sta-
bility criteriaisfulfilled as long as the beam waist location
lieswell inside the final amplifier.

SPECTRUM

Due to the energy chirp on the electron bunch and the
jitter between the arrival time of the bunch and the seeding
laser, the average energy of the electrons interacting with
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Figure 6: Histogram over the percent of total pulse energy
in 0.1% bandwidth around the central frequency of each
pulse. High temporal resolution experiments usually work
without monochromator.

the seeding radiation varies, which results in a fluctuation
of the central wavelength of the HGHG spectrum.

In order to evaluate spectral properties, the routines sup-
plied by the post processing IDL-code XGENES| Sare used
on the Fairfield power on axis. The fraction of the energy
in 0.1% bandwidth is calculated and compared to the total
energy in the spectrum. The bandwidth can be either taken
around a given frequency for all runs, or for the central fre-
quency of theindividual spectra.

Different experiments are interested in different spectral
qualities. Experiments depending on high temporal resolu-
tion will usually work without monochromator and depend
on the energy in a certain bandwidth around the resonant
wavelength of each pulse. This caseis depicted in Fig. 6,
where 75% of the runs hold more than half and up to 90%
of their power in 0.1% of the bandwidth of their resonant
frequency, amounting to 50 ©.J on average.

High energy resolution experiments need alargefraction
of the total pulse energy close to the central frequency of
the monochromator, Fig. 7. 70% of the runs would still
deliver above 40% of their total pulse energy within the
given bandwidth. These experiments usually average over
many shots.

CONCLUSION

FEL codes deliver information about the devel opment of
the radiation inside the amplifying devices during the in-
teraction between the electrons and the electro magnetic
field. The quality of the produced radiation isjudged much
further down the beam line at the experimental station. Fig-
ures of merit have been proposed to evaluate the FEL out-
putinview of the beam line and experimental demands. All
quantities can be deduced from the output provided by, e.g.
GENESIS. A post processing code for GENESIS has been
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Figure 7: Histogram over the percent of total pulse energy
in 0.1% bandwidth of a given (monochromator) frequency.
The figure is important for high energy resolution experi-
ments.

introduced. It has been used to evaluate the results of 24
complete start-to-end runs including errors in the gun and
the linac of the BESSY low energy FEL line. The given
criteriafor the radiation quality could be met. Despite the
immense computing effort it would be desirable to improve
on the statistics.
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STUDY OF A DEFLECTING DISPERSIVE CHICANE
FOR THE BESSY SOFT X-RAY FEL*

A. Meseck', G. Wistefeld*
BESSY GMbH, Albert-Einstein-Str.15, Berlin, Germany.

Abstract

High power, short pulse length and full coherence are
the main parameters of the second generation free electron
lasers like the BESSY Soft X-ray FEL. To provide radia-
tion with these properties, BESSY proposed a seeded FEL
facility based on high-gain harmonic-generation (HGHG)
scheme [1]. This scheme uses cascaded stages each con-
sisting of undulator/dispersive chicane/undulator section to
up-convert the seeding frequency.

The transverse separation of the seeding radiation and
electron beam after the first undulator is desirable, as not
only the output of the following undulators improves but
also the seeding radiation itself can be used for diagnostics.

Based on an exact linear model, a dispersive chicane is
designed for the BESSY FEL, which deflects the electron
beam providing the separation without coupling and spoil-
ing effects [2]. The linear model and the deflecting chicane
will be presented and the properties of the chicane will be
discussed by means of simulation results.

INTRODUCTION

The BESSY Soft X-Ray FEL is designed as a multi-user
facility consisting of three independent FEL lines. Each
line is seeded by a tunable laser covering the spectral range
of 230 nm to 460 nm. The target wavelength ranges from
51 nm to 1.24 nm with peak powers up to a few GWs and
pulse lengths less than 20 fs (rms). The polarization of the
fully coherent radiation will be variable.

Cascades of two to four HGHG stages are planned to
reduce the existing laser wavelength to the target range of
the BESSY-FEL. In the first undulator of such an HGHG
stage, the modulator, an energy modulation is imprinted
on the electron beam by the seeding radiation. The fol-
lowing dispersive chicane converts this energy modulation
to a spatial modulation which is optimized for a particular
harmonic. The second undulator, the radiator, is resonant
to this harmonic and generates radiation at the higher har-
monic, which serves as seed for the next stage. The last
HGHG-stage is followed by the so-called final amplifier. It
is seeded at the desired wavelength and the amplification
process is brought to saturation.

The quality of the FEL output radiation depends strongly
on the quality of the frequency up-conversion procedure,
which again depends on the quality of the spatial modu-
lation (bunching) and on the quality of the seeding radia-

*Work funded by the Bundesministerium fiir Bildung und Forschung
and the Land Berlin
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tion. Although in an HGHG stage, the radiator is resonant
to a harmonic of the seeding radiation, short interactions
between the seeding radiation and the electron beam are
still possible. During such an interaction the phase corre-
lation between the seeding radiation and the electron beam
is good enough to permit an energy exchange. These in-
teractions are short as the resonance condition is not ful-
filled for the seeding radiation, but due to the high inten-
sity of the radiation, the electron beam quality degrades,
and thus the radiator output quality suffers. Separating the
seeding radiation and the electron beam after the energy
modulation would avoid these undesired interactions. In
addition, the separation offers the possibility to use the ra-
diation - seeding radiation as well as the spontaneous un-
dulator radiation- for diagnostics.

In principle, the separation can take place before, inside
or after the dispersive chicane, but it has not to affect the
spatial modulation. Also other effects like residual disper-
sion, coupling or increased beam size have to be avoided.
Each of the dispersive chicanes planned for the BESSY
FEL consist of four dipoles providing a closed bump. Gen-
erally, the dispersion strength, which is necessary to con-
vert the energy modulation to the spatial modulation, is not
high. Hence the bump amplitudes are not large enough to
install mirrors or other optical elements to deflect the radi-
ation. A separation of the radiation and electrons can only
take place by an additional bending of the electron beam. A
simple bending, with an additional dipole or due to a mis-
match of the four bump dipoles, causes residual dispersion,
coupling between transverse and longitudinal motion and
spoils the bunching. Thus it deteriorates the radiator output
strongly.

However, an exact linear model offers the possibility to
design an optimal dispersive section, which allows the sep-
aration of the electron beam and seeding radiation with-
out any coupling and spoiling effect. In this paper we
present the dispersive section which is designed based on
this model. Comparisons of simulation results of an HGHG
stage using the four dipole chicane and the deflecting dis-
persive section respectively, demonstrate that the new dis-
persive section meets all demands.

THE DEFLECTING DISPERSIVE
CHICANE

The dispersive chicane, which converts the energy mod-
ulation of the bunch to a spatial density modulation is op-
timized for a particular harmonic of the seed. This spa-
tial modulation results when the energy modulated beam
passes through a dispersive chicane, which is described by

Seeded FELs
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Figure 1: Horizontal trajectory of the electron beam as
a function of beam line position. The red line shows
the trajectory for the deflecting chicane (dipoles in red,
quadrupoles in blue and undulators in yellow colours).
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Figure 2: Horizontal (blue) and vertical (green) beta func-
tions and dispersion (1000 times enhanced, red) of the de-
flecting chicane. The value of m ¢ is tuned to 6.5 - 10—
(solid line) and 26 - 10~ (dots), colours of magnets as de-
scribed in fig. 1.

a properly chosen matrix element msg. The energy mod-
ulated electrons must be shifted by A /4 in the longitudinal
position within the dispersion section for the optimal ra-
diator output. For BESSY FEL seeding wavelength, this
translates to a distance of 60 nm to 120 nm. Note, the fac-
tor two in the distance tuning-range is given by the spectral
range of the seeding radiation.

The necessary density modulation is commonly
achieved by a simple four dipole bump of zero integrated
dipole field strength. By a scaled field strength change of
the four dipoles, msg can be varied.

Instead of the simple 2 m long bump, we propose a more
elaborate optics, which deflects the beam by a fixed angle
of 10 mrad, see Fig. 1 and 2. In addition, the value of m 5¢
can be varied by a factor of four, twice as much as required.

Seeded FELs
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This deflecting chicane consists of two dipole families and
one quadrupole, tuned as an achromatic bend with variable
mse Value. The integrated dipole fields are kept constant to
define the deflection angle. One family is excited opposite
to the other one, the difference between the integrated fields
of both family yields the value of msg. The quadrupole
tunes the dispersion outside of the chicane to zero. At the
entrance and exit side of the chicane an optical matching
section is required, consisting of one quadrupole doublet
on each side. For the full optical line m5¢=6.5 - 1072, the
same tuning as for the simple bump. Different settings of
the dipoles leads to different orbits inside the quadrupole,
this steering has to be taken into account.

This optics is 10 m long and has the advantage of sep-
arating the electron and photon beams, and delivering the
necessary msg. In addition it avoids the coupling between
different planes of the electron motion as described below.
The separation can be used for easier diagnostics purposes
and eliminates further unwanted interaction of the photon
beam with the electrons.

The linear matrix theory can be used, to discuss the cou-
pling of the horizontal (z,z’) and longitudinal (z, z) par-
ticle oscillations [2]. Effects of the vertical plane have to
be treated similarly, but are presently not discussed. A gen-
eral transfer matrix m;; describes the chicane plus match-
ing sections. The longitudinal elements ms; and mso are
not independent. They are coupled to the horizontal plane,
described by

ms1 = Mi1eMM21 — N11126

and

ms2 = M1eM22 — 1121126

The coupling depends on the dispersive terms m ¢ and
mog. If dispersion is produced and mis and mog are
nonzero, for example by a single dipole kick, one gets a
dependency of the longitudinal position z on the horizontal
plan (x,2"). Even a single dipole kick of 5 mrad generates
dispersion and in turn coupling. Using the BESSY FEL pa-
rameters of a horizontal beam emittance of 0.9-10 % m rad
one obtains a longitudinal spread of 280 nm as a result of
the final beam diameter. This can not be tolerated for a
proper seeding process. With the presented chicane, this
coupling is cancelled, i.e. the matrix elements ms; and
mso are Zero.

As the transverse beam amplitudes and the accumulated
spread in chromatic phase errors stay sufficiently small, the
layout of this section is done without any higher order cor-
recting multi poles. The comparison between the simple
dipole bump and this deflecting chicane shows very good
agreement, as shown in the next section. For the compari-
son, the deflecting chicane has the same Twiss parameters
[ and « as the four bump chicane at the start and end points.
Both sections have a msg value of 6.5 - 10~°. In this case
the rms-beam dimensions are equal (within the numerical
uncertainties due to limited number of macroparticle in the
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Figure 3: The bunching at the entrance of the first radiator
of medium-energy FEL along the bunch for both disper-
sive sections. Both dispersive sections produces the opti-
mal density modulation for the given energy modulation.

simulations) for both solutions, independent of the differ-
ent phase advances obtained from the different approaches.

This chicane is similar to the optics of the NewSUB-
ARU storage ring [3, 4]. It was recognized in this ring, that
even a very small power supply ripple of the dipole families
could limit the isochronous tuning of the optics [5]. How-
ever, this seems not to be a problem for our parameters. A
deflection error of 10~2 in one of the dipole families leads
to a two times larger error of m 56, which is negligible.

PERFORMANCE SIMULATION OF BOTH
DISPERSIVE SECTIONS

In order to compare the performance of the new de-
flecting dispersive chicane with the simple four dipole chi-
cane, the first stage of the medium-energy FEL-line of the
BESSY FEL [1] was simulated for both cases. The sim-
ulations were carried out using a modified version of the
simulation code GENESIS 1.3 [6] which includes a trans-
fer matrix routine. This routine was used to model both
dispersive sections at the entrance of the radiator.

The bunching at the entrance of the radiator is shown in
Fig. 3 for both cases. For the given energy modulation, both
dispersive sections produce the optimal spatial modulation.
Fig. 4 displays the temporal power distribution at the exit
of the first radiator. This radiation will be used as a seed
for the next section. The difference in maximum power
between both cases is negligible concerning the seeding.

The development of the horizontal and vertical electron
beam size (rms) along the first radiator is shown in Fig. 5
and 6 for both dispersive sections. Because of the limited
number of macroparticles that can be simulated, numerical
deviations of the rms beam size of order 0.5% are expected.
Therefore any deviation in beam sizes less than 0.5 % can
be neglected. Obviously, there exist a small difference in
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Figure 4: The radiator output power of the first stage of the
medium-energy FEL for both dispersive sections. There
exists a small difference between both cases, which is neg-
ligible concerning the seeding of the next section.
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Figure 5: The development of the horizontal electron beam
size (rms) along the first radiator for both dispersive sec-
tions. The difference between the beam sizes is less than
0.5 % and can be neglected.

vertical divergence for both cases of about 0.4 1 rad. This
difference might also indicate small tuning differences of
the two chicanes.

The above simulations were done for constant average
energy along the bunch. In order to exclude undesired ef-
fects due to the energy chirp of the electron beam needed
for the bunch compression [7], the simulations of both
dispersive sections were repeated with an energy chirped
beam. The bunching and radiator output are almost the
same for both dispersive sections. The spectral purity is
conserved for both dispersive sections, see Fig. 7. Due
to the energy chirp, there is a shift in the wavelength [7],
which is independent of the choice of the dispersive sec-
tion.
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1.0 T T r , .
* simple chicane
0.8 + energy chirp i
e deflecting chicane
S, + energy chirp
g 0.6- _
2
o
o
£ 04+ i
o
o]
Q
(%]
0.2 4
0.0 —

10 111 112 113 114 115 116
A [nm]

Figure 7: Spectrum of the output radiation for both disper-
sive sections. There is a shift in the wavelength due to the
energy chirp. This is independent of the dispersive section.

CONCLUSION

Using an exact linear model an optimized dispersive sec-
tion is designed for the medium-energy FEL-line, which al-
lows the separation of the electron beam and seeding radia-
tion without any coupling and spoiling effect. Based on the
linear coupling matrix, a deflecting dispersive chicane is
introduced. The comparison of the simulation results of an
HGHG stage shows that the new dispersive section meets
all demands.

REFERENCES

[1] The BESSY Soft X-ray Free Electron Laser, Technical De-
sign Report March 2004, eds.: D.Kramer, E. Jaeschke, W.
Eberhardt, ISBN 3-9809534-08, BESSY, Berlin (2004).

[2] G. Waustefeld, “Horizontal-longitudinal coupling in the FEL

Seeded FELs

(3]

(4]

(5]

(6]

(7]

MOPPHO052

beam line,” BESSY (Berlin) Technical Report TB 227/05,
2005.

A. Ando, S. Amano, S. Hashimoto, H. Kinosita, S.
Miyamoto, T. Mochizuki, M. Niibe, Y. Shoji, M. Terasawa,
T. Watanabe and N. Kumagai, “Isochronous storage ring of
the New SUBARU project,” J. Synchrotron Rad. (1998). 5,
342-344.

A. Amiry, C. Pellegrini, E. Forest, D. Robin, “Study of mag-
netic lattice for a quasi-isochronous ring,” Particle Accelera-
tors, Vol. 44, Num. 2, p.65, 1994.

Y. Shoji, Y. Hisaoka, T. Matsubara, T. Mitsui, “Longitudinal
Coherent Oscillation Induced in Quasi-isochronous Ring,”
proceedings EPAC 2006, Edinburgh (UK).

S. Reiche, GENESIS 1.3, Nucl. Instr. Meth. A 429 (1999)
243.

B. Kuske, M. Abo-Bakr, A. Meseck, “Impact of Realistic
Bunch Profiles and Timing Jitter on the Output of the BESSY
Low Energy FEL Line,” proceedings FEL 2005, Stanford
USA.

161



MOPPHO053

Proceedings of FEL 2006, BESSY, Berlin, Germany

SIMULATION STUDIESON THE SELF-SEEDING OPTION AT FLASH*

V. Miltchevt, J. Rossbach, Hamburg University, 22761 Hamburg, Germany
B. Faatz, R. Treusch, DESY, 22603 Hamburg, Germany.

Abstract

In order to improve the temporal coherence of the ra-
diation generated by the Free-electron LASer in Hamburg
(FLASH), atwo-stage seeding scheme [1] is presently un-
der construction. It consists of two undulator stages sep-
arated by a magnetic chicane and a monochromator. In
this contribution we investigate various configurations of
the electron optics of the seeding set-up. The optimization
of the lattice in thefirst (seeding) stage and the parameters
of the magnetic chicane will be discussed. Simulation re-
sults for the performance of the second (seeded) stage of
the FEL will be presented.

INTRODUCTION

The basic setup of the self-seeding option [1, 2] isillus-
tratedin Fig.1. It consists of two undulator stages separated
by a magnetic chicane and a monochromator. Thefirst un-
dulator operates as a SASE FEL in the linear regime. After
it, the electrons are separated fromthe SASE radiation. The

electron beam bypass demodulated output
electron beam radiation
1st undulator I |
i i : 2nd undulator
—— grazing mlrrorsl
— >

slit ’ FEL amplifier
[t

SASE FEL
linear regime n

( 9ime) " grating monochromatic
x-ray beam

electron beam electron dump

Figure 1. Schematic layout of the self-seeding setup.

electron beam passes through the magnetic bypass, that is
used to remove the longitudinal charge density modulation
(micro bunching). The radiation pulseis spectrally filtered
in a high resolution grating monochromator [3] and after-
wards is superimposed with the electron beam at the en-
trance of the second undulator. Thus the monochromatic
photon beam serves as a coherent radiation seed, which is
amplified up to saturation in the second undulator. The
seeding increases the spectral brilliance by about a factor
of 100, i.e. the output power of the seeded FEL is concen-
trated in a single line which is about a hundred times nar-
rower than the spectrum of the conventional SASE FEL.
The concept of the self-seeding has the advantage that it is
independent of any external radiation source and the seed
is naturally synchronized with the electron bunch. An ad-
ditional advantageis that the seeding wavelength is contin-
uously tunable. The monochromator optics, to be installed

*Thiswork has been partially supported by the EU Commission in the
Sixth Framework Program, Contract No. 011935-EUROFEL
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at FLASH, is designed for operation in the 6-60 nm range
[2]. It isimportant to note, that the gain in the first undula-
tor section isessential for the effective operation of the self-
seeded FEL . The output power level should be sufficiently
low (about two-three orders of magnitude bel ow saturation)
in order to preserve the energy spread and the emittance of
the electron beam. On the other hand the power of the seed,
obtained from the first stage, should be much higher than
the power of the shot noisein the second undulator.

ELECTRON OPTICS

Undulator stages

The undulator stages for the self-seeding option are sub-
divided into segments of about 4.5 m length. The first and
the second undulator consist of three and six such segments
respectively. A separated focusing system for the undulator
stagesisused at FLASH [4]. The focusing is accomplished
by quadrupol e doublets placed in-between two neighbour-
ing undulator segments. The main feature of such focusing
scheme, relevant to the implementation of the self-seeding,
is the variable quadrupole strength. The total length of the
first undulator (about 14.5m) is optimized for operation at
a wavelength in the order of 6nm. The minimum aver-
age (-function for this case is about 4.5m. As mentioned
above, the power gainin thefirst undulator is crucial for the
performance of the self-seeded FEL. Therefore, in order to
compensate the scaling of the gain with the wavelength,
one can vary the quadrupoles strength i.e. tune the average
(-function accordingly.

Electron bypass

The bypass has to meet various requirementsin order to
ensure the proper operation of the self-seeding. The most
essential of them are summarized in the following:

e Generation of an additional path length for the elec-
trons, which is equal to the extra path length of the
photons in the monochromator.

e Reduction of the micro bunching generated by the
SASE process along the first undulator section. The
micro bunching after the bypassis reduced by afactor
of exp ( - %aﬁR%Gki) [5]. Here o5 is the fractional
momentum spread, Rs¢ iSthe momentum compaction
factor of the bypassand & ;, the radiation wavenumber.

e Adjustment of the electron optics to the optics of the
two undulator sections for radiation wavelengths in
the range 6-60 nm.

Seeded FELs
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e Correction of the first and second order dispersion,
minimization of the degradation of beam quality due
to coherent synchrotron radiation effects.
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Figure 2: Final magnet layout of the electron bypassfor the
Seeding Option (side view). black: steerer, blue: dipole,
green: quadrupole, vertical focusing, red: quadrupole, hor-
izontal focusing, yellow: sextupole.

In contrast to the simplified scheme shown in Fig. 1, the
final design of the electron bypass optics [2], as sketched
in Fig. 2, consists of atotal 37 magnets.

SIMULATION TECHNIQUES

The simulation studies presented in this paper divideinto
two groups: studies on the performance of the self-seeded
FEL and investigations of the impact of the coherent syn-
chrotron radiation (CSR), emitted in the electron bypass,
on the output brilliance.

Perfor mance of the self-seeded FEL

The performance of the self-seeded FEL has been sim-
ulated with the 3-D time dependent FEL-code GENESIS
[6]. The simulation is split into two runs - the first undu-
lator operating as a SASE FEL and then simulation of the
electron bypass together with the second undulator. The
complete particle distribution at the end of thefirst undula-
tor is extracted and then is used in the next simulation step.
The electron bypass is implemented in GENESIS by the
means of a6 x 6 transfer matrix. |nthe second step, the par-
ticle distribution extracted from the first part of the ssimula-
tion is transformed with the help of the bypass matrix and
then tracked through the second undulator section. A cer-
tain wavelength A .., and average power P4 IS assumed
for the external seed, which should be obtained at the out-
put of the monochromator beamline. In the presented stud-
iesthe two extreme cases A seeq ~ 6NMand A ;eeqg =~ 60NM
are considered. It is helpful to remind that the seed power
should fulfill the requirement Pseeq > Pspot, Where Pgp o
is the effective shot noise power. Since Py, <100W, a
seed of P,..q ~10kW has been assumed in all cases. The
code ELEGANT [7] has been used for the calculations of
the electron optics, to find the el ectron beam matching con-
ditions and for the calculation of the transfer matrix of the
bypass. The electron beam parameters, which have been
assumed in the simulations, are summarized in Table 1

Studies on CSR effects

These investigations follow a similar scheme as the one
described above. However, in order to include CSR ef-
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Table 1: Nominal electron beam parameters for operation
a6nm

Energy, Ey 1000MeV
Peak current, I 2500A
rms energy spread 0.2MeV
Normalized rms emittance, e,, 2mm mrad
rms bunch length, o, 50 um

fects in the numerical calculations, the bypass has been
simulated together with the first undulator section with the
ELEGANT code. The program incorporates 1-D CSR al-
gorithm [8] for dipoles and drift spaces. The produced
particle distribution file is afterwards analyzed and con-
verted into averaged dlice information, which is used by
GENESIS to simulate the interaction between the elec-
trons and the radiation field along the second undulator
section. In order to quantify the influence of the emitted
synchrotron radiation, the described procedure has been re-
peated twice. Once including the CSR effects and second
time with the CSR algorithm switched off. The average
spectral flux has been considered as a figure of merit to
compare the radiation quality for the two cases.

SELF-SEEDING PERFORMANCE

As it is pointed out in [4], one of the main advantages
of the separate focusing is that the number of quadrupoles
in-between the undulator segments can be reduced, what

Fechdhfononn
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Figure 3: g-function (a) and dispersion (b) along the self-
seeding electron beamline.

results however in an increase of the minimum aver-
age beta function (3). For the case of electron energy
FEx=1000MeV, corresponding to a wavelength A ~ 6 nm,
an average g-function of about 4.5m is used. As shown
in Fig.3, the design of the electron optics alows opera-
tion with the same (3) at the both sides of the magnetic
chicane. For such setup the first stage works in the linear
regime (see Fig. 4) with an average power of the output
rediation of about 5MW. Again in Fig. 4 it is shown the
evolution of the micro bunching along the undulator. The
kinks around Z=10m and Z=5m (less pronounced) are due
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Figure 4: Average radiation power and micro bunching
(right axis) along thefirst undulator.

to debunching taking place in the quadrupole doublet in-
tersections [4]. Figure 5 shows the radiation power and
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Figure 5: Radiation power and micro bunching (right axis)
along the second undulator. Seeding wavelength A ;eeq ~
6.31nm .

bunching as a function of the length of the second undula-
tor. A comparison between the graphs in Fig.4 and Fig.5
demonstrates that the momentum compaction factor of the
bypass Rss =~ 0.73mm is sufficient for the reduction of
the micro bunching induced in the first undulator.

For operation at electron beam energy of 325MeV, cor-
responding to a resonant wavelength of about 60nm, one
has to consider modifications in the electron optics of the
first undulator section and the chicane. These changes
are necessary because of the scaling of the FEL gain with
the wavelength. The electron optics designed for 6nm,
with (3) =~ 4.5m (see Fig.3), provides saturation length
in the order of 20m for SASE mode. For the 60nm case,
however, the saturation length is only about 9m, which is
significantly shorter than the first undulator (14.5m) and
therefore not acceptable from the point of view of the self-
seeding option. One possible solution, as confirmed by
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simulations, isto increase () inthefirst stageto avaluein
the order of 25m, corresponding to the desired low gain of
about three orders of magnitude below saturation.

Variation of the seeding wavelength

The monochromator design givesthe possihility for vari-
ation of the wavelength of the seed across the full band-
width of the FEL amplifier. Therefore it is interesting to
investigate the influence of the seeding wavelength on the
power and the spectrum of the output radiation. In Fig. 6
the spectral flux along the second undulator is presented
for various seeding wavelengths. The simulations show a
maximumat Z ~ 15.5mfor Ageeq = 6.305nm. One hasto

P
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Figure6: Spectral flux asafunction of the undulator length
for different A,..q and constant seeding power.

340 ]
&
<
o
60.29 6.295 6.3 6.305 6.31 6.315
A (nm)
5 .
= 4t (b) 1
el 2— -
o gl i
00 50 100 150 200 250
S (um)

Figure 7: Spectrum (a) and power along the radiation pulse
(b) in the second (seeded) section at Z=15.5m.

mention that the position of the maximum of the spectral
flux is related to the onset of the nonlinear regime (see Fig.
5). Further increase of the output power is coupled with a
spectral broadening and in consequence with reduction of
the spectral flux. Asstudied in [9], the length of the second
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undulator can be optimized in order to compensatethelarge
fluctuations of the seed intensity after the monochromator.
The simulation results plotted in Fig. 7 demonstrate the ef-
fect of the self-seeding on the spectrum and the power of
the output radiation. The two graphsin Fig. 7 correspond
to the maximum of the spectral flux.

CSR effects

The electron bunches entering the magnetic chicane are
of rms length o, = 50um and high peak current I, ~
2.5kA. Therefore, despite the small bending angle = 3 °,

dp/p

-50 0 50 100 150
s (um)

-150 -100

Figure 8: Distortion of the longitudinal phase space due to
synchrotron radiation produced in the bypass dipoles.

the coherent component of synchrotron radiation, gener-
ated in the bypass dipoles, can be significant and might
dilute the electron beam quality. Simulations of the CSR-
induced emittance dilution have been made using the EL E-
GANT code, which result in a projected emittance growth
in the order of a percent. The dlice emittance is, however,
almost unchanged. A much more significant impact on
the longitudinal phase space is expected, as presented in
Fig.8. The total relative energy spread has increased from
2 x 10~* upto about 5 x 10~4. The growth of the energy
spread is due to the correlation in the longitudinal phase
space created by the synchrotron radiation, but on the other
hand the slice energy spread is practically unaltered. The
increased energy spread will drive more particles outside
of the amplifier bandwidth and as aresult one anticipatesa
reduction of the gain. Moreover the correlationin the phase
space produces side bandsin the spectrum or in other words
spectral broadening. Fig. 9 showsthat thereis about a fac-
tor of two decrease in spectral flux due to CSR effects. It
isimportant to note that we have considered the worst case
scenario i.e. the bypass optics and electron beam parame-
ters have not been tuned to mitigate the impact of CSR.

Seeded FELs

MOPPHO053

1

1 Hrets IOt S e B & e 8
S ‘
8 i
B | R ) S U ¥ 0 e .
>3 |
= s
= 0.4 e "(t """""""""""""" b
[ I N e
O i e
o et :
R Y A - CSRincluded | T
—CSR not included
| |
0 20 30 40
Z(m)

Figure 9: Demonstration of the impact of CSR effects - the
spectral flux as afunction of the undulator length.

CONCLUSIONS AND OUTLOOK

The operation of the two stage FEL has been studied,
taking into account all the detailsin the design of the elec-
tron optics. Simulation results demonstrate a feasible oper-
ation in awide range of electron energies and wavelengths.
Investigated is also the possibility to fine tune the seed-
ing wavelength, accomplished using the monochromator
beamline settings. The impact of the coherent synchrotron
radiation emitted in the bypass dipoles was studied. The
simulations predict about a factor of two reduction of the
spectral flux due to CSR. Further studies including wave
front propagati onthrough the monochromator beamline are
ongoing [10]. As a next step the tolerances of the electron
beam parameters, the accuracy of magnets alignment and
the impact of the magnetic field errors will be analyzed.
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Abstract

We describe the conceptual design and major
performance parameters for the FERMI@Elettra Free
Electron Laser (FEL) project funded for construction at
Sincrotrone Trieste, Italy. This user facility complements
the existing storage ring light source at Sincrotrone
Trieste, and will be the first facility to be based on seeded
harmonic cascade FELs. Seeded FEL s provide high peak
power pulses, with controlled temporal duration of the
coherent output allowing tailored x-ray output for time
domain explorations with short pulses of 100 fs or less,
and high resolution with output bandwidths of the order
of meV. The facility uses the existing 1.2 GeV S-band
linac, driven by electron beam from a new high-
brightness RF photocathode gun, and will provide tunable
output over arange from ~100 nm to ~10 nm, and APPLE
undulator radiators allow control of x-ray polarization.
Initially, two FEL cascades are planned, a single-stage
harmonic generation to operate over ~100 nm to ~40 nm,
and a two-stage cascade operating from ~40 nm to ~10
nm or shorter wavelengh, each with spatially and
temporally coherent output, and peak power in the GW
range.

INTRODUCTION

The single-pass seeded FEL project FERMI@Elettra
will be a User facility providing quality photons in the
EUV to soft X-ray range. Photon production will be based
on harmonic generation. The concept design has been
studied and optimised towards a detailed engineering
phase [1]. All mgor parameters and systems have been
studied and an overview is presented here
Comprehensive studies including collective effects from
space charge, coherent synchrotron radiation and
wakefields as well as nonlinear dynamics from RF
waveforms and bunch compressors have been performed
to determine the optimum electron beam parameters for
the facility. The studies have included error tolerances
and beam jitter sensitivitiesin start-to-end computations.

The project covers the lower energy region of the
XUV-X ray spectrum. With a peak brightness of more
than ten orders of magnitude greater than 3rd generation
sources, full transverse coherence, transform limited
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bandwidth, choice of pulse lengths of the order of a ps or
less, variable polarization and energy tuneability, the
FERMI source represents a powerful tool of scientific
exploration in a large field of research. The coherence
properties will provide single-shot imaging, allowing the
study of chemical reactions as they happen. The high
peak power will alow the study of non-linear muilti-
photon processes in a regime never explored before. The
short time properties will alow the visualisation of ultra-
short nuclear and electronic dynamics. The facility will
enable the study of dilute samples of paramount
importance in  atmospheric, astrophysical and
environmental physics, as well as in the characterization
of nano-size materials. The applications extend from
chemical reaction dynamics to biologica systems,
materidls  and  surfaces, nano-structures  and
superconductors. The nature of harmonic generation
schemes, with an external laser driving the FEL process,
is particularly suitable for pump/probe synchronization at
the pstime scale or less.

Figure 1 shows the layout of the facility. The
accelerator and FEL complex is housed below ground and
is composed of the following parts: (a) A photo-injector
and two short linac sections, where a bright electron beam
is generated and accelerated to ~100 MeV. (b) The main
linear accelerator, where the electron beam is time-
compressed and accelerated to a final energy of ~1.2
GeV. (c) A beam transport system to the undulators. (d)
The undulator chains where the FEL radiation is
generated. () The undulator to experimental area
transport lines. (f) The experimental area. The new
constructions include pushing back by ~ 80 m the linac
tunnel and surface klystron gallery to make room for the
photo-injector, accelerating sections and the first bunch
compressor. At the downstream end, the klystron gallery
is extended by ~30 m to power more accelerating
sections. A FEL hall will be constructed below ground at
the exit of the linac with transverse dimensions for the
installation of up to four undulators side-by-side. Finaly,
an experimental hall, aso below ground, will be
constructed to house the FEL radiation transport optics
and the experimental hutches. The facility will be
provided with new support laboratories and office spaces.
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Figure 1. Schematic FERMI layout beside the ELETTRA storage ring building (g). See text for details.

THE PHOTO-INJECTOR

The photo-injector [2] is based on the proven 1.6 cell
electron gun developed a BNL/SLAC/UCLA and
adopted by the Linac Coherent Light Source (LCLS). The
RF gun will provide a peak-accelerating gradient of 110
MV/m and an exit beam energy of around 5 MeV from a
10 MW peak input pulse (2.8 usec). The injector will
produce a 10ps long pulse with 0.8-1 nC charge and arms
normalized transverse emittance of 1.2 mm-mrad at 100
MeV. The initia repetition rate of 10 Hz will later be
increased to 50 Hz following a modified gun design. The
design includes a solenoid for emittance compensation, an
off-axis diagnostic line and acceleration to 100 MeV with
two booster S-band rf sections. These sections, named
SOA and SOB, are part of the present Elettra injection
system. Their on-axis, iris coupled cells resonate at 2.998
GHz in the 2n/3 mode, and provide peak accelerating
gradients of ~18 MV/m, for a total energy gain of ~45
MeV (with operational 10% energy margin). The booster
modules include solenoid magnets to provide transverse
focusing, to assist with emittance compensation, and to
match the optical functions at the input to the main linac.

A laser pulse provides temporal and spatial shaping of
the electron bunch. To compensate wakefield effects in
the main linac sections [3], the electron bunch should
ideally have a linear ramped peak current distribution at
the exit of the injector rather than a flat top [4]. Studies
have showed that such a profile at the start of acceleration
produces a more uniform energy and current profile at the
entrance to the undulators. The FERMI photo-injector
addresses this novel concept by using a laser profile that
has a quadratic ramp. Space charge forces subsequently
transform this distribution to a linear ramped current
shape at the exit of the injector, i.e. a profile where the
current in the bunch increases approximately linearly with
time. The photo-injector laser system [5] includes two
amplifier stages, a regenerative one followed by a
multipass, and reaches pulse energy of 20 mJ in the IR.

Seeded FELs

Pulse shaping is done partialy in the IR, by an acoustic
optic dispersive filter (DAZZLER), and completed in UV
in a transmission grating based stretcher or Fourier-
system. Beam shaping is done either in the IR or in the
UV by an aspheric shaper. A small part ~400 pJ of the IR
beam is split away and transported for use by the laser
heater.

Beam dynamics in the injector system have been
extensively modelled from photocathode emission to the
exit of the booster accelerator modules using 2D and 3D
space-charge tracking codes (GPT and ASTRA).
Simulations confirm that electron beam performance
objectives for injection into the main linac at ~ 100 MeV
are reachable. The timing and charge stability are both
challenging, 0.5 ps and 1% respectively, but have been
shown to be within present state of the art techniques.

ACCELERATION, COMPRESSION AND
BEAM TRANSPORT

The accelerator is shown schematically in Figure 2 [6].
It consists of four linacs, two bunch compressors, a laser
heater and a beam transport system (spreader) to the
undulators. The function of this system isto accelerate the
electron beam to the FEL energy of ~1.2 GeV and to
compress the ~10 ps long pulse from the photo-injector to
the final lengths and peak current. Two FEL layouts are
envisaged. FEL-1 will provide photons with wavelengths
in the range 100-40 nm. Depending on the experiments,
electron bunch lengths of 200 fs and a peak current of
800 A or higher can be provided (in this case with shorter
bunch lengths). For those experiment where small time
jitter is important, and to account for a predicted jitter of
up to 400 fs, an electron bunch of 600 fs (“medium
bunch”) has been designed. Including the inevitable
inefficiency of the compression system, the obtainable
peak current is ~800 A with 0.8 nC of charge from the
photo-injector. FEL-2 will cover the wavelength range
40-10 nm and will make use of a ~1 ps long pulse to
provide close to Fourier-transform-limited radiation and
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or a ~200 fs high brightness FEL radiation using the
fresh-bunch technique. In both cases a “long bunch” of
1.5 psis required from the accelerator. With 1 nC charge
from the injector, the attainable peak current is ~ 500 A.

For both FELs the final energy and charge distributions
correlated with the distance along the electron bunch
should be as flat as possible in order not to broaden the
FEL bandwidth. The am is to produce an energy
variation no greater than 1-2 x 10 along the useable part
of the bunch and a peak current variation no greater than
~100 A. In transverse space, the horizontal and vertical
normalized emittances at the end of the linac, 1.2 GeV,
will not be greater than 1.5 mm-mrad in order to meet the
desired photon throughput. This represents a ~30%
increase from the photo-injector simulation results and
includes a safety margin against emittance dilution
effects. The emittance value of 1.5 mm-mrad is a
condition of the shortest wavelength and accelerator
performance is aimed at satisfying this most stringent
requirement. This specification may be relaxed for longer
photon wavelengths.

1% Chicane 2™ (hicane
RF Photo-injector ¢
L1and L2

2{3= Travelling Wave

L3 and L4:

Ajecter: 34 Backward Traveling Wave

'32':'55353 Acc. Struct, Acc. Struct,
FELL
B -*-t_:_i_l__rm I e W s s g <
FELZ
E,= 100 MeV E,= 220 MeV E, = 600 MeV/ E,= 1200 MeV
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Figure 2: Schematic layout of the accelerator. The star
indicates the position of the laser heater, while the red
section the X-band accelerator.

At the exit of the photo-injector the electrons enter the
L1 linac where they are accelerated to ~250 MeV.
Acceleration occurs off-crest to provide correlated energy
spread along the bunch that will compress it in the first
compressor BC1. An RF structure tuned at the 4th
harmonic of the main s-band sections, ie a X-band
frequency, is placed half-way in L1. The function of the
X-band linac is to provide the non-linear quadratic and,
when operated off-crest, cubic corrections of the
correlated momentum distribution along the bunch in the
presence of the non-linearities of the photo-injector, the
magnetic compressors and the non-linear effects of the
longitudinal wakefields.

The linac structures L2 and L3 between the first and
second bunch compressors accelerate the beam from ~
250 MeV to ~650 MeV. They also provide the residua
momentum chirp for the second compressor, BC2. After
BC2 the beam is further accelerated to its final energy in
the L4 structure. The phases of the linac after BC1 are
chosen to provide the necessary momentum spread for
compression and also to cancel the linear part of the
longitudinal wakefields. The non-linear correlated
momentum spread at the end of the linac is fine-tuned
with the amplitude and phase of the X-band structure. The
focusing structure of the linac is designed to minimize
transverse emittance dilution due to transverse
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wakefields, momentum dispersion and coherent
synchrotron radiation in bending magnets. Exhuastive
computations with codes LITRACK and “elegant” were
performed to optimise beam parameters and to simulate
expected jitter and parameter sensitivities. The computed
electron distributions were further used in the FEL
simulation studies.

The electron beam is transported from the end of the
linac to the FELs by a FODO spreader channel. It is
designed for diagnostics and parallel separation of the two
FELs. The spreader has been designed to preserve
electron beam emittance. This is done in two ways. by
using a lattice with a small “curly-H” function in the
magnets and by employing a scheme of self emittance
compensation. Quadrupoles in the deflecting arcs, located
near the positive and negative pesks of the dispersion
function, are separated by a unit transfer matrix and. This
allows simultaneous change of their gradients and the
production of a dispersion bump localized between the
quadrupoles. Control of this bump regulates R56 within
the spreader allowing it to be exactly zero or any other
reasonable value. It is in fact kept dightly positive in
some cases to disperse the electrons in the spikes of the
peak current.

THE UNDULATORSAND THE FEL
PROCESS

FEL configurations are based on harmonic generation
schemes seeded by an external laser. FEL-1 will utilise
one stage (modulator, dispersion section and radiator)
while for FEL-2 two stages will be used in a fresh part of
the bunch seeding scheme. A whole bunch seeding
scheme was aso studied for FEL-2 and requires a larger
number of undulators and a higher quality electron beam.

FEL-1 and FEL-2 are required to have continuously
tuneable output polarizations at all wavelengths, ranging
from linear-horizontal to circular to linear-vertical. For
this reason, the FEL-1 radiator and the final radiator in
FEL-2 have been chosen to have APPLE-II
configurations with pure permanent magnets. For the
modulator a simple, linearly-polarized configuration, is
optimal both due to its simplicity and because the input
radiation seed can be linearly polarized. The tuning of the
wavelength will be done by changing the gap of the
undulator while keeping the electron beam energy
constant. The magnetic lengths of the undulators
segments are 2.34 m (containing 36 periods) for the FEL -
1 and 1st FEL-2 radiators and 2.40 m (48 periods) for the
2nd FEL-2 radiator. FEL-1 and 2 consist of 6 and 10
segments respectively. The intra-segment spools contain
electromagnetic quadrupoles, high quality beam position
monitors and quadrupole movers to steer the electron
trajectory.

Theoretical and computational studies led to a selection
of the accelerator and FEL parameters. An exhaustive
study through start-to-end simulations, that included the
use of FEL codes GENESIS and GINGER, was
performed [7]. The simulations took into account
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perturbations in the accelerator and FEL parameters. In
particular parameter sensitivity and time dependent jitter
studies were carried out for both FELs. Studies of the
variation of mean energy, energy spread, peak current,
emittance and seed input power were done both for single
and multi-parameter variations. Methods, such as
undulator tapering, to reduce the sensitivity to variations,
were aso examined. Table 1 gives the expected
performance parameters for the two FELSs.

The seed laser will provide tuneable UV radiation in
two pulse duration schemes: 100 fsand 1 ps. A dual pulse
duration regenerative amplifier will be used. In the 100 fs
case the amplifier directly pumps a travelling wave
parametric amplifier (TOPAS) followed by harmonic
conversion stages. In the 1 ps case this output is further
amplified in a two pass stage to the 10 mJ level that then
pumps a ps TOPAS. Timing and synchronization [8] of
RF, laser and diagnostic systems will be guaranteed to
sub 50 fs levels by an integrated system handling both
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CW and pulsed transmission schemes. A central clock
system generating stable timing signals for the whole
facility will be used. The signals will be distributed over
distances exceeding 300 m by optical fibres in a star
configuration. Timing information is transmitted using
either RF modulated CW light mainly for the RF systems
or pulsed light mainly for the laser systems.

The consequence of orbit displacements from the ideal
trajectory in the undulators were simulated. The FEL
process at the shortest wavelength, 10 nm, requires the
straightness of the electron orbit in the undulators to be
within 10 um (rms value over the undulators length).
Although this is beyond state-of-the art mechanica
alignment techniques, realistic simulations show that a
combination of the latter and of beam-based-alignment
(tested at the Stanford Linear Collider and proposed for
the LCLS) will achieve the desired performance.

Table 1: Principal FEL output parameters

PHOTON BEAM TRANSPORT AND
EXPERIMENTAL AREAS

After leaving the undulators the electron beam, carrying
an average power of 75 W (at 50 Hz) will be dumped into
a shielding block by a sequence of bending magnets,
while the FEL radiation will be transported to the
experimental areas. The transport optics is designed to
handle the high power density (up 10 GW) in a very short
temporal interval. In order to handle the high peak photon
energy density, the beam line optics operate at low
grazing incidence angles with low Z-materials and the
radiation intensity can be controlled by a gas absorption
cell. The vacuum system is windowless with differential
pumping sections. Pulse length preservation, mono-
chromatization, energy resolution, source shift
compensation, focusing in the experimental chamber and
beam splitting are al included in the design of the FEL
radiation transport system.
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COHERENT HARMONIC EMISSION OF THE ELETTRA STORAGE
RING FREE ELECTRON LASER IN SINGLE PASS CONFIGURATION:
A NUMERICAL STUDY FOR DIFFERENT UNDULATOR
POLARIZATIONS
F. Curbis®, University of Trieste & Elettra, Basovizza, Trieste, Italy,

H.P. Freund, Science Applications International Corporation (SAIC),
G. De Ninno, Elettra, Basovizza, Trieste, Italy.

Abstract

The optical klystron installed on the Elettra storage-ring
isnormally used asinteraction region for an oscillator free-
electron laser, but, removing the optical cavity and using
an externa seed laser, one obtains an effective scheme for
single-pass harmonic generation. In this configuration the
high-power external laser is synchronized with the electron
beam entering the first undulator of the optical klystron.
The laser-electron beam interaction produces a spatial par-
tition of electrons in micro-bunches separated by the seed
wavelength. The micro-bunching is then exploited in the
second undulator to produce coherent light at the harmon-
ics of the seed wavelength. The Elettra radiator is an AP-
PLE type undulator and this alows to explore different
configurations of polarization. We present here numerical
results obtained using the code Medusa for both planar and
helical configurations. We also draw a comparison with
predictions of the numerical code Genesis.

INTRODUCTION

Coherent Harmonic Generation (CHG) can be imple-
mented in a storage ring using two undulators as a cascade.
The first undulator (called modulator) is tuned at the wave-
length of an external high-power laser and the second un-
dulator (called radiator) at a higher harmonic of the seed.
Between the undulators there is a region, i.e., dispersive
section, with a strong magnetic field, which, in single-pass
configuration, converts the energy modulation, occurred in
the modulator, in spatial modulation (usually referred as
“bunching”). The Elettra storage-ring FEL is presently op-
erating in oscillator configuration [1, 2], but, with minor
modification, the optical klystron will be used as interac-
tion region for CHG in single-pass configuration. In the
new configuration (see Figure 1) the optical cavity will be
removed and a conventional laser will be focused into the
modulator and synchronized with the electron beam. The
main difference between conventiona single-pass seeded
FEL and storage-ring harmonic generation is that in the
latter case the electron beam is re-circulated and not re-
newed each pass through the optical klystron. This pe-
culiarity determines the maximum repetition rate for this
configuration, because the electrons need few synchrotron
damping times (order of ten of milliseconds) to cool down
after each interaction with the seed laser. Preliminary sm-
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Figure 1: Layout of the Elettra storage-ring FEL after re-
moving the optical cavity and using an external seed laser.

ulations [ 3] have been done using Genesis [4] for different
working points, i.e. different machine (electron-beam en-
ergy, Twiss parameters, emittance, strength of the disper-
sive section) and the seed laser (power and duration) pa-
rameters. Thework reported in this paper characterizesthe
emission of the Elettra APPL E-type undulator, operated in
both linear and helical configurations. Numerical results
are obtained using Medusa and Genesis. Medusa provides
the possibility to calculate the harmonic power at the end
of the radiator. This means that the radiator is tuned at
the third harmonic of the seed laser (i.e. the fundamen-
tal in the modulator) and Medusa is able to calculate any
desired harmonics besides the fundamental. This will al-
low to investigate if wavelengths shorter than the funda-
mental will be detectable. The external seed laser [5] is
be a titanium-sapphire (Ti:Sa) with a very high peak power
(2.5GW) and very short pulse duration (variable between
100 and 250fs (RMYS)). The repetition rate will beinitially
10Hz. Using this frequency, the contribution from inco-
herent synchrotron emission, provided by electrons circu-
lating in the storage ring but not interacting with the seed
laser, may spoil the signal-to-noise ratio. Possible strate-
gieswill be explored in the aim of increasing the repetition
rate, thereforeimproving the signal quality. Thefirst undu-
lator istuned at the fundamental of the seed laser (240 nm),
while the second undul ator at the third harmonic (80 nm).

OPTIMIZATION FOR MEDUSA
SIMULATIONS

In this section we report some studies performedin time-
independent mode in order to optimize the parameters be-
fore the introduction of the slippage, e.g. time-dependent
simulation. The main run parameters used in Medusa sim-
ulations are reported in Table 1 [5, 6]. With respect to the
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values used in Genesis simulations, there are some minor
differences: the pulse shape of the electron bunch and the
seed laser is parabolic instead of Gaussian, the seed du-
ration is 250fs FWHM instead of 140fs and the number
of periods for both undulatorsis 22 instead of 20, because
Medusa needs one period more at the entrance and exit of
the undulator to properly model the smulation. The vari-

Table 1: Run parameters used in Medusa simulations
| Electron beam |

Energy 0.9GeV
Peak current T7A
x-Emittance 2.46 mm-mrad
y-Emittance 0.246 mm-mrad

Energy-spread 0.12%
Bunch length 27ps
Bunch charge 1.38nC
Bunch shape parabolic
Twiss parameters
a, =024 B, =8.986
a, =0.89 By =4.695m
M odulator
Magnitude 5.62kG
Period 10.0cm
Length 22 periods
Radiator
Magnitude 3.00kG
Period 10.0cm
Length 22 periods
Undul ator-to-undulator gap 0.9m
Seed laser
Wavelength 240nm
Seed power 25GW
Seed duration 0.25ps
Seed shape parabolic

ation of the radiator output power versus the dipole field
strength in the chicaneis shown in Figure 2 for the case of
a planar radiator. We have found from Genesis simulation
that the energy spread induced by the seed laser is so high
that the beam needs only a drift to transform the energy
modulation in spatial modulation (bunching). In Medusa
simulation instead, the power level when the chicane field
vanishes is 1.06 MW (and this is very close to the time-
dependent result), but alittle more power (about 1.36 MW)
could get using a chicane field of about 0.5kG. However,
in order to compare the results of these two codes, we have
chosen to set to zero the chicane field also in this case.
The same power optimization with respect to the magnetic
field has been performed tuning the radiator at the third har-
monic (see Figure 3). The output power at 80 nm is about
1.7MW which is almost a factor two over the value found
for the planar undulator. The second harmonic (40 nm)
power is not very sensitive to the variation of the chicane
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Figure 2: Output power versus dipole field strength at
80 nm for planar radiator.

field and is about 200W when the chicane field is set to
zero. These results have been confirmed by time dependent
simulations. The same behavior has been found for a heli-
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Figure 3. Output power versus dipole field strength for
helical undulator tuned at at 80nm and second harmonic
(40 nm) power.

cal undulator tuned at the second harmonic (120 nm) of the
seed laser. Theresult, shown in Figure 4, looks similar to
previouscase: the highest power is found when the chicane
field is set to zero and the power isabout 4.7 MW at 120nm
and 5.7kW at 60nm. As before, while the power at the
fundamental (120nm) drops fast with increasing chicane
field, the harmonic power (60nm) doesn’t drop so much.
An other important issue to be considered when using nu-
merical codesisthe number of simulated particleswhichis
needed in order to guarantee a correct modelization of the
process. For the CHG in helical configuration, we found
that a larger number of particles is needed with respect to
planar configuration. The case for zero energy-spread is
reported in Figure 5. We can argue from the results that to
do this kind of simulation about 60000 particles per dice
are needed without energy spread and, including the energy
spread, an order of magnitudemore particlesisrequired. In
the latter case, the power level will be of course smaller. To
conclude, in order to treat the energy spread and the addi-
tional harmonics, the following runs used 1210104 parti-
cles.
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Figure 4. Output power versus dipole field strength for
helical undulator tuned at 120nm and second harmonic
(60 nm) power.
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Figure 5: Output power versus number of simulated parti-
cles for helical undulator tuned at the second and the third
harmonic of 240 nm.

MEDUSA PERFORMANCE

Planar undulator

In time-dependent mode, we firstly looked at the har-
monics of the 80 nm wavelength, using 2.5 GW seed power
and zero magnetic field inside the dispersive section. The
evolution along the undulator of the fundamental (80 nm)
and the first three harmonics of that wavelength are shown
in Figure 6. The second harmonic (40 nm) reaches a power
level of about 2kW, the third harmonic (26.67 nm) a power
level of about 500W and the fourth harmonic (20nm) a
power of 2W. While in the steady-state simulations we
looked exclusively at the evolution of the power along the
radiator, in time-dependent simulations the output tempo-
ral profile (see Figure 7) and the harmonic spectrum (see
Figure 8) can be displayed. The electron bunch is two
order of magnitude longer than the seed laser (27 ps ver-
sus 250fs) and thetotal slippage, considering 80 nm wave-
length and 44-periods undulator, is much smaller than the
bunch-length, thusthe differences between steady-state and
time-dependent simulations are expected to be small. In-
deed, the observed peak power is about IMW in both cases.
The shortness of the laser pulse may lead to numerical
problems because one should increase the number of slices
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Figure6: Evolution of the 80 nm radiation and itsfirst three
harmonicsin planar configuration.
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Figure 7: Power versus time of the 80 nm pulse at the end
of the radiator in planar configuration.

in order to resolve the FEL pulse structure and an adequate
number of particles must be holden in each slice. In our
case, the simulation includes 600 slices, with 17496 parti-
clesper slice, but only about 10 slices across the seed pulse.
This is the reason why the output spectrum in Figure 8 is
not smooth and displays a spiky behavior. If one believes
the problem is the lack of resolution, the envelope could be
considered as the spectral shape. Considering the Fourier
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Figure 8: Fourier transform of the output spectrum at 80 nm
(planar configuration).
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limit, given by the equation:

¢ - At[FW HM]ANFW H M)
)\2

where ¢ is the speed of light, At is the FWHM dura
tion of the output pulse, AX isthe FIWW H M of the output
spectrum and X is the emission wavelength, the results pre-
sented here give aquantity that is 1.7 times above the limit.
Thisvalueindicatesthat the emitted light have an high level
of coherence.

=0441 (1)

Helical undulator

As aready reported before, the steady-state simulation
could give enough information about the power level of the
80nm signal and the first two harmonics of that. For this
reason, the simulation of the helical configuration has been
obtained in time-independent mode. In Figure 9 the evolu-
tion of thesignal power along theradiator isdisplayed. One
can observe that the 40 nm harmonic is till about 1 kW as
in planar configuration, but the 26.67 nm harmonic has a
much lower power than for the planar undulator.

[ Helical Wiggler

B0 fum
40 fun

3 2667 nm |

35 4.0 4.5 5.0 55
z (m)

Figure 9: Evolution of the 80 nm radiation and its first two
harmonicsin helical configuration.

Comparison with Genesis simulation

The campaign of simulation has been completed explor-
ing the helical polarization in Genesis. The power level
founded at 80nm for each configuration is very close be-
tween Genesis and M edusa and between planar and helical
configuration the differences are lower than one order of
magnitude. All Genesis simulation has been performed in
time-dependent domain, but, to limit the computing time,
just a portion of the electron bunch around the seed pulse
has been simulated, with the implicit assumption that the
slippage doesn’t not affect too much the emission.

The evolution of the output power along the radiator is
shown in Figure 10 for both planar and helical configura-
tion. In comparison with Medusa, Genesis results don’t
exhibit a big difference between planar and helical power.
The value found is about 1.1 MW in both cases, as shown
also in Figure 11, where the power is plotted as a function
of time at the end of the radiator.
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Figure 10: Harmonic power for planar undulator (at |eft)
and helical undulator (at right) obtained tuning the radiator
at 80 nm.
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Figure 11: Temporal profile for planar undulator (at 1eft)
and helical undulator (at right) obtained tuning the radiator
at 80nm.

The Fourier transform of the output spectrumis reported
in Figure 12. Using the Equation 1, we found a value that
is 1.6 times abovethe limit. Alsoin this case, the radiation
emitted shows an high degree of coherence.

-_au 00 100 100

Figure 12: Harmonic spectrum for planar undulator (at | eft)
and helical undulator (at right) obtained tuning the radiator
at 80nm.

CONCLUSION

The Medusa simulations confirmed in general theresults
already obtained by Genesis, with agood agreement in both
planar and helical configuration. Some differences should
be longer investigated, i.e., the higher power level foundin
planar configuration when the dispersive section is 0.5kG
and the factor two more power found in helical radiator.
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Abstract

The FERMI at ELETTRA project will be comprised of
two FELs, each based on the principle of seeded
harmonic generation. The first undulator line, FEL-1, will
operate in the 40-100 nm wavelength range relying upon
one stage of harmonic up-conversion. The second
undulator line, FEL -2, extends the output spectral domain
to the 10-40 nm wavelength range and will use two
harmonic stages operating as a cascade. We review the
FEL studies that have led to the final design and present
results of numerical simulations with GENESIS and
GINGER codes including predicted output bandwidths
and the effects of shot-to-shot fluctuations in multiple
input parameters.

INTRODUCTION

The FERMI@ELETTRA project is based on the
harmonic up-shifting of an initia radiation “seed” signal
in a single-pass FEL amplifier employing multiple
undulators. The basic principles which underlie this
approach are: energy modulation of the electron beam via
the resonant interaction with an external laser seed in a
first undulator (modulator); use of a chromatic dispersive
section to then develop a strong density modulation with
large harmonic overtones, production of coherent
radiation by the microbunched beam in a downstream
undulator (radiator). The first stage of the project, FEL-1,
aims at generating coherent output radiation in the 40-100
nm spectral range. For these wavelengths, users require
short (< 100 fs) pulses with adjustable polarization
together with high temporal and spatial reproducibility.
The project’'s second stage, FEL-2, will extend the
spectral  range down to 10 nm. Present users
requirements for FEL-2 point to long (narrow-bandwidth)
pulses with high peak brilliance and adjustable
polarization. FEL-1 relies upon a single-stage scheme
(i.e., modul ator-dispersive section-radiator), similar to the
one aready operational at Brookhaven [1]. As for FEL-2,
a two-stage harmonic cascade is necessary for reaching
short wavelengths. The selected configuration is based on
the so-called “fresh bunch” approach [2], in which the
output radiation from the first radiator is used to energy-
modulate in a subsequent modulator a part of the electron
beam that did not interact in the first stage with the
external seed.

In this paper we review the FEL studies that have led to
the final design of FEL-1 and FEL-2 and present results
of both time-independent and time-dependent numerical
simulations with GENESIS and GINGER.
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BASIC FEL OUTPUT REQUIREMENTS
AND RELATED ISSUES

Table 1 summarizes the basic FEL output requirements
for FEL-1 and FEL-2. At al wavelengths, both FEL-1
and FEL-2 are to have continuously tuneable output
polarizations ranging from linear-horizontal to circular to
linear-vertical. Consequently, the FEL-1 radiator and final
radiator in FEL-2 have an APPLE-type configuration.
Both FELs will operate at the accelerator repetition rate of
10-50 Hz.

At present it is believed that the major application for
FEL-1 will involve time-domain experiments such as
pump-probe interactions and possibly nonlinear
phenomena. Conseguently, the requirements for FEL-1
are more related to total photon number per pulse (i.e., 0.4
— 2 x 10") and pulse duration (20-100 fs) than they are to
spectral bandwidth. A critical parameter affecting the
needed electron beam duration is the timing jitter in the
beam relative to that of the seed laser. In order that there
be reasonably overlap between the seed and the electrons,
the duration of the electron beam must be bigger than the
duration of the seed pulse plus two times the RMS timing
jitter. The expected RMS timing jitter from the
accelerator is of order 130 fs [3], and therefore an
electron-beam pulse duration of at least 600 fs is needed
for 100-fs seed pulses. This timing jitter requirement may
be one of the more difficult to satisfy in terms of the
injector and accelerator subsystems.

Another important parameter associated with FEL-1
time domain experiments is shot-to-shot repeatability.
Ideally, for nonlinear phenomena experiments, shot-to-
shot RMS jitter in normalized photon number should be
5% or less. As reported in [3], we do not at present
believe that such a low value is obtainable with the
expected accelerator and injector parameters. Many FEL-
1 experiments will be able to deal (via recording
individual shot photon number for later post-processing)
with values as high as 25% or greater.

In contrast to FEL-1 users, for whom timing and
photon number jitter are critical parameters, most FEL-2
users are (presently) interested in the frequency domain
experiments where longitudinal coherence and narrow
bandwidth are crucial. The most important output goal for
FEL-2 is >10" photons/pulse/meV. Consequently, FEL-2
requirements favor long output pulses (= 200 fs) whose
spectral properties are as close as possible to the
transform limit. Although the total photon jitter is not
critical for most experiments in the frequency domain,
shot-to-shot central wavelength jitter is of concern.
Consequently, in order not to increase the effective time-
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averaged, output bandwidth as seen by the user, the
wavelength jitter needs to be less than the individual shot
bandwidth.

UNDULATOR DESIGN
In the FERMI case, wavelength tuning in the undulators
will be done by changing the gap (and thus a,,) and not by
changing the electron beam energy.
The FEL-1 undulator layout is shown in Fig. 1.

Dispersive
section

ATV N H H H H

-beam

Modulator Radiator

Fig. 1: FEL-1 undulator layout

For the first modulator which must satisfy FEL
resonance over a nominal wavelength range of 240 to 360
nm, an undulator wavelength of 16 cm has been adopted.
The modulator will be a standard planar undulator about
3-m long. In order to reach saturation over the whole
spectral range, the necessary active radiator length for
FEL-1 is about 16 m. For many reasons (e.g., magnetic
forces, alignment, external focusing and diagnostic needs,
possible tapering), thisis far too long to construct as one
continuous magnetic  structure.  Consequently, the
radiators will be subdivided into six modules, each
consisting of an active undulator segment (with a period
of 6.5 cm and a length of about 2.3 m) and a break
segment (about 1 m long), with the latter containing a
number of items such as quadrupoles, a longitudina
phase shifter, beam position monitors, dipole correctors,
and diagnostics. In order to produce light with variable
polarization, the radiator modules will be APPLE-type.
The FERMI design includes external quadrupole focusing
to produce an average value of 10 m for the Twiss beta
function in each plane.

Following the modulator is a break section (about 1 m
long) that contains a magnetic chicane whose chromatic
dispersion is used to develop a strong coherent
microbunching from the energy modulation impressed
upon the electron beam by the FEL interaction in the
modulator. The undulator layout for FEL-2 is shown in
Fig. 2.

“fresh bunch” break

wedlor An An M(nxm)
>

e-beam

Fig. 2: FEL-2 undulator layout

The selected configuration is based on the so-caled
“fresh bunch” approach [2], in which the radiation from
the first radiator is used to energy-modulate in a
subsequent modulator a “fresh” part of the electron beam
that did not interact with the external seed. The core
design for the first stage of fresh-bunch FEL-2 is
extremely similar to that described earlier for FEL-1.

Where the design for FEL-2 fresh bunch layout begins to
differ significantly is that the first stage radiator is
relatively short (i.e., 2-3 segments) and only brings the
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radiation to a sufficient level to provide adequate coherent
energy modulation in the following undulator. The basic
parameters for the second stage modulator are the same as
for the first stage radiator (i.e., 6.5-cm period; 2.3-m
segment length). In general, the choice has been made to
keep the first stage as short as possible, both for cost
reasons and to minimize SASE growth which can
increase the incoherent energy spread of the “fresh”
portion of the e-beam to be used in the second stage
modulator and radiator. The second-stage radiator has a
shorter period (5 cm) and is subdivided into 2-m long
active APPLE-type undulator segments separated by 1-m
breaks. These breaks contain a quadrupole singlet for
focusing, a phase shifter, dipole correctors, and
diagnostics. The length of the final radiator is somewhat
arbitrary; in genera it has been presumed for the fresh
bunch approach one would want sufficient length for
power saturation, i.e., 6 segments at 10-nm wavelength.
However, one could certainly increase the output power
by adding more radiator segments and possibly also taper
the undulator strength.

FEL-1 PERFORMANCE
Figure 3 displays the growth of power at 40-, 60-, and
100-nm wavelengths as predicted by the GENESIS and
GINGER codes (each operated in time-independent
mode). Electron-beam and seed parameters are reported
in the figure caption.

4t GENESIS- 00nrm
CINGER-100nm
CENESIS-80nm
3[  GINGER-80nm
CENESIS-40nm
GINGER~4Dnm

Power (GW)

0 5 10 15 20
Z (m)

Fig. 3: Power growth as a function of radiator distance for
FEL-1 tuned at 100-, 60-, and 40 nm, as predicted by
Genesis and Ginger. Electron-beam parameters utilized
for the ssimulation are: energy = 1.2 GeV; current = 800
A; incoherent energy spread (RMS) = 150 keV;
normalized emittance = 1.5 mm mrad; input seed power =
100 MW; input seed wavel ength = 240-300 nm.

As can be seen in Fig. 3, at the longer wavelengths
power saturation is reached well before the end of the
sixth section. The simulations show good basic agreement
between the GENESIS and GINGER predictions. A
factor of about two in output power can be gained by
properly tapering the six radiator segments.

In order to get an estimate of output power sensitivity
to electron beam and laser parameters, an extensive set of
GENESIS and GINGER simulations has been performed
varying single parameters at atime.
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Par ameter FEL-1 FEL-2
Wavelength range [nm] 100 to 40 40 to 10
Output pulse length (rms) [fs] <100 > 200
Bandwidth (rms) [meV] 17 (at 40 nm) 5 (at 10 nm)
Polarization Variable Variable
Repetition rate [HZ] 50 50
Peak power [GW] 1to>5 0.5to1
Harmonic peak power (% of fundamental) ~2 ~ 0.2 (at 10 nm)
Photons per pulse 10' (at 40 nm) 10 (at 10 nm)
Pul se-to-pul se stability <30% ~50 %
Pointing stability [prad] <20 <20
Virtual waist size [um] 250 (at 40 nm) 120
Divergence (rms, intensity) [prad] 50 (at 40 nm) 15 (at 10 nm)

Tablel: FEL-1 and FEL-2 expected performance

We present here time-independent calculations in
which the input laser seed power and various electron
beam quantities were alowed to vary independently
around their individual design values (see Table 1)
following Gaussian distributions characterized by the
following RMS vaues. mean electron energy: 0.1%;
current: 8%; emittance: 10%; energy spread: 10%; input
seed power: 5%. Expected output fluctuations are about
22 % (see Fig. 4). The most limiting factor to output
stability is represented by the 0.1% input energy
fluctuation.  Detailed time-dependent  start-to-end
simulations, including the impact on output stability of
seed-bunch time jitter and beam distribution
homogeneity, are reported in [3].

2500 —

The output number of photons per pulse is about 9-10™
with ~80% in single transverse mode. The output pulse
length is 30 fs and the spectral bandwidth 17 meV, about
afactor of 2.5 above the transform limit

FEL-2 PERFORMANCE

Figure 6 displays the growth of power at 40-, 20-, and
10-nm wavelengths as predicted by the GENESIS and
GINGER codes operated in time-independent mode. For
afinal radiator of six modules (see Fig. 2) deep saturation
is reached only at 40 and 20 nm. At 10 nm, the output
peak power is 1 GW for 800-A current and 0.35 GW for
500-A beam current (data not shown).
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Fig. 4. Power growth for different initidl random
conditions (red curves, left vertical scale) and associated
power fluctuation (blue curve, right vertical scale) vs.
radiator distance.

A campaign of time-dependent start-to-end simulations
has been performed making use of various electron-beam
distributions provided by the FERMI gun and linac
groups [4]. Figure 5 shows the GENESIS-predicted
output temporal and spectrum profiles a  40-nm
wavelength for an optimized (i.e., flat in both energy and
current) input electron-beam distribution. The input seed
was a40-fs (RMS) Gaussian at a peak power of 100 MW.
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Fig. 5. FEL-1 temporal and spectrum profiles resulting
from a GENESIS simulation in time-dependent mode.
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Fig. 6: GENESIS and GINGER time-independent
simulations for the FEL-2 radiation power at various
wavelengths versus radiator distance in the final radiator
for the fresh bunch approach. These runs were done with
800-A beam current and 200-keV initial incoherent
energy spread (for the other parameters see caption of
Fig. 3).

FEL-2 is typically more sensitive to variations in input
parameters than is FEL-1. This is largely due to the
shorter wavelengths targeted for FEL-2, which leads to
similar displacement errors trandating into larger
longitudinal phase errors, and there is the additiona
complexity of having two rather than one stage of
harmonic  conversion. Furthermore, a shorter
wavelengths radiation diffraction is less important, which
renders the FEL more sensitive to deviations in the
electron orbit and to misalignments. However, it is
presently believed that most applications for FEL-2
output will be in the spectra doman where
reproducibility is less important and there is a premium
for obtaining narrow bandwidth. Consequently, most of
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our work on FEL-2 has concentrated utilizing a relatively
long (~1 ps) electron-beam pulse with a moderate (~500
A) current. For the fresh bunch approach, such a long
pulse is nearly essentiad given the practicaities of
temporal jitter between the electron beam and input
radiation seed. As discussed in [5], flathess of electron-
beam phase space and homogeneity of current and energy
spread distributions at undulator entrance are essential for
obtaining the best output spectral resolution and shot-to-
shot stability. An example of output temporal and
spectrum profiles at 10 nm based on an optimized input
electron-beam is shown in Fig. 7. The obtained number of
photons per pulse is about 10" (93% in single transverse
mode). The output pulse length is 110 fs (rms) and the
bandwidth 5 meV, about a factor of 1.5 above the
transform limit. The peak brightnessis about 10* photons
/mm?/mrad® /sec/ 0.1% bandwidth.
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Fig. 7: FEL-2 temporal and spectrum profiles for fresh-
bunch scheme resulting from a GENESIS simulation in
time-dependent mode.

An aternative scheme we are considering for the FEL-
2 is based on the so-caled “whole-bunch” approach.
Here, the entire electron beam pulse is energy-modul ated
by the external laser seed and, following the first radiator,
there is neither a tempora delay section nor a second
modulator. Instead, the electron beam immediately enters
a weak dispersive section followed by a second radiator
whose FEL resonant wavelength is tuned to an integer
harmonic of the first radiator. Due to the relatively small
harmonic microbunching at this new wavelength, this
second radiator must operate deep in the exponential gain
regime. Thus, to keep the exponential gain length and
power saturation lengths acceptably small, the energy
modulation produced by the first (and only) modulator

must be relatively small compared to p, Y where p, isthe
FEL parameter for the second radiator (generally ~ 1 x
10®. This smal energy modulation means that at
entrance to the first radiator the e-beam will have a
smaller microbunching level relative to that of the fresh
bunch scheme.

Consequently, the whole bunch approach can
essentially fail (in terms of the needed second radiator
undulator length for saturation) if the initial energy spread
becomes too large. Moreover, because the microbunching
level is small at the beginnings of both the first and
second radiator, the relative strength of the shot noise
microbunching is much higher and the final SASE
strength can be 2 or more orders of magnitude greater in
the whole bunch approach than in the fresh bunch
approach. The main advantage of such a scheme is that it
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is less sensitive to shot-to-shot fluctuations of the relative
timing between the e-beam and external seed laser. The
output temporal profile and spectrum obtained at 10 nm
using the whole bunch configuration are shown in fig. 8.
The initial electron beam distribution is the same as for
the fresh-bunch scheme (see Fig. 7).

Laser seed:

5 W’,&

o1 I |
/ L

output powar (GW)

#photans / meV'

9e+11
8a+11
Te+11
Ge+11
Se+11
da+11
Je+11
2e+11

Te+11

|l
|
)
)

I
bl
\
1
k!

[
-1000-800 -600 400 -200 0 200 400 600 8OO 1000

tifs)

12385 123.9 123.95 124 124.05 124.1 124.15

pholen energy (eV)

Fig. 8: FEL-2 tempora and spectrum profiles for whole-
bunch scheme resulting from a GENESIS simulation in
time-dependent mode.

In this case the obtained number of photons per pulseis
about 10™ (93% in single transverse mode). The output
pulse length is 200 fs (rms) and the bandwidth 4 meV.
This gives a result which is a factor about 2.5 above the
transform limit.

CONCLUSIONS

We have presented the current design configurations for
both FELs of the FERMI@Elettra project. Design
optimization has been driven by users’ requests (see table
1), i.e. short pulse and low shot-to-shot power fluctuations
for FEL-1, and high energy resolution for FEL-2. We also
give results derived from both time-independent and time-
dependent simulations, using reference parameters and
electron-bunch distributions as provided by the FERMI
start-to-end group.
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START-TO-END TIME-DEPENDENT STUDY OF FEL OUTPUT
SENSITIVITY TO ELECTRON-BEAM JITTERS

FOR THE FIRST STAGE OF THE FERMI@ELETTRA PROJECT

E. Allaria, G. De Ninno, M. Trovo, Sincrotrone Trieste, 34012 Trieste, Italy.

Abstract

Sensitivity of the output laser pulse to electron-beam
jitters is one of the major issues affecting the expected
performance of both SASE and seeded FELSs. Focusing on
the first stage of the FERM I @Elettra project, in this paper
we present results of time-dependent numerical
simulations in which the codes GENESIS and GINGER
have been used to run a large number of electron-beam
distributions generated at the gun by the code GPT and
propagated through the linac using the code ELEGANT.

INTRODUCTION

The FERMI@ELETTRA project is dedicated to the
development of a FEL facility based on the principle of
harmonic up shifting of an initial “seed” signal in asingle
pass [1]. The first stage of the project will be a single
harmonic cascade tuneable in the 40-100 nm range. At
present, it is believed that the major application for FEL-1
will involve time-domain experiments such as pump-
probe interactions and possibly nonlinear phenomena.
Consequently, the requirements for FEL-1 are more
related to total photon number per pulse (i.e., 0.4 — 2 x
10") and pulse duration (20-100fs) than they are to
spectral  bandwidth. Another important parameter
associated with FEL-1 time-domain experiments is shot-
to-shot repeatability [1]. Time-independent simulations of
the FEL process based on the Fermi layout show a strong
sensitivity of the output power with respect to many
electron-beam parameters [2]. Jitter studies performed
using jitter of input parameters as estimated by the linac
group of the Fermi project provided fluctuation on the
output power that can be greater that 20% for the
radiation at 40nm. However, while time-independent
simulations can give just an indication of the FEL
performance, more accurate investigations should rely on
“start-to-end” (S2E) simulations, that begin at the
emitting cathode and end at the undulator exit.

In collaboration with the injector and linac groups of
the Fermi project, dedicated simulations have been
performed considering fluctuations on main machine
parameters [3]. To examine the effects of injector and
accelerator jitters upon the shot-to-shot, time-resolved
properties of the output FEL-1 radiation, 100 individual
files of 1M macroparticles were propagated starting from
the injector (GPT code) through the linac (Elegant code).
Nominal beam parameters are reported in the following
table[3,4].
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Tablel: Nominal electron-beam parameters for the first
stage (FEL-1) of the FERMI project

Parameter Value Units
Input Seed power 100 MW
Electron Beam Energy 1.2 GeV
Peak current 800 A
Uncorrfl afFed”energy spread 150 KeV
(“dlice” value)
Norm. “Trgns,\’/erse Emittance 15 mm-mrad
(“slice” value)
Electron Bunch Length
(flat portion) 0.6 ps

Each file included the effects of random jitter in the
individual injector and accelerator cell voltages. The jitter
follows Gaussian distributions with variances set by the
budget allowances allocated by the gun and linac groups.

GINGER and GENESIS time-dependent simulations
for the FEL-1 lattice tuned at 40 nm were performed over
a large time window with high resolution. For each
jittered file, simulations where done using artificial
macroparticles created from the time-dependent envelope
quantities previously determined by the elegant2genesis
code and also using directly the ELEGANT particles.

It is important to note that we here only consider the
effect of the jitter on the electron bunches, without taking
into account any jitter source on the seed laser.

ANALYSISOF ELEGANT JITTERED
FILES

The 100 jittered files have been produced starting from
100 GPT files that consider the possible jitter sources in
the gun. Those files have been propagated through the
linac with ELEGANT. Output distributions have been
pre-processed in order to evaluate the resulting jitter in
bunch arrival times (Fig.1).

Figure 1: Arriva timejitter of the 100 elegant files with
respect to the arrival time of the nominal file.
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Figure 2: Distribution of the arrival time jitter reported in
Fig.1l; data can be fitted with a Gaussian distribution,
whose sigmais about 130fs.

The analysis shows a distribution with an rms jitter of
about 130 fs, which is close to the one predicted by
LiTrack simulations [4]. These data can be fit with a
Gaussian distribution (Fig.2).

By plotting the electron energy and current profiles of
the 100 bunches taking into account of the arrival time
(figs.3-6) it is evident that it exists a time window of the
order of 400fs where the fluctuations of electron
parameters due to the jitter arrival time are small. Thisis
the “useful” part of the bunches to be used for the FEL
process. We aso report the analysis of the electron beam
properties (electron energy, current, emittance, energy
spread) on that window.

The electron mean energy, v, in the useful part of the
bunch (from -200fs to 200fs, seefig. 3,4,5) presents a
distribution with an rms of 0.09%, in agreement with the
values predicted by the linac group.

T T T T T T T T
800 -400 2200 0 0 400 600 800fs
tima fs)

Figure 3: Temporal profile of the electron beam mean
energy of the 100 jittered ELEGANT files.
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Figure 4: Average of the electron mean energy of the
jittered electron bunch calculated in the useful timewin-
dow (-200fs; 200fs).

The current distribution shows an rms value (6.6%) that
is dightly lower than the one predicted by the linac group
(8%).
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Figure 5: Distribution of the average electron mean
energy of the useful part of the jittered bunches; data can
be fitted with a Gaussian distribution whose sigma is
0.09%.

Similar analysis have been performed for other electron
beam properties, (emittance, energy spread, ..). As for
emittance, data show a distribution with an rms value
which is close to the one predicted (about 12%). The
energy spread, instead, is slightly affected by the temporal
jitter of bunches and the rms distribution shows a larger
value (almost 20% instead of 10%). Calculated electron-
beam average values and corresponding standard
deviations are reported in Table 2.
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Figure 6: Temporal profile for current of the 100 jittered
files.

Table 2: Average values and corresponding standard
deviations for the man electron beam parameters
extracted from time-dependent simulations.

Quantity Mean Value Std. Dev.
Gamma 2231.9 0.09%
Current (A) 718 6.6%
Incoherent energy 0.33 19.5%
spread
Normalized 135 12.4%
emittance

TIME-DEPENDENT FEL SIMULATIONS
OFJITTERED FILES

For the FEL simulation we used the nominal setup of
FEL1 [1] that has been optimized in terms of aw and R56
in order to maximize the output power extracted from an
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Figure 7: Average of the electron bunch current cal culated
on the useful part of the jittered files (from -200fs to 200
fs).

ideal bunch, whose parameters are equal to the average
values reported in Table 2.

Time-dependent simulations using this optimized setup
for the jittered files show a quite high sensitivity to beam
jitters (e.g., about 50% of fluctuation in the output
power), which is far from what it is predicted by time-
independent simulations [2].

A new optimization has been necessary in order to find
a setup that minimizes the effect of the beam jitters. In
order to reduce the sensitivity of the FEL output power
we dightly changed the tuning of the radiator, setting a
smaller value of aw.
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Figure 8: Temporal profiles for the FEL output radiation
at 40 nm obtained from GINGER simulations using the
jittered ELEGANT files; Red, Green and Blue curve refer
to bunches reported with the same colorsin figs. 3-6.

The setup utilized for simulations is the following: a
seed laser of 100MW with a Gaussian temporal profile
(100fs rms), the modulator tuned at 240nm, the dispersive
section set with a R56=19e-6 and the radiator tuned at 40
nm.

Figure 8 displays the output power profiles obtained
from the 100 jitter bunches, while Fig.10 shows the
corresponding output spectra. Red, Green and Blue traces

et

T I ‘ ‘
L L 4 il e 0 Ro

Figure 9: Number of photons per pulse obtained from the
FEL simulation at 40 nm. Data show an average number
of photons of the order of 70e12 with an rms fluctuation
of about 23%.
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in Fig.8,10 refers to the electron bunches reported in
Red, Green, Bluein Figs. 3-6.

The analysis of the FEL output power has been
performed by integrating the pulse profile in order to
calculate the number of photons of each FEL pulse.
Figure 9 report the number of photons of FEL output
pulses for each of the 100 jittered electrons bunches. The
statistical analysis of data shows a distribution which is
close to a Gaussian centered at 70el2 photons per pulse
with a standard deviation of about 23%.

By looking at the output spectra of the FEL pulses, one
can see that the jitter of the input electron-beam
parameters induces a fluctuation of the central
wavelength. However, such a fluctuation is about a factor
3 smadler than the average bandwidth and, as a
consequence, is not affecting too much the FEL
performance (see Fig.10 and Tab.3). Considering the
(1+a,)

2y°
we can derive that, if the emission wavelength is defined
by the resonance wavelength of the radiator, the jitter in
wavelength, A, should be two times that associated to the
jitter in electron mean energy, y. This is not true in a
seeded FEL where the emission wavelength is defined by

the seeding laser and only partially by the undulator
resonance wavelength.

equation for the undulator resonance 4 =L,
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Figure 10: Output power spectra obtained from the FEL
simulations of thejittered files.
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Our results are in agreement with predictions and the
obtained fluctuation for the wavelength is very lower
compared to the fluctuation of the mean energy of the
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input jittered bunches.
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Figure 11: Factor to the Fourier transform limit of the

FEL output pulses for the jittered ELEGANT files.
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We also characterized the FEL output pulses in terms
of how close they are to the Fourier limit. In Fig. 11 we
report the distance of each FEL output pulse with respect
to the Fourier limit for the 100 simulated jittered files.
The average Fourier factor for the ssimulated data is 2.2
and the standard deviation of the distribution is about
13%.

Table 3: Statistics of the 100 FEL pulses.

Quantity Mean Vaue Std. Dev.
Average pulse width 73.2
(f9)
Average photon 7.1e+13 23.3%
number
Average central 40.0019 0.013%
wavelength (nm)
Average bandwidth 0.033%
Fourier factor 2.2 13%

In order to verify the prediction of time independent
simulations, which indicate the jitter in the mean electron
energy as the most limiting factor for achieving a good
output stability, in Fig. 12 we plot the number of photons
per pulse vs the average electron-beam energy.
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Figure 12: Number of photons per pulse vs the average
electron mean energy of the corresponding electron
bunch.

The good correlation between the two quantities clearly
confirms the high sensitivity of the FEL output to the
electron mean energy.

CONCLUSIONS

An extensive campaign of start-to-end simulations for
the first stage of the FERMI@Elettra project has been
presented. Results show a quite strong sensitivity of FEL
characteristics to shot-to-shot jitters of electron-beam
parameters.

The effect of the proposed strategies for the reduction
of the output power fluctuation by means of sophisticated
radiator configuration (tapering) or linear chirping of the
electron bunches will be considered in a forthcoming
work.
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THE TEST FACILITY FOR HARMONIC GENERATION AT
THE MAX-LAB INJECTOR LINAC *
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Abstract

A test facility for harmonic generation is being built at
MAX-Iab. The third and fifth harmonic, at 90 and 53 nm
respectively, will be created using a fs seed laser at 266
nm. The MAX-lab injector will be operated at 400+ MeV
with a photo RF gun and the optics will be retuned to
achieve compression. An optical klystron will be installed
comprising of two undulators and a chicane.

OVERVIEW AND SCOPE

The BESSY FEL project [1] and the MAX IV proposal
[2] are both focused on seeded FEL sources as part of the
facilities. In the aim of improving the designs a decision
was made to build a test facility for harmonic generation
at MAX-lab.

The MAX injector system [3] is a recirculated linac
with energy capabilities up to 500 MeV. Few other
locations have this linac energy available for a test
facility. The joint effort includes simulations, a new
electron source, laser systems, an optical klystron and
experimental activities.

The test facility is intended to use an electron beam of
at least 400 MeV with an emittance of 3 umRad and a
bunch length around 500 fs. It will be injected into an
optical klystron consisting of a modulator undulator, a
chicane and a radiator undulator. A fs seed laser at 266 nm
will be used and harmonic generation at 90 nm and later
53 nm will be studied.

fe

3

<

Recirculator

Fig 1. The MAX injector.
The FEL Principle

The FEL section consists of an Optical Klystron where
in the first undulator, called modulator, the electron beam
co-propagates with a strong seed laser of 266 nm
* This work has been partially supported by the Swedish Research Council

and by the European Commission in the Sixth Framework Program, Contract
No. 011935 - EUROFEL.
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wavelength and is modulated in energy. The particles then
pass through the magnetic chicane which serves as a
dispersive element. It consists of four dipole magnets and
introduces an energy-dependant longitudinal delay of the
electrons: the unmodulated particles are bent into a longer
trajectory than the higher energy particles so that the
beam is redistributed longitudinally. The process is
referred to as “(micro)bunching”. The bunching is tunable
to achieve a maximal Fourier component at either the
resonant frequency of the modulator or at higher
harmonics. In the MAX-lab FEL experiment, the third
harmonic will be used, thus efficiently shortening the
output wavelength of the FEL to 88 nm. In the second
undulator, called radiator, the bunched beam will then
emit intense, coherent radiation at the shorter wavelength
with an output power in the megawatt-range. Substantial
development of this method, HGHG, has been done at
BNL [4].

THE ACCELERATORS

While most of the accelerator systems are already at
hand at MAX-lab some additions and alterations are
necessary. These mainly regard a new photo cathode RF
gun [5] and finding a new optics [6] which creates
compression and transports the bunch to the optical
klystron.

The Gun Pre Injector

In order to produce a transversely and energetically
collimated electron beam, the electrons will be generated
in a low emittance photocathode gun. The gun is a 3 GHz
1.6-cell cavity, mounted slightly off axis, with a copper
cathode illuminated by a ten ps long laser pulse at 266
nm. This produces bunches with a total charge of 0.5 - 1
nC. The beam parameters at the exit from the gun can be
seen in table 1.

Table 1: Beam parameters after the gun (simulated)

Energy 3.7 MeV
Energy spread 3%
Normalized emittance &y 3 mm mrad
Charge 0.5 nC
Pulse length 11 ps

Peak current 45 A

The emittance compensation scheme adopted is similar
to the LCLS [7]. Results of the tracking are shown in
fig 2.
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Figure 2: Emittance (normalised) (1 nC, 3.7 MeV, 10ps).
off axis compensation (10mR) at 0.75 m and linac from
Im.

Linac and Recirculator

The linacs and recirculator system in the MAX-injector
have been in operation for several years. They routinely
deliver 380 MeV as injector for MAX I and II. They are
currently being conditioned above 400 MeV.

Time-energy phase space
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Figure 3: Electron bunch after the recirculator.

Since a high peak current is important for FEL
efficiency, the electron bunches have to be compressed
after the gun. Bunch compression is achieved using the
linacs and the magnetic optics in the recirculator. The
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electric field in the linac is given such a phase that an
energy chirp is induced in the electron pulses. Through
the quadrupoles and dipoles in the recirculator block, this
chirp can then be rotated time wise to result in a very
short pulse. Because of the sinusoidal shape of the
accelerating field, the energy spread will not be
completely linear but some second order effects will
occur. These second order effects can be compensated by
the use of sextupole magnets which introduce second
order corrections and straighten the energy chirp up to a
line. In the MAX-injector sextupoles are incorporated in
some of the quadrupoles in the recirculation blocks and
are not separately tuneable. They can thus not be used to
completely linearize the second order effects, but they do
contribute a bit towards higher peak brilliances. With
separately tunable sextupoles linearization more
corresponding to that of a higher order cavity can be
done.

Approximately 25% of the bunch charge can be
confined within the usable part of the bunch. This way
bunch lengths shorter than 300 fs and peak currents of
300 A can be obtained. Table 2 and figure 3 show the
beam at the exit of the recirculator.

Table 2: Beam parameters after the recirculator

Energy 400 MeV

Energy spread 0.1 %

Normalized emittance eyy, Eny | 3 mm mrad, 8 mm mrad
Bunch charge in peak 0.12 nC

Pulse length 400 fs

Peak current 300 A

Transport

The transport from the injector to the undulator section
is about 40 m and includes a vertical lift of the beam from
the cellar to the ground floor. This lift is done with an
achromatic dogleg [8] consisting of two 15 degree bends
with 5 quadrupoles in between. The middle quad is used
to control the beta-function while the two outer ones are
used to close dispersion after the second bend. To avoid
space charge effects in the centre of the dogleg, where the
beta function can hit a very low minimum, the two quads
on either side of the middle are used for modification of
the beta function.

THE OPTICAL KLYSTRON

Existing magnet structures will be used to build the
undulators. A pure permanent magnet (PPM) structure
has been loaned from the ESRF to be used in the
modulator. The radiator will be equipped with the APPLE
structure of the BESSY UES6-1. The parameters are
summarized in table 3.
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Table3: Parameters of the undulators and the chicane

Modulator

Period length 48 mm
Number of periods 30
Minimum gap 10 mm
Maximum K-parameter 43
Radiator

Period length 56 mm
Number of periods 30
Minimum gap 12 mm
Maximum K-parameter 43
Chicane

Number of magnets 4

Type of magnet H-frame, electromagnet
Gap 15 mm
Maximum field 02T
Distance between magnets | 400 mm

Both undulators will have a motorized gap drive. The
radiator provides also a motorized phase variation for
polarization control. The modulator is moved only in case
of an electron energy change whereas the radiator has to
be tuned also when the harmonic number of the radiation
or the state of polarization is changed.

The Chicane

The magnetic chicane converts the energy modulation
of the electron beam into a spatial modulation. Optimum
bunching is achieved if the energy modulation dominates
the energy spread times the harmonic number 7 :

Aylyzn-o,

Figure 4: Modulator in operating position.

With a relative energy spread of o, =5-10"an energy

modulation of at least Ay/y=1.5(2.5)-107 is needed to

operate on the third (fifth) harmonic. This defines the
laser power.

The maximum bunching appears for a path length
difference of Az=4 /4 between modulated and non

‘photon
modulated electrons. The chicane is optimized such that
AL=A" /4=67nm can be reached with 500MeV

‘photon

electrons and an energy modulation of Ay/y=1.0-10".
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For higher harmonics (shorter wavelengths) Az>1 . /2

‘photon

can be produced and overbunchig effects can be studied.

Mechanical Layout

The electron beam height at the HGHG-FEL is only
400 mm and conventional undulator carriages cannot be
used. Therefore, a new carriage has been developed
which can cope with this geometry (figure 4). The same
structure is used for both undulators.

The two undulators will be measured and shimmed at
the existing measurement bench at BESSY. For this
purpose the undulators have to be flipped into upright
orientation (figure 5). At MAX-lab the final magnetic
measurements will be performed in the operating position
using a pulsed wire system.

Figure 5: Radiator in measurement position.
LASER SYSTEMS

A combined laser system for the gun and the seeding of
the HG-FEL has recently been sent out with an invitation
to tender. We foresee a common system locked to the RF
of the accelerators to better than 1 ps. The system should
deliver 500 pJ in a 10 ps pulse at 266 nm to the RF gun
and 100 pJ in a 300 fs pulse at 266 nm to the seeding. The
solution is up to the supplier while the basic thought is a
centrally located oscillator locked to the accelerator RF-
system and an optical distribution to the amplifiers. (Due
to the commercial actions the information is minimized.
Please contact the authors for more information:
sverker.werin@maxlab.lu.se)

DIAGNOSTICS

The diagnostics have two main duties. The first is to
control the electron beam performance and the second to
assure overlap in time and space of the laser and
electrons. Table 4 shows the intended methods to be used
to approach the different areas.

In a resent test set-up the uncompressed bunch length at
the MAX injector was measured to 6= 2.3 ps. The
technique used was detecting coherent transition radiation
with an interferometer [9]. This set up will now be
finalized to be able to diagnose sub ps pulses.

Seeded FELs
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Table 4. Diagnostics

Feature Method

Energy spread Dispersive section

Emittance Q scans

Bunch length CTR and interferometer

Current/charge Beam transformers,
Faraday cage

X and y positions YAG/OTR screens

Alignment Apertures for spontaneous
and laser beams
Synchronization/time Electro-optical ~ methods
Energy spread
Beam loss Cherenkov fibre
THE FEL SIMULATION

For realistic simulation of the FEL, the particles were
tracked all the way through gun, linac, beam transport and
the undulator section using ASTRA [10], elegant [11] and
GENESIS [12]. In order to study time-dependant effects
of FEL interaction, the 6-dimensional phase space file
from elegant was converted into a GENESIS input file by
cutting out the seeded part of the beam +/-50fs and split it
up into a collection of temporal slices. For each slice, the
relevant beam parameters were calculated externally and
delivered to a GENESIS compatible input file.
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Figure 6: Temporal and spectral power distributions of
FEL pulse at exit of radiator.

Simulation Results

Due to the fact that the simulation work is still ongoing,
the results for the FEL section presented in this section
were achieved without a formal start-to-end-transport of
the original input bunch from ASTRA to GENESIS.
However, the beam parameters gained by the slice
analysis were used to perform fully time-dependant
simulations taking into acount the seed laser beam
temporal profile. A 95%-emittance of 3 mm mrad
(normalized) was assumed. The parameters used to model
the undulator section and the magnetic chicane are listed
in table 3.

Using a seed laser of 150 MW peak power and a
FWHM flat top length of 300 fs, the necessary energy

Seeded FELs

MOPPHO061

modulation can reliably be established within the
modulator. When optimizing the magnetic chicane for
maximal bunching at the third harmonic, the radiator lases
at 88 nm with a power level in the range of 1-10 MW.
Figure 6 shows the temporal and spectral power
distribution at the end of the radiator.

SUMMARY

A test facility for FEL and HGHG is currently being
built at MAX-lab. The coming year will be spent on
installation of undulators, the new pre injector, build up of
the laser systems and finalizing the diagnostics. The aim
of the facility is to test and develop the techniques, but
also to already at an early stage of the BESSY FEL and
MAX IV projects practically address the processes.

Simulations and development of beam optics are also
part of this process.

An important side effect of this project is to start the
process of joining forces between the accelerator and
laser science. The future of accelerators lies in many ways
in starting to use lasers as natural parts of accelerator
installations.

The capabilities of this installation are also such that
new ideas and a continuation after the initial generation of
the 3rd harmonic are a natural continuation.
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COHERENT X-RAY PRODUCTION BY CASCADING STAGESOF HIGH
GAIN HARMONIC GENERATION FREE ELECTRON LASERS SEEDED
BY IRLASER DRIVEN HIGH-ORDER HARMONIC GENERATION*

Juhao Wu' and Paul R. Bolton, SLAC, Menlo Park, CA 94025, USA.

Abstract

Coherent x-ray production achieved by a seeded free
electron laser (FEL) with cascaded high gain harmonic
generation (HGHG) is important for next generation de-
velopment of synchrotron light sources. We examine the
feasibility and some features of FEL emission seeded by
a high order harmonic of an intense infrared conventional
laser source (HHG). In addition to the intrinsic FEL chirp
phenomenon, the longitudinal profile and spectral band-
width of the HHG seed are modified significantly by the
FEL interaction well before saturation occurs. This smears
out original attosecond pulselet structure. As an example,
we describe a cascaded HGHG scheme for coherent x-ray
FEL generation that is seeded by the twenty-seventh har-
monic of an ultrashort 800 nm laser pulse with 10 fs rms
duration. By cascading two stages of HGHG, 15 GW peak
power FEL emission at 0.3 nm can be produced with 90
MW peak power radiation at 0.1 nm viathe non-linear har-
monic generation.

INTRODUCTION

Short-wavelength Free-electron Lasers (FELS) are per-
ceived as the next generation synchrotron light sources.
Self-Amplified Spontaneous Emission (SASE) [1, 2, 3, 4],
is the dominating approach to produce an x-ray FEL
(XFEL). Whileit has good transverse coherence, the SASE
FEL pulses are composed of a series of ultrashort spikes
dueto ashort longitudinal coherent length. To improvethe
longitudinal coherence, various approaches have been pro-
posed. Among them, a cascaded high gain harmonic gen-
eration (HGHG) FEL [5, 6, 7, 8, 9, 10] looks promising by
invoking high order harmonic generation of an infrared (ir)
laser (HHG) as the seed. In this paper, we study an HHG
seeded FEL. Thisis of particular interest [11], since HHG
can provide auv to soft x-ray seed, making a coherent hard
XFEL feasible.

HHG SEEDED HGHG FELSAT LCLS

HHG Seed: Attosecond Structure and Smearing
Effect

HHG generates an electric field comprised of multiple
harmonic orders, s and multipletime pul selets, n expressed

* The work was supported by the US Department of Energy under con-

tract DE-AC02-76SF00515.
T jhwu@SLAC.Stanford. EDU
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as the following double summation [12, 13]:
Func(t,z) = ZEs,oei(ksz‘wsﬂe—il?suﬁt?

2
t’n

N
X Z 6_me_@swf[(t—tn)_z/c]2, )
n=—N

where for each order, s we sum over the temporal sequence
of 2N + 1 pulselets for which n € [-N, N]. Because
of temporal coherence of a group of harmonic orders, the
pulselets can exhibit attosecond structure (with periodicity
of 7/2), limited by therelative amplitudesand phases of the
different harmonic orders. The order dependent parameter,
B accounts for the small intrinsic chirp that characterizes
each harmonic order [14]. InEq. (1), t,, = n7/2 with T
being the period of the unchirped ir pulse (2.67 fs at 800
nm); o is the ir pulse rms duration; ks and w, are the
wavenumber and angular frequency of the s harmonic;
and a; = (407 w?2)~! with oy 5 being the rms duration
of each pulsdlet in the HHG pulse. Typicaly oo ~ 10
fsand 7/20 < o, < 7/2 for a single pulselet, where
the lower limit assumes rel ative phase synchronization of a
harmonics group [12, 15]. In this paper, we consider only
a single harmonic order, s as the carrier frequency and for
simplicity, we negelect the harmonic chirp (B ~ 0). The
HHG field expression then simplifies to:

t2

N __tn
E(t,z) = E,eithzmwst) Z o o,
n=—~N

% e,aswi[(t,tn)—z/c]27 (2)

which represents an attosecond pulselet train (APT) de-
rived from the amplitude modulation of carrier frequency,
ws. Weuseo,g = 10 fsand o s = 7/8 ~ 334 at-
tosecond in the Fourier-transform limit. In this case, it
is important to note that, although the central carrier fre-
quency of the seed is a single harmonic, the transform
limited seed spectrum also includes components from sev-
eral neighboring harmonic orders [16]. A multi-pulselet
HHG seed is the sum of many single pulselets. We ad-
dress the single pulselet at t,, = 0 for n = 0 so that
E(t,z = 0) = Eyexp(—iwst — a,w?t?), assuming for
simplicity that the single harmonic pulselet is transform-
limited, i. e, ot 50,5 = 1/2, s0 that the rms bandwidth
Ou,s = \/0sws. Since each pulselet is ultrashort, the spec-
tral bandwidth is broad. The seeded FEL solution reads
[17]

Ergn(t,z) = EO,FELep(\/ngi)sz 3
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x ilkermwit) =loe s (2)4iBs s (w2 (t=2/v5)°

where v, = w,/(ks + 2/3k,,) is the group velocity of the
FEL light,

s (2) = m (4
and )

Bug () = 0 ()72 G

with
{ Ors,f(2) = 01,0y [ EESREE ARG ©

G (2) = 22 ’

with
R(z) = #F() W

and

2
() = | L ®)

Here o, gr(z) is the rms bandwidth of the FEL Green
function for a coasting electron beam with p being the
Pierce parameter [1]. The transform limit also means that
as,f(o) = O, ﬂs,f(o) = ﬂs =0, Ut,s,f(o) = Ot,s» and
Ouw,s,1(0) = 0,,s. The FEL-interactionintrinsically gener-
ates a chirped FEL waveform,

_ Bus(z) R
20s5,#(2)  2v/3[1 + R(2)?]

The emittance of the FEL light at any position, z, is con-
served, & = {((t — ())*)((w — ())?) = ((t = () (w -
(w)))?}1/2 = 1/2, indicating that the FEL emissionisfully
coherent longitudinally [17].

We introduce the critical location, z., where the FEL
Green function bandwidth reduces to the pulselet initial
bandwidth, i.e., R(z.) = 1. Recall that, the power gain
length Lg = A/ (4V/37p), hence, if oo, 5/ws > 3v2p,
then z. < L¢. For large enough z, where R(z) > 1, the
FEL has

(= () (w— () -9

o) = e
Owsf(z) — owar(z) , (10)
(t=)w— W) — 55

i.e, thefina characteristics are determined by the FEL in-
teraction. In accordance with Eq. (6), the FEL interaction
rapidly reduces the seed pulselet bandwidth, extending its
duration [16].

HHG-HGHG FELsat LCLS

Considering the feasibility of an HHG seeded HGHG
XFEL, we use an ir laser a 800 nm with ;¢ = 10 fs.
We choose the 27" harmonic as the seed to interact with
an LCL S-type high brightness electron bunch [18]. The
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initial pulselet is assumed to have o s = 7/8. Assum-
ing a Fourier-transform limited single harmonic pulselet,
we haveo,, s = 1/(20:,s). Therelative rms bandwidth is
Ows/ws ~ 2.4 %. Due to the FEL interaction, accord-
ing to Eq. (7), the FEL bandwidth decreases. For the
scheme shown in Fig. 1 with parameters in Table 1, we
have p = 0.54 % and A\, = 0.2 m, we have z. ~ 1.6
m. Considering that the first modulator is 25 m long and
the power gain length is about 3 m, attosecond structureis
smeared out within ashort distance[16]. Consequently, the
HHG seed resembles a conventional harmonic seed gener-
ated via wave-mixing in a solid such that we can ignore
initial attosecond structure, at least as a good approxima-
tion.

In Fig. 1, we show the generic configuration of an HHG
seeded cascaded HGHG FEL. It hasthe following features.

I Modulator ] [ Small chicane J | Magnetic shifter 1 Radiator |

P, =5 MW at 30(nm)
c,=10fs

Seed laser

215 GW at 0.3 (nm)
P =90 MW at 0.1 (nm)

o ] (o] [ )]

Electron Beam.

22m

Electron beam [:'lectj on beam

1= 3400 Amp ‘ €,=1.2 © mm-mrad |
E,=10GeV | 0,/7,=113%X10 4 |

|1-i1'<.lllull(.i stage | ‘ ‘SemndllUHU stage 1 | ‘;\mplit’ler |

Figure 1: Schematics of an HHG seeded cascaded HGHG
FEL. In this scheme an HHG seed of 30 nm is used. After
two stages of HGHG and a final amplifier, we obtain 15
GW at 0.3 nm, and 90 MW at 0.1 nm.

1. We need multiple stages. During each stage the nth
harmonic of the seed laser will be produced at the end of the
radiator, and then this harmonic will be used as the seed for
the next stage. In reality, n cannot be too large due to that
stability consideration[7, 9]. In our paper weusen = 10 to
achieve stable performance, and we need only two stages.

2. Conceptually, the device is composed of two parts. a
converter [19] and an amplifier. The converter, consisting
of several stages, converts the seed laser to the designed
wavelength step by step. Then at the end, an amplifier ex-
ponentially amplifies the radiation obtained from the last
stage to saturation.

3. Except for the first modulator and the last amplifier,
each stage only convertsthe light to its n*” harmonic. Ex-
ponential growth is not required as long as the harmonic
power is high enough to be used as the seed for the next
stage.

4. The phase mixing induced by the emittance in the
dispersion section is much smaller than that in an undula
tor. For an HGHG FEL, bunching is produced mainly in
the dispersion section; while for a SASE FEL, bunching is
produced in the undulator. Therefore, the emittance effect
turns out to be less important in an HGHG FEL than in a
SASE FEL [10].
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5. Since we need to cascade several stages of HGHG,
we need some extra components. Each stage will consist
of one modulator, a dispersion section (a small chicane),
and one radiator. The physics process in each stage will be
the same asin Refs. [5, 6]. During the process, the output
radiation has disturbed the coincident part of the e-bunch.
Therefore, to achieve the best efficiency in the next stage of
HGHG, we need use a fresh region of the e-bunch. To do
this, the laser (i.e., the output radiation from the previous
HGHG stage) is shifted to the front part of the same e-
bunch, so that the laser will interact with afresh part of the
same e-bunch. i.e., we use a magnetic shifter to relatively
delay the electron bunch.

As mentioned above, this conceptual design uses the
27" harmonic of the 800 nm ir pulse with oro = 10 fs.
Assuming the input seed peak power of 5 MW, with two
stages of HGHG and a final amplifier, we obtaina 15 GW
FEL at 0.3 nm, and 90 MW at 0.1 nm via nonlinear har-
monic generation [20, 21]. In this example, the 27" har-
monic pulselet interacts with an LCL S-type electron beam
[18] (normalized emittance e,, = 1.2 # mm-mrad, relative
energy spread o, /vo = 1.13x 104, energy Ey = 10 GeV,
and pesk current 1, = 3,400 Amp). In the 25 m modu-
lator of the first HGHG stage, the HHG seed is amplified,
and simultaneously modulates the electron beam energy.
A small chicane then converts the energy modulation into
density microbunching at 30 nm. This microbunched el ec-
tron beam then traverses the 8 m radiator which is resonant
at 3 nm (the 10" harmonic of the original 30 nm seed).
This microbunched electron beam first coherently radiates
at 3 nm and then exponentially amplifies this 3 nm radia-
tion to a peak power of 5 GW, which is used to seed the
next HGHG stage. In the second stage, the 5 GW, 3 nm
seed energy modulates the electron beam in the 5 m mod-
ulator. The energy modulation is converted into density
microbunching at 3 nm via a second small chicane. This
density modulated electron beam initially radiates coher-
ently in the 5 m radiator, resonant at 0.3 nm (the 10*" har-
monic of the 3 nm seed). At the end of the 5 m radiator, the
0.3 nm radiation is amplified to 0.1 GW, which is further
amplified in the 22 m final amplifier, resonant at 0.3 nm.
At the amplifier exit, the FEL is well into saturation, and
the system finally produces 15 GW, 0.3 nm radiation. Due
to the microbunching at 0.3 nm, there are substantial har-
monics. The third harmonic emission at 0.1 nm has a peak
power of 90 MW.

As shown in Fig. 1, we consider an HHG seed with a
wavelength of 30 nm, and apeak power of P;,, = 5 MW. As
we will discuss later, the corresponding start-up shot-noise
power is only about P,ise = 70 W. Thus the input seed
laser power dominates the shot-noise power. This domi-
nance is necessary, because even though thereis only neg-
ligible noise power in the initial stage, the signal-to-noise
ratio of the final radiation at 0.3 nm can be degraded [22].
A simple estimate shows that the noise-to-signal (NTS) ra-
tio at the seed will be amplified by n2 , times for the nt",
harmonic generation. In this case, the two stage approach
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Table 1: Parameters for the undulator, the dispersive sec-
tion and the electron bunch.

1%t stage 2"? gtage | Amplifier

X (nm) | 30 33 0.3 03
A (cm) | 20 6|6 3 3

@ 0.2 0.4

2l

= 1.13 x 10~*
L, (m) | 25 85 5 22
Loe(m) | 3 2|2 3 3

has an overall ni,; = 100, hence, the NTS ratio will be
amplified by 10* times. Hence for the final radiation at 0.3
nm, the NTS ratio will be about 14 %.

After two HGHG stages, we have generated 0.3 nm ra-
diation, and this 0.3 nm radiation is amplified to saturation
with a peak power near 15 GW in afina amplifier stage.
The parametersfor the electron beam and the radiation are
givenin Fig. 1. The number in the first row stands for the
output power and wavel ength of the radiation of each stage.
The output power of one stageistheinput power of the next
stage, though diffraction has been taken into consideration
in the simulation. The e-beam parameters are printed be-
low the schematic device. The relative local energy spread
o/ given in Fig. 1 is the initial relative local energy
spread before the e-beam entersthe first modulator. Thisis
increased by spontaneous radiation [23]. We take thisinto
account in the simulation [21].

In Table 1, the first row gives the radiation wavelength
A the second row, the undulator period ., and the third
row the dispersion strength dv/ (d~y) with ¢ being the pon-
deromotive phase in the radiator. The fourth row gives the
initia relative local energy spread o /7. Inour simula-
tion, quantum diffusion [23] has been taken into account
[21]. Thefifth row givesthe length of the undulators (mod-
ulators, radiators, and the amplifier) L.,. For example, the
last amplifier has a length of 22 m. The sixth row gives
the power gain length L in each undulator without en-
ergy modulation. The table has three boxes; the first two
boxes are for the two convertor stages and the last one is
for the amplifier. For the two convertor stages, the left col-
umn gives the parameters for the modulator and the right
column those for the radiator; the numbers in the middle
stand for the dispersion strength di/(d~y). For example,
the left column in the second box stands for the modul ator
of the second stage. The table shows that in the modul ator
the resonant radiation has a wavelength of 3 nm, the mod-
ulator has a period of 6 cm, the length of the modulator is
5 m, and the corresponding power e-folding length without
energy modulationis 2 m. Theright column showsthat the
radiation in the radiator has a wavelength of 0.3 nm, the
radiator has a period of 3 cm, the length of the radiator is
5 m, and the corresponding power e-folding length is 3 m.
In the middle, i.e. 0.4, stands for the dispersion strength

dyp/(d).
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Sart-up Noise Issue

First, we need to compute the effective start-up noise
power for the fundamental SASE guiding mode [24, 9]

2L 2\,
g = o2 (), [
Ly Ly Ny
eZolpk > > K?

0 A——
w Ty

(11)
JJw,,
where the coupling factor is found to be [24],

)

V3 1 1
Crn(a) ~ @ €xp I:_m <6’m,0 + 6m,1 ﬁ)( 2)
1

where, m is the index referring to a certain mode being
excited; a = /4pk,k, Ry is the scaled beam size with
kw = 27/ A, kr = 27w/\;, and Ry the hard edge of an
electron beam. The above formulais a good approxima-
tion, when a > 0.25. Within such range, 3., 0 = 1.093,
and §,,,1 = —0.02 for the fundamental guiding mode. In
Eqg. (11), L¢ isthe power gain length; L., the undulator
length; \,. the radiation wavelength; N, the number of un-
dulator period; Z, the vacuum impedance; I, the peak
current; w,.(= ¢27/\,) the radiation angular frequency
with ¢ the speed of light in vacuum. The Bessel factor

[JJ] = Jo [W] s [#] With ay = K/v/3,
and J, and J; are the zeroth order and first order Bessel
function, respectively. Approximately, K ~ 93.4B .\ iS
the undulator parameter with B, the peak field of the un-
dulator in units of Teslaand ), in units of meter.

In the above SA SE cal culation, the bandwidth of the fun-
damental guided modeis o, o for z = 2L according to
Eqg. (8). However, the seeded FEL has a different band-
width of o, s f(z = 2L¢) according to Eq. (6). Hence,
the true start-up noise power in the seeded FEL bandwidth
is

Start—u Start—u Jw,s,f(z = 2LG)
Poeedea = Psase pm~ (13)

Considering the first modulator, the Pierce parameter is
p ~ 5.4 x 1073; the scaled beam sizeis a ~ 0.8, which
gives the coupling coefficient to be C; =~ 0.3. The SASE
effective start-up noise power in the fundamental guided
mode is PSyas " a2 400 W; however, since o, ¢ f (2 =
2Lg) ~ 2.0 x 1073 and 0, gr(z = 2Lg) =~ 1.2 %, the
true start-up noise power in the seeded FEL bandwidth is
only about PSP ~ 70 W,

DISCUSSION

In this paper, we explored the details of an HHG seeded
FEL. For simplicity, the HHG seed is modelled as an at-
tosecond pulselet train (APT). Bandwidth reduction, in-
trinsic to the FEL interaction, smears out the initial at-
tosecond structure of the seed within a very short distance,
z < Lq. The seeded FEL remains coherent, if we do not
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consider the accompanied noise power and electron beam
non-uniformity [10]. The true start-up noise power in the
seeded FEL bandwidth, PS*' " is only about 70 W.
Since the HHG seed has a power of P, = 5 MW, the
noise-to-signal ratio at the fina radiation A\, = 0.3 nm
is till only about 14 %, even though it has n2,, = 10*
(ntot = 100) times amplification, i.e., the effective noise
level isincreased from theinitial 70 W to 0.7 MW.
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THE FIRST EXPERIMENTAL OBSERVATION OF FEL AMPLIFIER
EFFICIENCY IMPROVEMENT USING ELECTRON BEAM ENERGY
DETUNING AT THE NSLS SDL

T. Watanabe*, J.B. Murphy, J. Rose, Y. Shen, T. Tsang, X.J. Wang, BNL, Upton, NY 11973, USA
H.P. Freund, Science Applications International Corporation, McLean, VA 22102, USA

Abstract

Thefirst experimental observation of efficiency enhance-
ment using electron energy detuning in a single-pass laser
seeded Free-Electron Laser (FEL) amplifier is reported.
Our experiments show that it is possible to double the FEL
efficiency by increasing the el ectron energy by +0.7 % rela-
tive to the resonance energy. The measurement of the laser
seeded FEL spectra versus energy detuning shows that the
peak wavelength of the FEL radiation is determined by the
seed laser. The experimenta results are discussed using
FEL theory and athree-dimensional simulation code GEN-
ESIS1.3[1].

INTRODUCTION

One of the advantages of the FEL is the ability to pro-
duce high power laser light without the conventiona ther-
mal issues associated with other laser systems[2]. In addi-
tion, the operating wavelength of the FEL can be adjusted
according to the application. Because of the advantages,
the FEL has been regarded as one of the promising ap-
proaches to generate Megawatt (MW) average power |aser
at 1 um wavelength. Such an applicationis called directed
energy application[3, 4].

In order for the FEL to realize the MW average power
output, it is required to optimize the efficiency of the FEL
process. Supposed that the interaction between the elec-
tron beam and the radiation is strong enough in the undula-
tor, the radiation power grows exponentially as the electron
beam goes through the undulator. According to the steady-
state theory of a single-pass FEL, the radiation is saturated
a pP. due to the deposition of the electron energy to the
radiation. Here, p is the Pierce parameter and P, isthein-
put electron power. After the saturation, the electrons with
lower energy no more resonate with the radiation asit does
in the exponentia gain regime. Instead, the mutual energy
deposition between electrons and radiation is repested.

To overcome the saturation, several schemes have been
proposed and tested. One isto taper an undulator, in which
thefield strength of the undulator is gradually decreased af -
ter the saturation so that the electronswith lower energy can
maintain the resonance with the radiation [5, 6]. Another
is to detune the electron energy, in which the input elec-
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trons with dlightly higher energy can resonate with the ra-
diation longer than the normal (resonant) case [3]. The de-
tuning effect had been theoretically and numerically stud-
ied [7, 8, 9, 10]. The study indicates that the growth rate
is deteriorated by the detuning, while the saturation power
can be enhanced by optimizing the detuning. It is an ad-
vantage of the detuning scheme that the scheme does not
require any modification of the experimental setup; only
the requirement is to change electron beam energy. As far
as authors know, however, the detuning effect in a single-
pass FEL had not been experimentally verified.

In a self-amplified spontaneous emission (SASE) FEL,
in which no external seed laser is supplied, the radiation
wavelength is shifted when the electron energy is changed.
Thus, the wavelength of the output radiation is inevitably
resonated with the incident electron energy and no en-
hancement of FEL efficiency due to the detuning should
be expected. In a seeded FEL, where an external laser is
injected and then amplified via interaction with electrons,
the wavelength of the radiation may be affected by both
electron energy and the seed laser. Eventualy, it may en-
hance the efficiency of the amplification to detune electron
energy in terms of the wavelength of the seed laser.

In the paper, the experimental demonstrations of effi-
ciency enhancement by the electron energy detuning is re-
ported. The experimental results are compared with the
numerical simulation and interpreted by FEL theory.

DETUNING EXPERIMENT

The experiments were conducted at the Source Devel-
opment Laboratory (SDL) of National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory (BNL).
The picosecond (ps) electron pulse generated by a photo-
injector is compressed to 1.5 ps by a chicane-type bunch
compressor. The compressed e-beam passes through a 10
m long planar undulator, of which periodis 3.89 cm and the
undulator parameter is K=1.1. The seed laser generated by
a Ti:Sapphire laser system is compressed to 6 ps, with the
frequency chirp being slightly negative. Passing through
a bandpass filter, the seed laser has the central wavelength
of 795 nm and the bandwidth of 1.5 nm at Full Width at
Half Maximum (FWHM). The mgjor experimental param-
eter are summarized in Table. 1.
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Table 1: Major experimental parameters

Undulator parameter K 11
Undulator period 3.89cm
Undulator length 10m
Electron energy 98 - 102 MeV
Peak current 380A
Electron bunch duration (FWHM) 15ps
Energy spread (rms) 0.1%
Normalized emittance 2-4 mm.mrad
Seed laser wavelength 795 nm
Seed laser bandwidth (FWHM) 1.5nm
Seed laser pulse duration (FWHM) 6 ps
Seed laser energy 4 kW

Efficiency measurement

For aplanar undulator, the wavelength of the FEL radia-
tion, A, iswritten as,

Au(14+ K2/2)

A= SR (2)
where )\, is the undulator period and ~ is the electron
energy normalized with its rest mass. In genera seeded
FEL experiments, the electron energy is adjusted to satisfy
Eq.(1) for a given wavelength. In what follows, such an
energy is called the energy on resonance. In our experi-
ment, the energy on resonance was determined by measur-
ing SA SE spectrum without the seed | aser.

InFig. 1, the energy gainsin the undulator on resonance
and with two detuning cases are plotted; oneis0.7 % higher
(+0.7 % detuning) and ancther is 0.5 % lower (-0.5 % de-
tuning) relative to the energy on resonance. All the three
data are shown with root-mean-squared (rms) error bars,
but at most of points, the error bars are overlapped with
the dots. In -0.5 % detuning case, the seed laser energy is
dominant until 7.8 m, because both transversely and lon-
gitudinally the seed laser size is larger than the electron
beam. The simulation results on resonance and with de-
tuning were also presented in Fig. 1. The gain curve on
resonance is shown by the solid curve, and those with +0.5
and -0.5 % detuning are respectively shown by dotted and
dashed curves.

It is obviousin both experiment and simulation that the
gains with detuning are asymmetric between positive and
negative detuning; the negative detuning degrades the gain
by more than one order of magnitude, while the positive
detuning enhancesit by factor of two. Tointerpret it, were-
call one-dimensional steady-statetheory [7, 8, 9, 10]. First,
at the early stage of amplification, small-signal gain theory
indicates that the direction of energy deposition between
electrons and radiation is opposite depending on the direc-
tion of detuning. In Fig. 1, the radiation energy with nega-
tive detuning is deposited to el ectrons once, while that with
positive detuning immediately gains energy from electrons.
On resonance, there is no energy deposition, which is also
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presented by the theory. Next, in ahigh gain regime, a cu-
bic equation for time-dependent gain of FEL radiation in
the form exp(iA7) iswritten as,

N —6A+1=0, 2

where )\ is an eigenvalue, of which negative imaginary part
givesthe growth rate, and ¢ isthe normalized energy detun-
ingd = (v2—~%)/2v%p. InEq.(2), the efficiency parame-
terisassumed to besmall, p ~ 0. The preferableinstability
exists only when the detuning is smaller than the threshold,
i.e, d < oy, ~ 1.89, where two of the three eigenvalues
in Eq.(2) have imaginary part. The maximum growth rate,
Im) = +/3/2, occurs at no detuning, § = 0. It has also
been shown with the aid of humerical simulation that asthe
electron energy goes higher, the saturation energy becomes
higher until it reaches the threshold, § ~ §,. Since the
efficiency parameter p of the experiment is in the range of
0.003 through 0.004, the threshold correspondsto the elec-
tron energy detuning of +0.55 to +0.75 % (shown grey in
Fig.1). Onecan seein Fig. 1 that both experiment and nu-
merical simulation represent the characteristics predicted
by the theory and numerical simulation; the positive detun-
ing in the range of threshold enhances the output energy,
whereas the same amount of detuning but in negative di-
rection just degradesthe gain due to the combination of en-
ergy deposition to the electronsin small-signal gain regime
and degraded gainin high gain regime.

Experiment Simulation

«  +0.7 % detuning . +0.5 % detuning

W [csonance
A -0.5 % detuning

— resonance
-0.5 % detuning

100

Energy [u]]

0.1

0.01

z [m]

Figure 1: Gain curves on resonance and with detuning.

To seethe detuning effect more clearly, the output energy
of FEL radiation was plotted as a function of the electron
energy in Fig. 2. The dots with peak-to-peak error bars
are experimental data and the solid line is evaluated by the
time-dependent simulation under the same condition as the
experiment. The output radiation energies are normalized
with those on resonance in both experiment and simulation
results. The energy on resonance is 102 and 82 y..J respec-
tively for the experimental and the numerical results. In
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Fig. 2, the asymmetry between positive and negative de-

tuning is again clearly observed. The negative detuning of

0.5 % deterioratesthe FEL gain by one order of magnitude,

while the positive detuning of 0.7 % enhances the gain by
70%. In addition, further detuning by a half percent in a
positive direction, i.e., total detuning of +1.2 %, does no
more enhance the gain, but suppressesit. It is because the
detuning goes beyond the threshold §,;, (grey in Fig. 2).
The experimental result agrees with the simulation result
except for two thingsin detail; the enhancement of the en-
ergy in the experiment is lower than that of by simulation,
and the amount of the detuning that gives the enhancement
is+0.7 % in experiment and +0.5% in simulation. It is be-
cause there was an electron energy jitter in the experiment,
so the energy enhancement at the detuning was smoothed
out by taking the average. In fact, the maximum energy
given at the +0.7 % detuning was 206 u.J, which is more
than 2 times higher than the average energy on resonance.

b”{jm
e 2.5 . . r
ai
S 2L I -
m 15} ! |
[+
9
8 1t T
=
E osf ]
“ 0 | -

n

-1 -0.5 0 05 1 1;

Energy detuning [%]

Figure 2: FEL output energy vs electron energy detuning.
Solid lineis simulation and dots are experimental result.

Soectral measurement

The spectraof the seeded FEL pulsewere also measured.
Figure 3 represents the example spectra of seeded FEL on
resonance (solid line) and with the positive detuning at the
threshold 6 ~ ¢, (dashed). The positive detuning in the
experiment (Fig. 3 (a)) is+0.7 %, and that in the numerical
simulation by GENESIS1.3 (Fig. 3 (b)) is +0.5 %.

It is both experimentally and numerically verified in Fig.
3 that the peak wavelength of output seeded FEL pulseis
not notably shifted by detuning electron energy. In both
cases, the difference of the pesk wavelength between on
resonance and with the positive detuning is much less than
1 nm. It follows that the seeded FEL spectrum with detun-
ing is dominated by the seed laser, so the detuning scheme
does not induce the undesirabl e frequency shift in the out-
put pulse. Note that the detuning of +0.7 % in electron en-
ergy corresponds to the down-shift of SASE spectrum by
asmuch as 11 nm.
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Figure 3: Spectra of laser seeded FEL on resonance (solid
line) and with positive detuning at the threshold § ~ dy,
(dashed). (a) experiment and (b) GENESIS calculation.

CONCLUSION

We experimentally observed the efficiency enhancement
by the electron energy detuning. By applying the energy
detuning of +0.7 %, the efficiency was doubled. Both the
further detuning and the opposite detuning significantly de-
grades the efficiency. The results were well consistent with
one-dimensional steady-state theory aswell asthethree di-
mensional numerical simulation.

The spectra of seeded FEL pulses on resonance and with
detuning were also measured. It was verified that the peak
wavelength of seeded FEL with detuning was almost same
asthat on resonance both by the experimental result and the
numerical simulation. It indicatesthat the detuning scheme
works without modifying the seeded FEL spectrum sub-
stantially.

The study gives fundamental knowledge for implement-
ing seeded FEL experiments as well as designing the high
power FEL such as adirected energy application.
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CHIRPED PULSE AMPLIFICATION EXPERIMENT AT 800nm
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Abstract

We report the chirped pulse amplification (CPA)
experiment carried out using 800 nm direct seeding and
NISUS undulator as free electron laser amplifier at SDL
of BNL. The experiment indicated that due to saturation
in the center part of the chirped electron bunch the output
pulse shape has a dip in the middle, as result the edge of
the bunch has higher power than the center. Hence the
output spectrum also showed a dip in the center, resulting
in a larger FWHM bandwidth than the seed. An
interesting result is that the 800 nm chirped FEL output
was compressed down to a pulse length shorter than what
the seed pulse itself can be compressed to.

INTRODUCTION

Chirped pulse amplification (CPA) [1-4, 8] can be used
to generate short high intensity pulse in FEL, and it has
been shown theoretically possible to generate pulse
shorter than what the seed can be used to generate [2].
Initial CPA experiment has been carried out in HGHG
process at 266 nm but without the final compression of
the pulse [5]. The experiment showed that by matching
the electron bunch energy chirp with that of the seed pulse
properly we were able to maximize the bandwidth of the
output pulse while maintaining coherence. First SPIDER
traces were measured and quadratic optical phase
dependence along the pulse was obtained [7]. However,
due to limited beam time, we were unable to finish the
compression of the output pulse at 266 nm so far. In this
paper, we report our preliminary result on the CPA at 800
nm with direct seeding.

EXPERIMENT SETUP AND CPA
EXPERIMENT

A schematic diagram of the 788 nm experiment is

A »| Spectrometer

FEL

undulator

shown in figure 1. The 788 nm seed pulse with pulse
length of 2.5 ps and bandwidth of about 6 nm is chirped
with the head of the pulse at longer wavelength. The 103
MeV electron bunch with charge of 500 pC is compressed
down to about 2.5 ps and chirped using the last section of
the linac to about 0.5% of projected energy spread with
head at lower energy. During the experiment the chirp is
adjusted to maximize the output bandwidth. The seed and
the electron beam are sent into the FEL undulator NISUS
and aligned to overlap in the first section of the undulator.
The seed has a Rayleigh range of 1.95 m. We used first
two pop-in monitors inside the NISUS undulator to carry
out the alignment. Since the seed table where the seed is
injected into the undulator beam line by a 45° mirror is 7
meters away from the entrance of the NISUS undulator,
the physical limitation of the system made it impossible to
match the seed beam size to the electron beam size at the
beam waist of the seed, which is about 0.6 m inside of the
entrance. As a result the laser beam size is much larger
than the electron beam. This is illustrated in figure 2

E-beam at pop23 Seed laser at pop23

Figure 2: Images of the beam (left) and seed laser (right)

where we show the images of the seed and electron beam
at the first pop in monitor in the NISUS. Thus this FEL
amplifier setup is not very efficient. But it is sufficient to
be used for a demonstration of the CPA process. The
NISUS undulator has a period of 3.9cm with K=1.126.
The electron bunch length is measured by the zero-

Figure 1: Layout of the experimental set-up.
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phasing method using the dipole right after the last linac
section as the energy spectrometer. The images of the
measurement at 90 and -90 degree of the RF phase are
shown in figure 3.

Figure 3: Measurement of bunch length

The synchronization between the electron
bunch and the seed laser pulse is realized vtersiy(oarts)
by observing the significant increase of
energy spread when they temporally
overlap. The energy spread is measured
using the monitor after the beam passes
through the undulator and the last dipole.
This is shown in figure 4. The upper picture
shows that the energy spread is adjusted to
about 0.5% when the seed laser is turned
off (the full screen corresponds to 1.5% of
energy spread). When we turn on the seed
laser and change the seed pulse time delay
by an optical trombone so it overlaps with
the electron bunch, the energy spread is

MOPPHO066

Due to energy and phase jitter and drift of the electron
bunch (energy jitter is about 0.2% rms, time jitter about
140 fs rms), during the scan for synchronization for each
trombone position we also scan energy within about 0.5%
range then move to next position about 100 um apart.
Once the synchronization is found, we send the amplified
FEL output to the spectrometer to fine tune the
synchronization. Since the seed laser is chirped, and the
output wavelength is determined by the seed, if the tail of
the electron bunch overlaps with the head of the laser
pulse the output pulse wavelength is centered at longer
wavelength of around 795 nm. When the head of the
electron bunch overlaps with the tail of the seed, the
wavelength moves to shorter wavelength of around 785

increased significantly and hence the image
of the electron beam occupies the full
screen.

The seed laser pulse energy is 13.4 pJ
before sent into the NISUS undulator
during the CPA experiment. To ease the synchronization
procedure before we achieve the overlap between the seed
and the electron bunch, we remove the attenuation (which
is 10 when the pulse energy is 13.4 pJ) so the energy
spread increase will be more visible even when the tail of

Chirped bunch (no seed

Chirped bunch (lasing)

Figure 4. Electron beam energy spectra before (upper
plot) and after (lower plot) interaction with electron beam

the electron bunch overlaps with the seed. This helps to
increase the step size that we used to move the optical
trombone and complete the synchronization procedure
faster.

Seeded FELs
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Figure 5: Measured FEL spectra

nm. This helps us to determine which direction and how
much we should move the trombone to maximize the
overlap. In figure 5 we show the measured FEL output
spectrum at different positions of the optical trombone
micrometer. The center of the spectrum is at 790 nm.
During the scan the FEL pulse central wavelength is
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Figure 6 Central FEL wavelength for different delays
between seed and electron bunch

also measured and plotted against the micrometer
position, as shown in figure 6.

The figure 6 shows the wavelength has a linear
dependence on the delay of electron bunch relative to the
seed laser, as determined by the micrometer position. The
slop of the curve (2.6 nm/ps) is the measured chirp of the
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seed by FEL process. This is to be compared with the
chirp setup by the seed laser compressor-stretcher system,
which is 6 nm/25 ps=2.4 nm/ps, providing with a
reasonable agreement.

The gain length of the FEL process is measured
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(middle) and FEL output with matched chirp (lower

plot)
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using SASE output pulse energy as function of distance in
the NISUS by kicking the electron beam away from axis
sequentially at different longitudinal locations inside the
NISUS undulator with the horizontal trajectory correctors.
The result is shown in figure 7. Considering the spacing
between the monitor is 0.62 m, the power gain length is
obtained from this plot as 1m.

The normalized emittance was measured to be 6 mm-
mrad by fitting with the beam profile measurement in the
NISUS undulator. Once the synchronization is achieved,
we tune electron beam chirp by adjusting the last linac
section to vary the energy spread and observing the
bandwidth of the FEL output until we reach the maximum
bandwidth. When the chirp is optimized and when the

January 19,2006. Comparison of Seed FEL
(2 peak and single peak) seed attenuate by OD1 and OD 1.5 (01)

190

—— seed attenuated by OD1
1m0

—— seed attenuated by OD1.5

AU

Wavelength(nm)

Figure 9: Spectra of the seeded FEL output for two values
of attenuation 10 (OD1) and 30 (ODL1.5)

seed laser is turned off, the image of the energy spread is
shown in the top of the figure 4.

In the top plot of figure 8 we show the measurement of
the seed spectrum. The middle plot of the same figure is
the spectrum of the FEL output when the electron bunch
is not chirped (when energy spread is minimized with the
seed laser turned off). Lower plot shows the FEL radiation
spectrum for the case when the chirp of the electron
bunch is optimized. To be able to compare the bandwidth,
we align the three plots vertically so that they use the
same horizontal scale. It is seen that when the electron
bunch is not chirped, the output bandwidth is narrower
than the seed, showing that only the part of the seed pulse
with the wavelength in resonance with the electron beam
energy is amplified, and the width of the line is clearly
determined by the bandwidth of the amplifier.

It is interesting to remark here that figure 8 shows when
the energy chirped to match the seed chirp, the bandwidth
increases to about 10 nm, significantly larger than the
seed bandwidth of about 6 nm. And in particular there is a
pronounced dip near the center of the FEL output
spectrum. This can be explained by deep saturation in the
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central part of the electron bunch. If the current at the
central part of the electron bunch is and since the central
part of the seed is also at peak, the FEL amplifier can be
oversaturated so that power is lower than at the edge of
the bunch where the FEL is just reaching saturation, thus
creating a dip in the spectrum because due to linear chirp,
the spectrum corresponds to time.

To further test this interpretation, we expect that when
the seed power is lowered properly so that the central part
of the bunch just reach saturation, the dip in the central
part of the pulse will disappear, and hence the double
peaks in the spectrum should be replaced by a single peak.
And indeed, when we increase the attenuation from 10 to
30, we did observe that the double peaks are replaced by a
single peak. This is shown in figure 9.

Because of the output bandwidth is larger than the seed
bandwidth we expect that when compressed, the final
pulse width can have a smaller pulse length than the
fourier-transform-limited seed pulse length. This has been
confirmed by our next step of the experiment, the
compression and measurement of the compressed pulse.

MEASUREMENT OF THE COMPRESSED
PULSE BY FROG

As shown in figure 1, the output FEL pulse is sent
through a compressor, compressed and sent to a FROG
(Frequency-Resolved Optical Gating) device [6]. This
device is designed to measure spectral and temporal
distribution of short laser pulse simultaneously, and
generate the amplitude and phase as function of time for
the pulse. It is compact and, in particular, easy to align.
The schematic diagram of the arrangement of compressor,
spectrometer and FROG is shown in figure 10. In figure
11, we show the FROG result of compressed chirped FEL
output pulse. In the picture, the upper right one is the
measured FROG image while the upper left one is the
retrieved image from the reconstructed pulse shape, the
agreement between these two pictures testifies the
correctness of the FROG result. The lower left is the
reconstructed temporal pulse while the lower right one is
the reconstructed spectrum.
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Figure 10: Time- and spectrum measurements set-up.
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Figure 11: FROG traces of the compressed FEL pulse.

The result shows that pulse length is 122 fs FWHM. We
remark that resolution of the spectrum obtained from the
FROG is not as good as that of the spectrometer we used,
so that in the reconstructed spectrum we could not see the
double peaks feature as shown in figure 8 and 9.

This is to be compared with a fourier-transform-limited
compressed seed. With the seed bandwidth of 6 nm at 800
nm, assuming minimum wave packet of Gaussian shape,

the FWHM pulse length and FWHM bandwidth product
is Log(2)/n*0.8 um/(0.3 um/fs) = 1.17. So the pulse
FWHM length should be 1.17*800 nm/6 nm =156 fs.
Hence even if the seed is fourier-transform-limited, it is
still significantly longer than the CPA result.

In conclusion, we carried compressed CPA from FEL
output at 800nm and obtained shorter pulse than what can
be obtained from compressed seed. The result can be
explained by the deep saturation of the FEL output. This
illustrated the potential in the future to generate short
pulse using CPA process in an FEL device.
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Abstract

Using High Harmonics (HH) as a seed for free electron
lasers is currently under consideration in a number of
proposed facilities. An HH seed source is independent of
machine dynamics, and allows for extensive manipulation
of the seed pulse using well-established techniques of
ultrafast laser physics. These allow for rapid tuning, and
may enable the extension of chirped pulse amplification
and even pulse shaping for coherent control to short
wavelengths. In addition, there are advantages in terms of
noise and synchronization. There are a number of issues
involved in the implementation of HH seeding: energy,
tunability, coherence, temporal structure, etc. We discuss
these issues and their application in the 4GLS XUV-FEL.

INTRODUCTION

The limitations of spontaneous sources have motivated
a great deal of development in short-wavelength FEL
design. For reasons of stability, coherence and
bandwidth, SASE sources are disadvantageous relative to
coherent alternatives. A number of seeding methods have
been proposed, including high-gain harmonic generation,
several self-seeding techniques, and using high harmonic
generation to produce sufficient radiation a the
fundamental resonant wavelength of the radiator to
directly seed the FEL.

The attraction of seeding with high harmonics is that a
great deal of control over the seed radiation can be had by
using well-known ultrafast laser techniques to control the
fundamental that drives the HH generation. Harmonic
pulses can be made extremely short, down to a few
femtoseconds, and tuning is relatively simple. Demands
on timing and synchronization with the e ectron bunch are
less stringent than in other techniques. Also, the coherent
transfer of phase information from the HH pump to the
harmonics opens the possibility of creating a chirped HH
seed and performing chirped pulse amplification [1] in the
FEL to achieve higher output energies, or even of
pursuing more el aborate pul se shaping.

The efficiency of HH generation is currently too low
for FEL seeding at soft X-ray energies. However, in the
wavelength range planned for the 4GLS XUV-FEL (8-
100 eV), available sources could provide sufficient energy
for seeding at kHz repetition rates, and the available
energy will increase with coming improvements in
ultrafast laser technol ogy.

A number of other issues must aso be addressed.
Tunability is required, and must be provided in away that
minimizes downtime and perturbations to timing and
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synchronization. Other spectral and temporal properties
have also been raised as issues. We address these issues
and discuss the implementation of seeding in the 4GLS
XUV-FEL.

ENERGY AND TUNABILITY

The 4GLS XUV-FEL will operate between 8-100 eV.
We have smulated the XUV-FEL [2], using GENESIS 1.3
[3], usng 100 kW peak seed power for output photon
energies below 30 eV, and 30 kW for energies between 30
eV and 100 eV. For 30 fsec pulses, thisis equivalent to 3
nJ and 1 nJ pulse energies respectively. This is three
orders of magnitude above the spontaneous power
generated in the first gain length due to intrinsic density
fluctuations in the eectron bunch, and, in simulations
produces an output pulse with good contrast [2].

A number of groups have measured harmonic yields
from Ti:Sapphire based systems, and we show a scaled
synopsis of recent results [4-6] in Fig. 1. The
experimental results represented here (unconnected points
on the plot) were obtained using fundamental pulse
energies from 3-50 mJ, and we have scaled the results to
an energy of 14 mJ—the energy of the Ti: Sapphire system
described below. These scaled yields exceed our
requirements by over three orders of magnitude at the low
energy end of the XUVFEL operating range, and by a
factor of six at the high energy end.

The scaling energy of 14 millijoules was chosen
because such a laser system has been demonstrated at kHz
repetition rates [7]. This is conservative, as ultrafast laser
technology is developing very rapidly, and extension to
higher powers is not constrained by a fundamenta limit.
A number of recent developments, eg the use of optical
parametric chirped pulse amplification [8], high power
Yb:YAG lasers [9], and enhancement cavities [10-12],
offer new opportunities for larger systems. Several 100-
Watt kilohertz system designs have been proposed [13],
and are likely to be demonstrated soon.

There is adso considerable effort in the community
focused on extending the wavelength range and yield of
harmonics. Recent experiments [6] using two-color fields
demonstrated an enhancement of over 2 orders of
magnitude in the harmonic yield in Helium, producing
150 nanojoules in the 38th harmonic (59 €V), using only
2.8 mJin the pump laser. Fig. 1 also shows the results of
that experiment (scaled from the experimental energy of
2.8 mJto 14 mJ). Since Helium isthe least efficient of the
rare gas targets used, it is reasonable to expect that when
these techniques are extended to other gases and longer

Seeded FELs
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pump wavelengths, available seed energies over the XUV-
FEL operating range will increase substantially.

The smplest and most versatile way to tune between
the harmonic orders is through control of the amplitude
and phase of the fundamental. Thiscan be as smpleasa
chirp [14-16], but more general adaptive pulse shaping
[17-20] alows greater tuning range and greater control
over the harmonic pulse width. This method presents
minimal impact on synchronization during tuning, and is
rapid once the system has been calibrated. The tuning
range is of the order of q4v , where g is the harmonic
order and Av is the bandwidth of the fundamental, so the
method does not work well at low harmonic orders.
Reitze et al [18] demonstrated complete tunability (i.e. a
tuning range exceeding the separation of adjacent
harmonics) down to 40 eV in Argon using 28 fsec, 800
nm pulses, atuning range of 2.2q4v . At some energy
below 40 eV, complete tunability will be lost. For this
reason in the current design, a tunable fundamenta is
used for the low-energy end of the XUV-FEL energy
range.

Using a tunable fundamenta entails a double loss, from
the frequency conversion losses as well as the drop in
harmonic efficiency at longer wavelengths [21].
Conversion to wavelengths shorter then 800 nm, where
the harmonic efficiency is higher, is possible, but then the
harmonic orders used to reach the very low end of the
tuning range are smaller, and complete tunability cannot
be obtained there. For an infrared source tunable from
1200 nm to 1475 nm, complete tunability would be
obtained. Conversion efficiencies for commercid
noncollinear phase-matched optical parametric amplifier
(NOPA) systems in this range, pumped by a Ti:Sapphire
system, are typically ~10%, while laboratory systems
have reported efficiencies of 20% [22]. The harmonic
efficiency drops as A~ [21,23,24], so it is 15-30% of the
harmonic efficiency at 800 nm. Harmonic efficiencies are
high enough at these lower energies that sufficient seed
power can still be produced. Fig. 1 shows the projected
range of the tunable source’s harmonic yields in Xenon
using the expected wavelength scaling of the harmonic
efficiency, and assuming 15% conversion efficiency in the
NOPA. Above 40 eV, tuning is done using adaptive
control of the Ti:Sapphire fundamental

Developments in laser technology will probably make
this two-track system unnecessary in the near future, as
new high-power kilohertz ultrafast sources in the 1-2
micron wavelength range are developed [13]. Because
the high energy cutoff of harmonic production increases
with A?[25], at longer wavelength, gases with higher
harmonic efficiency can be used to generate higher photon
energies, offsetting some of the wavel ength-dependent
dropin efficiency. A longer fundamenta wavelength also
increases the wavelength range over which adaptive
tuning may be used, since the harmonic order q for a
given wavdength increases and the harmonic spacing
decreases. For example, assuming an adaptive tuning
range of 2q4v, a source with a fixed wavelength of 1.8
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Figure 1. Recent high harmonic generation

experimental results scaled by energy and wavelength.
The unconnected points were taken with an 800 nm
fundamental, and are scaled here to a pulse energy of
14 mJ. The solid Xe curves show the projected range
of harmonic yields for the NOPA (2 mJ pulse energy),
tuning between 1200 and 1475 nm. The solid He
curve shows the results of a two-color experiment
using 800 and 400 nm fundamentals, scaled to a 14 mJ
pump energy. The minimum energy for seeding the
XUV-FEL witha30fspulseis1nd.

microns and 20 fsec pulse width could cover the entire
XUV-FEL energy range using only adaptive tuning.

COHERENCE, STRUCTURE AND CONTRAST

Other spectral and tempora qualities of the harmonics
must also be considered. Over the design range of the
XUV-FEL, the gain bandwidth of the FEL radiator is both
larger than the bandwidth of individual harmonics, and
much smaller than the separation between harmonics.
This dlows for efficient seeding without requiring the
separation of harmonic orders in the seeding optics. The
transverse gpatial coherence of harmonics depends
sengitively on the generation geometry, but very high
coherent flux has been measured [26]. This concerns
primarily the seeding efficiency, as the spatial coherence
increases dramatically as the pulse is amplified to
saturation.

Because harmonics are used to generate attosecond
pulses, there is some question whether subfemtosecond
temporal structure could affect seeding. There are,
however, fundamental reasons for expecting little effect
from this structure.  Sub-femtosecond structure arises
from the coherent superposition of multiple harmonics; it
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is essentially an interference effect. Since the FEL
radiator’s bandwidth is restricted to a single harmonic
order (the harmonic separation is ~3 €V, while the FWHM
gain bandwidth of the radiator lies in the range of .04-.4
eV) it effectively acts as a filter, and the time profile of an
individual harmonic, which is smooth [27], is the relevant
temporal shape. Furthermore, the period of any sub-
femtosecond structure is quite short — half of the
fundamental optical cycle — so that, even if multiple
harmonics could be amplified, dippage would tend to
smooth out any short scale structure. We have considered
the attosecond structure issue in our simulations however,
and it isdiscussed in greater detail in Ref. [28].

An issue in al seeding techniques is the achievable
contrast between the coherent output pulse and any
incoherent background. This is of particular concern in
experiments involving nonlinear interactions, as lower-
order interactions with the background pedesta
surrounding the main pulse can alter the target’s initia
state before the main pulse arrives or the product state
after the main pulse is over, so that both the height of the
background and the length of the window over which it
persistsareimportant. Our simulations [2,28] show that,
for the minima seed power, we obtain, over the XUV-
FEL energy range, contrasts of 107 to 10° immediately
beneath the main pulse, dropping to 10° to 107 within a
picosecond on either side of the pulse.

The background consists of SASE evolving in the
unseeded part of the bunch, and so the context of these
numbers should also be considered carefully. First, the
contrast improves with increasing seed power, as the
length to saturation decreases and the ratio of the coherent
seed power to spontaneous power in the wings of the
pulse increases. The feasibility ssimulations were done
with minimal seed power but, depending on the energy
and tunability required, orders of magnitude more may be
available. The simulations were also done with a Gaussian
longitudina electron bunch distribution with a FWHM
pulse width of 625 fs; more sharply peaked distributions
would also improve contrast, as the gain in the wings
would drop accordingly. The full parameter space has not
yet been explored with respect to contrast, and these
aspects will be investigated further in future design work.
A more detailed discussion and simulation results may be
found in Ref [2].

IMPLEMENTATION

The current design for implementing HH seeding in the
4GLS XUV-FEL is shown schematically in Fig. 2. An
ultrafast Titanium Sapphire oscillator producing 30 fsec,
800 nm pulses is synchronized at a subharmonic of the
accelerator RF frequency. Pulses are selected at 1 kHz
and amplified to 14 mJ. Amplifier chains capable of this
power presently exist [7], and systems with higher output
are expected to appear soon.

After amplification, the pulse is switched into one of
two paths, depending on the FEL photon energy. For low
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Figure 2. Block diagram of high harmonic seeding for
the 4GLS XUV-FEL.

energies (8 to approximately 40 eV), a tunable pump
pulse is generated using a noncollinear optica parametric
amplifier (NOPA) operating between 1200-1475 nm. At
higher energies (40 - 100 V), the 800 nm light is used for
HH generation, and adaptive tuning is used. Pulse
shaping for the adaptive tuning can be done either before
the amplifier, as shown here, or afterwards.

The geometry for the HH generation is till under study.
A loose focusing geometry in a variable length cell is the
simplest to implement over the entire range of the XUV-
FEL and is equivalent to waveguide geometries at
sufficiently high power [29]. Waveguide geometries [30]
may be beneficial for the low photon energies, where the
pump pulse energy is lower, Modulated waveguide
geometries [31] may provide greater efficiency, but it may
be difficult to implement multiple configurations to cover
the entire wavelength range. Efficient materials (eg SiC)
for grazing incidence optics are available for the optics
coupling the HH seed into the radiator.

SUMMARY

We have developed a design to establish the feasibility
of seeding the 4GLS XUV-FEL with high harmonics.
Currently available technology is capable of supplying
sufficient seed energy, and tuning may be accomplished
with a tunable fundamental at the low-energy end of the
XUV-FEL operating range, and with pulse shaping of a
fixed-frequency fundamental a higher energies.
Technological improvements are expected to increase the
available power and smplify the implementation.
Spectral and temporal properties of the harmonics appear
to be commensurate with the requirements for seeding.
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ATTOSECOND PULSES FROM X-RAY FEL WITH AN
ENERGY-CHIRPED ELECTRON BEAM AND A TAPERED UNDULATOR

E.L. Saldin, E.A. Schneidmiller, and M.V. Yurkov
Deutsches Elektronen-Synchrotron (DESY'), Hamburg, Germany.

Abstract

We present a new scheme for generation of attosecond
pulses in X-ray SASE FEL. A short dice in the electron
beam is strongly modulated in energy by afew-cycle laser
pulse in a short undulator, placed in front of the main
undulator. Gain degradation within this slice is compen-
sated by an appropriate undulator taper while the rest of
the bunch suffers from this taper and does not lase. Three-
dimensiona simulations with the code FAST predict that
short (200 attoseconds) high-power (up to 100 GW) pulses
can be produced in Angstrom wavelength range with ahigh
degree of contrast. A possibility to reduce pulse duration
to sub-100 attosecond scale is discussed.

INTRODUCTION

Generation of attosecond pulses would significantly in-
crease scientific potential of future hard X-ray FELs such
as European XFEL [1] and Linac Coherent Light Source
[2]. Up to now several schemes for generation of attosec-
ond pulses from X-ray SASE FELs have been proposed
[3,4,5, 6,7, 8]. Inthis paper we study a new scheme mak-
ing use of energy chirp in the electron beam and a tapered
undulator. The impact of energy chirp on SASE FEL per-
formance was studied in details in [9]. It was found that
FEL gain degradation can be perfectly compensated by un-
dulator tapering. An application of the compensation ef-
fect for generation of attosecond pulses from X-ray FELs
was conceptually proposed in [9]. In this paper we present
the results of numerical simulations demonstrating that the
schemeworksvery well inarealistic situation. Wealso dis-
cuss a possible extension of this scheme that can allow to
generate high-power, high-contrast hard X-ray pulses with
aduration in 10-100 attosecond range.

ENERGY CHIRP AND UNDULATOR
TAPERING

The energy chirp parameter [9]

dvy 1

dt yowop? )
is defined such that, for positive sign of &, particles in
the head of the bunch have larger energy than those in
the tail. Here p = A\,I'/(47) is the efficiency parame-
ter, I'® = wjoK2A%,/(Ia w73), jo IS the beam current
density, 14 = mc3/e ~ 17 KA, ~, is relativistic fac-
tor, K = e\yH, /(2v/27mc?) is rms undulator parame-
ter, Ay; = Jo(Q) — J1(Q) is the Bessel function factor,
Q = K?/[2(1 + K?)], Relativistic factor ~, and reference

d:
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Figure 1. Normalized output power versus parameter a.
Solid: 2 = 24,1 (&); dash: 2 = 24,4(0) = 13.

frequency wq are connected by the FEL resonance condi-
tion: wo = 2cky,a/(1 + K?). Itisalso useful to define
normalized detuning [11]: C' = [k, —w (14 K2)/2¢93]/T.

A high-gainlinear regime of a chirped SASE FEL oper-
ation was studied in [10, 9]. The main results of the sim-
ulations of the nonlinear regime [9] with 1-D version of
the code FAST [11, 12] are presented in Fig. 1. Saturation
length and power are functions of two parameters, & and
N,. For our simulations we have chosen N, = 3 x 107
- atypica vaue for VUV SASE FELs. Note, however,
that the results, presented in Fig. 1, very weakly depend on
N¢. In Fig. 1 the output power is plotted versus chirp pa-
rameter for two cases. when undulator length is equal to a
saturation length for a given & and when it is equal to the
saturation length for the unchirped beam case (2 = 13).
One can see sharp reduction of power for negative & while
amild positive chirp (& < 0.5) is beneficial for SASE.

Let us consider now the case when there is no energy
chirp (& = 0) and the detuning parameter changes linearly
along the undulator [11]: C‘(é) — by4. This change can
be due to variation of undulator parameters (K (%) and/or
kw(2)), or dueto an energy change vo(2).! We have found
from numerical smulations [9] that in such case the effect
on FEL gain is exactly the same as in the case of energy
chirp and no taper if & = 2b, for any value of & (Figure 2
shows an example).

A symmetry between two considered effects (energy
chirp and undulator tapering) can be understood asfollows.

1An effect of undulator tapering (or energy change along the undula-
tor) on FEL gain was studied in [13] in thelimitb; < 1.
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Figure 2: Normalized power versus undulator length. Solid
linel: & =0, by = 0; triangles: & = 4, b = —2; solid
line2: &« =4,b, =0;circles & =0,b, = 2.

If welook at the radiation field acting on sometest electron
from an electron behind it, this field was emitted at a re-
tarded time. In the first case a back electron has a detuning
due to an energy offset, in the second case it has the same
detuning because undulator parameters were different at a
retarded time. The question arises. can these two effects
compensate each other? We give a positive answer based
on numerical simulations (see Fig. 2 as an example): by
setting by = —&/2 we get rid of gain degradation, and
FEL power at any point along the undulator is the same
as in the case of unchirped beam and untapered undulator.
This holds for any value of &. For instance, if one linearly
changes magnetic field H,, of the undulator, the compen-
sation condition can be written as follows (nominal values
of parameters are marked with subscript ' 0'):

1 dH, _

1(1+K2)? )
Hyo dz 2 K2 Adcdt &
Of course, in such a case we get frequency chirped SASE
pulse. Since compensation of gain degradation is possible
also for large values of & (there is no theoretical limit on
the value of chirp parameter, except for above mentioned
condition p& < 1), onecan, in principle, organizearegime
when a frequency chirp within an intensity spike is much
larger than the natural FEL bandwidth (given by pw ).

GENERATION OF ATTOSECOND PUL SES

A new scheme looks similar to those consideredin[5, 6]
making use of energy modulation of a short slice in the
electron bunch by a high-power few-cycle optical pulsein
atwo-period undulator. Due to energy modulation the fre-
quency of SASE radiation in X-ray undulator is correlated
to the longitudinal position within the few-cycle-driven
dlice of the electron beam. The largest frequency offset
corresponds to a single-spike pulse in time domain (about

The Angstrom Challenge

Elkcton
beam Undubtor 200 atosecond
fhegative aperng) X-mypuke
A 11 =
1
! Enexyy
moduktor
I
D Tisapphie hser E;f“\l!:il‘lm P
5 fs puke

Figure 3: Schematic diagram of attosecond X-ray source.
Energy modulator performs slice energy modulation of the
electron bunch (see Fig. 5). Undulator tapering leads to
complete suppression of the amplification process in the
most fraction of the electron bunch, and output X-ray pulse
has 200 attosecond pulse duration.
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Figure 4: Possible evolutions of the electric field in the 5-
fs pulse. carried at a wavelength 800 nm for two different
pulse phases (¢ = 0,7/2)

300 attoseconds). The selection of single-spike pulses is
achieved by using a crystal monochromator after the X-ray
undulator [5], or with the help of the other undulator tuned
to the offset frequency [6].

In this paper we consider a new scheme (see Fig. 3) that
makes use of the compensation effect, described in the pre-
vious Section. Indeed, thereisastrong energy chirp around
zero-crossing of energy modulation. |f one uses appro-
priate undulator taper then only a short slice around zero-
crossing produces powerful FEL pulse. The main part of
the bunch is unmodulated and suffers from strong negative
undulator tapering (see Fig. 1). One should also note that
for large negativetaper the SASE FEL gainisvery sensitive
to longitudinal velocity spread. Therefore, a high-contrast
attosecond pulseis directly produced in the undulator.

Operation of attosecond SASE FEL isillustrated for the
parameters close to those of the European XFEL operat-
ing at the wavelength 0.15 nm [1]. The parameters of the
electron beam are: energy 15 GeV, charge 1 nC, rms pulse
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Figure 5. Energy modulation of the electron beam at the
exit of the modulator undulator (dotted line) and a profile
of the radiation pulse at the undulator length 100 m

length 25 ym, rms normalized emittance 1.4 mm-mrad,
rms energy spread 1 MeV. Undulator period is 3.65 cm,
and therms K-valueis 2.5.

The parameters of the seed laser are: wavelength 800
nm, energy in the laser pulse 3 mJ, and FWHM pulse du-
ration 5 fs (see Fig. 4). Thelaser beam is focused onto the
electron beam in a short undulator resonant at the optical
wavelength of 800 nm. Optimal conditions of the focus-
ing correspond to the positioning of the laser beam waist
in the center of the modulator undulator. It is assumed that
the phase of laser field correspondsto ”sine” mode (dashed
linewith ¢ = 7/2, see Fig. 4). Parameters of the modu-
lator undulator are: period length 50 cm, peak field 1.6 T,
number of periods 2. Theinteraction with the laser light in
the undulator produces a time-dependent electron energy
modulation asit is shown in Fig. 5. This modulation corre-
sponds to the energy chirp parameter & ~ 2 at zero cross-
ing (t =5fsinFig. 5).

Optimization of the attosecond SASE FEL has been per-
formed with the three-dimensional, time dependent code
FAST [12] taking into account all physical effects influ-
encing the SASE FEL operation (diffraction effects, en-
ergy spread, emittance, dippage effect, etc.). Three
dimensional simulations confirmed the predictions of the
one-dimensional model: the energy chirp and the undulator
tapering compensate each other, thereis strong suppression
of theamplification in the case of uncompensated negative
taper.

Undulator tapering is performed by changing the gap of
undulator modules [1] such that magnetic field increases
linearly along the undulator length (b; < 0). We performed
the scan of tapering depth b, in order to maximize the
power in the main peak on one hand, and to minimize con-
tribution of the background, on the other hand. We ended
up with the value of taper which is about 20 % smaller than
that required for a perfect compensation of chirpat¢t = 5
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Figure 6: Temporal structure of the radiation pulse (three
different shots) at the undulator length 100 m.

fs. Note that the chirp is not linear in the region of inter-
est. In addition, a mild net positive chirp is beneficial for
SASE, asit was discussed above (see Fig. 1).

A typical radiation pulse at the undulator length 100 mis
shown in Fig. 5. One can see a high-power spike in the re-
gion wherethe energy chirp iswell compensated by the ta-
per and two weak side peaksat t ~ 2 fsand ¢t ~ 8 fswhere
the net effect is negative taper. In the rest of the bunch a
large negative taper together with velocity spread and 3-D
effects completely suppresses amplification. In Fig. 6 we
present three different shots illustrating the properties of
the main peak. Typical pulse duration is about 200 attosec-
onds (FWHM) and peak power ranges from several tensup
to hundred GW. To estimate the contrast (which we define
asthe ratio of energy in the main peak to the total radiated
energy at the experiment) we assume that an angular col-
limation is used in order to reduce spontaneous emission
background. A collimator with half-angle 3 urad alows
the entire intensity in the main peak to be transmitted. The
contrast is influenced by SASE intensity in two side peaks
and by spontaneous emission in thefirst harmonic from the
rest of the bunch. For the charge of 1 nC, asin our numeri-
cal example, the contrast is about 95 %. Higher harmonics
of undulator radiation (if they disturb an experiment) can
be cut, for instance, by a multilayer monochromator with a
bandwidth of the order of 1 %.

BEYOND "FUNDAMENTAL LIMIT”

It is generally accepted that the shortest pulse, that can
be obtained from a SASE FEL, is given by a duration of
intensity spike in time domain, i.e. it is defined by inverse
FEL bandwidth (pwo)~t. However, the fact that a SASE
FEL can operate with a strong chirp parameter (in combi-
nation with undulator tapering) without gain degradation,
opens up a possibility of a conceptua breakthrough: one
can get from SASE FEL aradiation pulse which is much
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shorter than theinverse FEL bandwidth. Indeed, in the case
of & > 1, the frequency chirp inside an intensity spike
is much larger than FEL bandwidth. Thus, one can use a
monochromator to reduce pulse duration. By an appropri-
ate choice of the monochromator bandwidth one can select
an X-ray pulse that is shorter by afactor of /24 than the
inverse FEL bandwidth. The only theoretical limit in this
case is given by the condition p& < 1. Note that for hard
X-ray FELsthe parameter p isintherange 10 =% — 1073,

To illustrate a possible technical realization of this idea,
we can suppose that the energy modulation by afew-cycle
optical pulseisincreased by afactor 3 sothat & ~ 6. In
combination with undulator tapering and a monochroma-
tor, thiswould allow to obtain sub-100-GW coherent X-ray
pulseswith aduration below 100 attoseconds and acontrast
above 90 %. Note that the contrast remains high because
the spectrum of spontaneous emission from the rest of the
bunch gets broader due to the stronger taper.
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TRANSVERSE AND LONGITUDINAL COHERENCE PROPERTIES OF
THE RADIATION FROM X-RAY SASE FELS

E.L. Saldin, E.A. Schneidmiller, and M.V. Yurkov
Deutsches Elektronen-Synchrotron (DESY'), Hamburg, Germany

Abstract

We present a comprehensive analysis of coherence prop-
erties of the radiation from X-ray free electron laser
(XFEL). We consider practically important case when
XFEL is optimized for maximum gain. Such an optimiza-
tion allows to reduce significantly parameter space. Ap-
plication of similarity techniques to the results of numer-
ical simulations allows to present al output characteris-
tics of the optimized XFEL as functions of the only pa-
rameter, ratio of the emittance to the radiation wavelength,
€ = 2me/\. our studies show that optimum performance
of the XFEL in terms of transverse coherence is achieved
at the value of the parameter € of about unity. At smaller
values of ¢ the degree of transverse coherence is reduced
due to strong influence of poor longitudinal coherence on
atransverse one. At large values of the emittance the de-
gree of transverse coherence degrades due to poor mode
selection. Comparative analysis of existing XFEL projects,
European XFEL, LCLS, and SCSSis presented as well.

INTRODUCTION

In the X-ray FEL the radiation is produced by the elec-
tron beam during single-pass of the undulator [1]. The am-
plification process starts from the shot noise in the electron
beam. Any random fluctuations in the beam current corre-
spond to an intensity modulation of the beam current at all
frequencies simultaneously. When the electron beam en-
ters the undulator, the presence of the beam modulation at
frequencies close to the resonance frequency initiates the
process of radiation. The FEL collective instability in the
electron beam produces an exponential growth (along the
undulator) of the modulation of the electron density on the
scale of undulator radiation wavelength. The fluctuations
of current density in the electron beam are uncorrel ated not
only in time but in space, too. Thus, a large number of
transverse radiation modes are excited when the electron
beam enters the undulator. These radiation modes have dif-
ferent gain. As undulator length progresses, the high gain
modes start to predominate more and more. For enough
long undulator, the emission will emerge in a high degree
of transverse coherence.

Thefirst analysis of the problem of transverse coherence
has been performed in [2]. It has been found that even &f-
ter finishing the transverse mode selection process the de-
gree of transverse coherence of the radiation from SASE
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FEL visibly differs from the unity. This is consequence
of the interdependence of the longitudinal and transverse
coherence. First studies of the evolution of transverse co-
herence in the nonlinear regime of SASE FEL operation
have been performed in [3]. It has been found that the
degree of transverse coherence reaches maximum value in
the end of the linear regime. Further increase of the undu-
lator length leads to its decrease. Despite output power of
the SASE FEL grows continuously in the nonlinear regime,
maximum brilliance of theradiation is achieved in the very
beginning of the nonlinear regime. Due to limited comput-
ing power available at that time we limited our study with a
specific numerical examplejust illustrating the general fea-
tures of coherence properties of the radiation produced by
the SASE FEL operating in the nonlinear regime.

In this paper we present genera analysis of the coher-
ence properties (longitudina and transverse) of the radia-
tion from SASE FEL. The results have been obtained with
time-dependent, three-dimensional FEL simulation code
FAST [4] performing simulation of the FEL process with
actual number of electrons in the beam. Using similar-
ity techniques we present universal dependencies for the
main characteristics of the SASE FEL covering all practi-
cal range of X-ray FELSs.

BASIC RELATIONS

Design of the focusing system of XFEL assumes nearly
uniform focusing of the electron beam in the undulator, so
we consider axisymmetric model of the electron beam. It
is assumed that transverse distribution function of the elec-
tron beam is Gaussian, so rms transverse size of matched
beamiso = /e where e = ¢, /7 isrms beam emittance
and (3 is focusing beta-function. In the case of negligibly
small effects of the space charge and energy spread, oper-
ation of the FEL amplifier is described by the diffraction
parameter B and the betatron motion parameter l%g: [5]:

B=2Tc’w/c,  kg=1/(6T), (1)
where T = [Iw?02A3;/(Inc?y2y)] '/2 s the gain param-
eter. When describing shot noise in the electron beam, one
more parameter appears, the number of electronsin the vol-
ume of coherence: N. = I/(ewp), where p = c¢y2T'/w is
the efiiciency parameter. The following notations are used
here: I isthe beam current, w = 2m¢/ ) isthe frequency of
the electromagnetic wave, 05 = Kims/v, Krms 1S the rms
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undulator parameter, ~ is relativistic factor, y;2 = y=2 +
02, ky, = 27/\ is the undulator wavenumber, I, = 17
kA isthe Alfvencurrent, Aj; = 1 for helical undulator and
Ayy = JO(KrQInb/Q(]' + Kers)) -1 (Kz?ms/2(l + Kers))
for planar undulator. Here J, and J; are the Bessel func-
tions of thefirst kind.

Target value of interest for XFEL optimization is the
field gain length of the fundamental mode. For this prac-
tically important case the solution of the eigenvalue equa
tion for the field gain length of the fundamental mode and
optimum beta function are rather accurately approximated

by [6]:

Lo m7£é”%%mfmu+Kwﬁ
& 7 I A\2/3 KAy,
B ~ 112(14 Vel )
ot T TEUT NKA;;

Accuracy of this fit is better than 5% in the range of pa-
rameter ¢ = 2me/X from 1 to 5. It follows from (1) and
(2) that diffraction parameter B and parameter of betatron
oscillations, ng are functions of the only parameter é. FEL
equations written down in the dimensionless form involve
an additional parameter N defining the initial conditions
for the start-up from the shot noise. Note that the depen-
dence of output characteristics of the SASE FEL operating
in saturation is slow, in fact logarithmic in terms of N..

SIMULATION ALGORITHM

Rigorous studies of the nonlinear stage of amplification
is possible only with numerical simulation code. Typicaly
FEL codes use an artificial ensemble of macroparticlesfor
simulating of the FEL processwhen one macroparticlerep-
resentslarge number of real electrons. Thus, anatural ques-
tion arises if macroparticle phase space distributions are
identical to those of actual electron beam at all stages of
amplification. Let us trace typical procedure for prepara-
tion of an artificial ensemble[7,8]. Thefirst step of parti-
cle loading consists in a quasi-uniform distribution of the
macroparticlesin the phase space. At this stage an ensem-
ble of particleswith random distribution is generated which
occupies a fraction of the phase space. Then this ensem-
ble is copied on the other parts of the phase space to pro-
vide pseudo-uniform loading of the phase space. Pseudo-
uniformity means that initial microbunching at the funda-
mental harmonic (or for several harmonics) isequal to zero.
Also, phase positions of the mirrored particles are corre-
lated such that microbunching does not appear due to beta-
tron oscillations, or dueto the energy spread. Finally, artifi-
cial displacements of the macroparticlesare applied to pro-
vide desired (in our case gaussian) statistics of microbunch-
ing at the undultor entrance. We note that it is not evident
that such an artificial ensemblereflects actua physical situ-
ation for a short wavelength SASE FEL. L et us consider an
example of the SASE FEL operating at the radiation wave-
length of 0.1 nm. With the peak current of 5 kA we find
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that the number of electrons per wavelength is about 104.
On the other hand, it is well known that properties of an
artificial ensemble (even at the first step of pseudo-uniform
loading) converge very slowly to the model of continuous
media. In fact, even with the number of macroparticles
per radiation wavelength 6.4 x 10 the FEL gain still visi-
bly deviates from the target value. Introducing of an artifi-
cial noise makes situation with the quality of an ensemble
preparation even more problematic. The only way to test
the quality of an artificial ensembleisto perform numerical
simulations with actual number of electrons in the beam.
We constructed such a version of three-dimensional, time-
dependent FEL simulation code FAST [4]. Comparison of
the results with direct simulations of the electron beam and
with an artificia distributions has shown that artificial en-
sembles are not adequate to the problem. Artificial effects
are pronouncing especially when calculating such fine fea-
tures as transverse correlation functions. Thus, all the sim-
ulations presented in this paper have been performed with
code FAST using actual number of electronsin the beam.

GENERAL DEFINITIONS

The first-order transverse correlation function is defined
as

(E(7L, 2, t)E* (711, 2,t))

’YI(FLaF/L7Z7t): ~ N 1727

B 2, ) PYI B L, 2, 0)2)]
where E is the slowly varying amplitude of the amplified
wave. For a stationary random processy; does not depend
on time, and the degree of transverseis:

. Sl (FL,m )PIF)I(F L) A7 d iy
<= I dr? - ®

where I(7) = (|E(7)|?). Thefirst order time correla-
tion function, g1 (¢,t’), is calculated in accordance with the
definition:

g1(Ft —t') =

- - 7z 4
(I E(mt) P E ) 2)

For a stationary random process time correlation functions
are functions of the only argument, 7 = ¢ — ¢/. The coher-
encetimeisdefined as

o = / ()P dr (5)

If one traces evolution of the brilliance of the radiation
along the undulator length there is always the point, which
we define as the saturation point, where the brilliance
reaches maximum value [9]. In the following we present
characteristics of the radiation at the saturation point which
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are universal functions of the only parameter, ¢. In fact,
the brilliance is proportional to the degeneracy parameter
0, i.e. the number of photons in a single pulse which are
transversely and longitudinally coherent. We introduce a
notion of normalized degeneracy parameter

6 = (e -
Here normalized FEL efficiency is defined as n =
P/(pWy,) where P isradiation power, and W1, = ymc?1 /e
is electron beam power. Normalized coherencetimeis de-

fined as 7. = pwT,. Parameter § and the degeneracy pa-
rameter § are simply related as:

Wi - X )
0=—50=2Tx 107 x A[A] x I[kA] x E[GeV] x 0 .

PROPERTIES OF THE RADIATION

Simulations of the FEL process have been performed for
the case of along bunch with uniform axial profile of the
beam current. Such a model provides rather accurate pre-
dictions for the coherence properties of the XFEL, since
typical radiation pulse from the XFEL is much longer than
the coherence time. Calculations has been performed with
FEL simulation code FAST using actual number of elec-
trons in the beam. The value of parameter N. = 8 x 10°
corresponds to the parameter range of XFEL operating at
the radiation wavel ength about 0.1 nm.

A series of simulation runs have been performed in the
range of the parameter ¢ = 0.25...4.5. Application of
similarity techniques described above allowed usto extract
universal parametric dependencies of the main characteris-
tics of the optimized X FEL operating in the saturation (see
Figs. 1-3).

Figure 1 shows the dependence of the saturation length
Zsat = D'zsat ON parameter é. Analysis of the curve shows
that the saturation length scales as Z¢.; o €°/6. Such de-
pendence directly follows from the optimization procedure
of the gain length given by (2). The normalized coherence
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Figure 1. Saturation length "z, versus parameter é.
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Figure 2: Degree of transverse coherence, (., and normal-
ized coherencetime, 752 in saturation versus parameter ¢.

time in the saturation, 752t is also proportional to ¢/6 (see
Fig. 2).

The dependence of the degree of transverse coherence
in the saturation on the parameter ¢ exhibits rather com-
plicated behavior (see Fig. 2). It reaches maximum value
in the range of ¢ values about of unity, and drops at small
and large values of ¢. Actualy, the degree of transverse
coherence is formed due to two effects. The first effect
takes place due to interdependence of the poor longitudi-
nal coherence and transverse coherence [2]. Due to the
start-up from shot noise every radiation mode is excited
within finite spectral bandwidth. Actually this means that
in the high gain linear regime the radiation of the SASE
FEL is formed by many fundamental TEM oo modes with
different frequencies. The transverse distribution of the ra-
diation field of the mode is aso different for different fre-
guencies. Smaller value of the diffraction parameter (i.e.
smaller value of ¢) correspondsto larger deviation of thera
diation modefromthe planewave. Thisexplainsadecrease
of the transverse coherence at small values of ¢. When the
parameter ¢ increases, the diffraction parameter increases
as well thus leading to the degeneration of the radiation
modes. Amplification process in the SASE FEL passes
limited number of the field gain lengths, and starting from
some value of ¢ the linear stage of amplification becomes
too short to provide mode selection process. When ampli-
fication process enters nonlinear stage, the mode content of
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SASE FEL operatesin the saturation.

the radiation becomes even more rich due to independent
growth of the radiation modesin the nonlinear medium (see
Fig. 4). Thus, at large values of ¢ the degree of transverse
coherence is limited by poor mode selection. Analytical
estimations presented in [9] show that in the limit of large
emittance, € > 1, the degree of transverse coherencescales
asl/é.

We present in Fig. 3 the plots for normalized efficiency
and degeneracy parameter for optimized XFEL. Normal-
ized efficiency in saturation has simple scaling, it falls in-
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Table 1: Parameter space of XFEL projects

European XFEL LCLS SCSS
SASE1 SASE2
A, nm 0.1 0.15 015 01
E, GeV 175 175 1435 6.135
€, mm-mrad 1.4 14 1.2 0.85
€ 26 17 18 45
¢ 0.65 0.85 083 024

versely proportional to the parameter é. Taking into ac-
count that the value of the coherence time 752 scales pro-
portional to ¢5/¢, we find that the normalized degeneracy
parameter of the radiation is nearly proportional to the de-
gree of transverse coherence, § o ¢/é'/6.

Finaly, in Table 1 we present comparison of existing
XFEL projects, the European XFEL, LCLS and SCSS in
terms of degree of transverse coherence [10-12]. We see
that the European XFEL and LCLS are in the same range
of parameter space. These projects assume conservative
value of the emittance, and relatively high degree of trans-
verse coherenceis achieved by increasing the energy of the
driving accelerator. Project SCSS assumes much smaller
energy of the driving accelerator. However, despite much
smaller value of the normalized emittance it fals in the
range of parameters for the output radiation with poor
transverse coherence.
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Abstract

Pohang Accelerator Laboratory has a plan to build an X-
ray FEL machine. This new machine will utilize the exist-
ing 2.5 GeV injection linac to the storage ring by upgrading
its energy up to 3.7 GeV or more. The target wavelength
will be 3-4.5 A and its third harmonic 1-1.5 A will also
be used. The project will proceed in two stages: In the
first stage, a VUV SASE machine with 320 MeV will be
constructed and tested for the proof-of-principle. The full
X-ray machine will be constructed in the next stage.

INTRODUCTION

PAL-XFEL is the name of new project of Pohang Ac-
celerator Laboratory (PAL) to build a new X-ray FEL ma-
chine based on SASE (self amplified spontaneous emis-
sion) scheme. This new machine will utilize the exist-
ing 2.5 GeV electron linac by increasing its energy to 3.7
GeV and upgrading the performance. The linac is currently
used for injection to the 2.5 GeV storage ring of Pohang
Light Source (PLS). The new linac energy will be 3.7 GeV.
The overview of the PAL-XFEL project was reported pre-
viously [1]. For readers unfamiliar with the project, fun-
damental parameters of PAL-XFEL are listed in Table 1
and the machine layout is displayed in Fig. 1. At the mo-
ment, detailed design study and machine R& D are going
on. In the figure, K2,...,.K12 denote the currently used ac-
celerating columns and X1,...,X9 denote the new accelerat-
ing columns that will be added to the existing linac. X3X
denotes the X-band high harmonic cavity. We are going to
build the new part of PAL-XFEL while still running PLS.

However, there have been a few modifications in the
PAL-XFEL project. The first important modification is the
target wavelength that will be used mainly. The X-ray com-
munity, which is the biggest synchrotron user community
in Korea, has demanded that the target wavelength be in
1-1.5 A range, which put quite a challenge for the PAL-
XFEL design. Since the available linac energy of PAL is
limited, we decided to utilize the high harmonic radiation
of SASE. It is well known that the high harmonic radiations
are also amplified to FEL by the so called nonlinear har-
monic generation [2, 3]. The existence and usefulness of
SASE higher harmonic radiation was verified experimen-
tally in VUV-FEL at DESY [4]. According to calculation
based on [5], the third harmonic radiation power is approx-
imately 1% of the fundamental one.

*Work supported by Korean Ministry of Science and Technology
T tylee@postech.ac kr
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The fundamental wavelength of PAL-XFEL was deter-
mined to be 3 A in which case the third harmonic be-
comes 1 A. These wavelengths are achieved by using an in-
vacuum undulator of 4 mm gap. Recently, we are consid-
ering an alternative choice in which the fundamental wave-
length is 4.5 A and the third harmonic wavelength is 1.5 A.
In this case, wider undulator period and gap (and thus out-
vacuum undulator) are allowed and the undulator wakefield
is smaller. Currently, we are estimating the two designs and
the final decision is not made yet. Below, comparison of the
two choices is given briefly.

Another important modification is the procedure of PAL-
XFEL construction. The PAL-XFEL project will proceed
in two stages. In the first stage, only a small 320 MeV
SASE machine will be constructed. The purpose of this
machine is to test and prove the design strategy of PAL-
XFEL. Hence, this test machine (TM) will use the same
undulator as PAL-XFEL. Only in the second stage, the full
PAL-XFEL will be constructed. The design of TM is un-
der active study. Brief introduction to the TM design will
be given below. This status report will describe major mod-
ifications of the PAL-XFEL design briefly. The PAL-XFEL
photo-injector status has been prepared separately [6, 7].

ALTERNATIVE UNDULATOR DESIGN

The point of the alternative undulator design is to relax
the original design slightly and make the whole scheme
safer. For the purpose, the fundamental radiation wave-
length is changed from 3 A to 4.5 A, which makes the third
harmonic wavelength 1.5 A. This change makes some dif-
ference. The comparison of the two undulator designs is
given in Table 2.

What advantages do we get from this alternative design
over the original one? First of all, the undulator gap is re-
laxed from 4 mm to 7.8 mm, which is wide enough to allow
an out-vacuum undulator. With out-vacuum undulator, the
chamber inner gap would be 6.8 mm which gives wake-
field 40 % smaller. The longitudinal wakefield induces rel-
ative energy spread in the bunch, which is inversely propor-
tional to the electron energy E. The relatively low energy,
3.7 GeV, of PAL-XFEL as a hard X-ray FEL machine may
make the undulator wakefield particularly serious. Hence
40% reduction of wakefield is not negligible.

Another advantage is related to the transversal coherence
of the SASE radiation and explained by a number B=gain
length/Rayleigh length. B measures how fast the transver-
sal higher modes diffract out of the electron beam. One of
the advantages of the SASE FEL radiation is the transver-
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Figure 1: Layout of the PAL-XFEL injector and linac. K2,...,K12 denote the currently used accelerating columns and
X1,...,X9 denote the new accelerating columns that will be added.

Table 1: Parameters of PAL-XFEL

Table 2: Comparison of the two undulator designs

* photon/(sec mm? mrad? 0.1%BW)

sal coherence. However, the transversal coherence is not an
intrinsic property of the undulator radiation but acquired by
the amplification process in which all the transversal higher
modes diffract out oh the beam while only the fundamental
mode keeps growing. The bigger B is, the faster the higher
modes diffract. It is true that B values of both the original
design and the alternative design are not big enough com-
pared with other machines such as LCLS. Figure 2 shows

The Angstrom Challenge

Beam Parameters Value Unit Design Original | Alternative
Electron energy 3.7 GeV Wavelength 3A 45A
Peak current 3 kA Third harmonic 1A 15A
Normalized slice emittance 1 mm mrad Undulator in-vacuum | out-vacuum
RMS slice energy spread 0.01 % Undulator period 1.5cm 2.2 cm
Full bunch length 270 fs Undulator gap 4 mm 7.8 mm
Undulator Parameters Undulator parameter, K 1.49 1.52
Undulator period 1.5 cm FEL parameter 58x107% | 6.6 x 10~*
Segment length 4.5 m 1-D gain length 1.2m 1.5m
Full undulator length 80 m Gain Length/Rayligh length 0.04 0.07
Peak undulator field 1.19 T Saturation length 45 m 48 m
Undulator parameter, K 1.49 Peak power 2GW 4 GW
Undulator gap 4 mm

Average (-function 10 m

FEL Parameters

Radiation wavelength 3 A the power gain of the original design, while Fig. 3 shows
FEL parameter, p 5.7 x 1074 that of the alternative design.

Peak brightness 5 x 103! * It is hard but possible to see that the power gain in Fig.
Peak coherent power 1 GW 2 is not in a straight line but slightly over it. This indicates
Pulse repetition rate (Max.) 60 Hz that the transversal higher modes do not diffract out fast
1D gain length 1.2 m enough and thus a small portion of it might remain at the
Saturation length, L. 45 m final stage. Figure 3 shows a better case.

The third advantage of the alternative design is that its
radiation power is bigger than that of the original design.
As shown in Figs. 2 and 3, the peak radiation power of the
original design is almost 2 GW while that of the alternative
design is almost 4 GW.

The disadvantage of the alternative design compared
with the original design is that its third harmonic radiation
is 1.5 A not 1 A that is preferred by scientists working on
organic samples. Those scientists include material scien-
tists, biologists, organic chemists, and the number grows
rapidly. The alternative design can provide 0.9 A radiation
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Figure 2: Power gain of the original undulator design.
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Figure 3: Power gain of the alternative undulator design.

as a fifth harmonic but its power is approximately 1/10 of
the third harmonic radiation.

BUNCH COMPRESSOR DESIGN

The bunch compressor design is not fixed yet. There are
a few issues still to be examined. One of the issues is the
space charge in the bunch compressors. The ELEGANT
code that is used in the linac design does not include the
space charge effect and thus the space charge effect has not
been checked seriously. It has been suggested that the sec-
ond bunch compressor be in the higher energy region to
make the space charge effect unimportant. A simulation
study to estimate the space charge effect in the bunch com-
pressors is going on.

Another important issue is the coherent synchrotron ra-
diation (CSR). According to simulation, the electron dis-
tribution in the phase space is shifted slightly in the z, «’
direction by CSR. This has to be fixed for the successful
SASE FEL. A start to end simulation from the gun to the
undulator was carried out. In case the CSR effect is off,
the final radiation profile is very good as shown in Fig. 4,
which was obtained with the alternative undulator design.
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Figure 4: Radiation beam profile obtained from start to end
simulation.

TEST MACHINE

The purpose of TM is to prove, in the low energy, that
PAL-XFEL is achievable. It will not be used as a user fa-
cility. The reason why we need TM is that PAL-XFEL is
challenging. It is challenging to generate hard X-ray (3 -
4.5 A) SASE radiation with 3.7 GeV electron beam. The
validity of the PAL-XFEL scheme will be proved by TM.
TM will have a low energy of 320 Mev, lower than a tenth
of PAL-XFEL energy, but the undulator will be the same
as in PAL-XFEL except the total length. It will still adopt
a pair of bunch compressors, but X-band higher harmonic
cavity is not planned to be used at the moment. Beam pa-
rameters are chosen to give comparable magnitude of en-
ergy spread to the PAL-XFEL case. The optimal average
[ function of the undulator lattice is reduced from 10 m of
PAI-XFEL to 5 m. A few fundamental parameters of TM
are shown in Table 2.

Table 3: Parameters of the test machine

Parameters Value Unit
Electron energy 0.32 GeV
Peak current 0.7 kA
Normalized slice emittance 0.8 mm mrad
RMS slice energy spread 0.01 %

Full undulator length 8 m
Average [-function 5 m
Radiation wavelength 28 nm
FEL parameter, p 3.4 x 1073

1D gain length 0.2 m
Saturation length, L, 6 m

Since the high harmonic cavity is not used, the com-
pressed bunch has a different shape from the PAL-XFEL
case. The layout of TM is displayed in Fig. 5 and Fig. 6
shows the current distribution in a bunch at the test linac
end.
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Figure 5: Layout of the test machine.
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Figure 6: Current distribution in the linac end of the test
machine.

SUMMARY

The progress of the PAL-XFEL design since the previous
report [1] has been described. The bunch compressor de-
sign needs to be examined further with respect to the CSR
and space charge effect. As for the undulator design, an al-
ternative design has been described in comparison with the
original design. The alternative design gives 4.5 A funda-
mental radiation and 1.5 A third harmonic, while the orig-
inal design gives 3 A fundamental and 1 A third harmonic.
The final decision for the undulator is not made yet. Also,
an important change of the PAL-XFEL construction plan
has been described. PAL-XFEL will be constructed in two
stages. In the first stage, 320 MeV test machine will be con-
structed and the full 3.7 GeV machine will be constructed
only in the second stage.
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R.J. Bakker, A. Adelmann, A. Anghel, M. Dehler, R. Ganter, S. Leemann, K. Li, M. Pedrozzi,
J-Y. Raguin, L. Rivkin, V. Schlott, F. Wei, A. Wrulich
Paul Scherrer Institut, Villigen CH 5232, Switzerland.

Abstract

The PSI FEL Project at the Paul Scherrer Institute in
Switzerland incorporates the development of a low
emittance gun as a driver for a cost-effective X-ray free-
electron laser user facility (4 > 0.1 nm, Zw, < 12.4 keV).
We investigate sources based on field-emitter technology
and photoemission, followed by high gradient (/"> 0.25
GV/m) acceleration up to 1 MeV. We present a concept to
preserve the emittance in the acceleration process where
the first 250 MeV of acceleration is the most delicate.
Experimentally we intend to verify the validity of ultra-
high brightness acceleration over this energy range in the
period 2008-2011.

INTRODUCTION
In a free-electron laser (FEL) the resonant wavelength
(4) is given by:

A = iz(l +K 2)

x4 : )
where A, is the undulator period, y the Lorenz factor
corresponding to the beam energy (y = E [Mev]/0.511),
and K the dimensionless undulator strength (K = 0.66
AwBy [cm] [T]). It follows that the X-ray regime (0.1 nm)
is accessible with conventional undulator technology (A,
> 0.8 cm) and a beam-energy as low as 4 GeV. Lasing at
such a wavelength is more restrictive, however, since it is
fundamental to control the transverse emittance (&), the
energy spread (oy) and the current (I) of the electron-
beam. An estimate for the critical wavelength limit A, for
sufficient gain in the FEL is [1]:

o
Ao =187e, L /l'—A, ()
ry\rl

where &, oy/y, and |, are the normalized emittance, the
relative energy-spread, and the Alfén current (= 17 kA)
respectively. For typical electron beam parameters for
short wavelength operation (Q = 1 nC, &, = 1 mm mrad)
A 1s then reduced by increasing beam-energy combined
with an increased undulator period and length.

As a future alternative, the PSI-FEL project at the Paul
Scherrer Institute in Switzerland attempts to develop an
electron source with a significantly lower transverse
emittance as a basis to develop a cost-effective X-ray FEL
user facility [2] by pushing the beam-energy as low as
technological possible. That is, for the case with g, < 0.1
mm mrad, parameter studies [2] suggest that the beam
energy and peak current may be limited to 6 GeV and 1.5
kA, respectively.
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In this paper we present a concept for an ultra-high
brilliance 6-GeV accelerator. Starting point is the
performance expectations of the Low Emittance Gun
(LEG) [3], which is under construction at PSI. The first
250 MeV deserves special attention since emittance
preservation proves to be most challenging in this part of
the machine. It is our intention to test the concept of
emittance conservation in this part of the machine
experimentally. If successful, it should then serve as an
injector for a linac that feeds a cost-effective X-FEL. An
outlook follows at the end of this paper.

Table 1. Electron Source Parameters for the PSI FEL.

Peak current | >5| A

Bunch charge Q 0.2 [ nC
Bunch length (full width) | < <40 | ps

Bunch shape - | uniform | -
Normalized emittance* &n <0.05 | mm mrad
Repetition rate” f 10 | Hz

* Slice parameter of a field-emitter at E=1 MeV and a slice-charge
of 1 pC, i.e., the charge in the FEL-corporation length [2].
* Limited by high-gradient pulser technology.

THE ELECTRON SOURCE

In a linac the emittance is limited by the intrinsic
emittance at the electron source, which can be expressed
as [4]:

_E gEkin
2\ 3 mc?

where R is the beam radius in the case of a uniform radial
distribution and Ey;, is the mean kinetic energy of emitted
electrons. With Eq. (3) in mind two strategies are persued:
laser assisted Field Emission and photo-emission. Both
technologies rely on laser-illumination to shape the
temporal profile of the pulse.

With field emission electrons are drawn from sharp tips
that are exposed to high gradient electric fields (/"= 6
GV/m). Normally the emitting radius is small (R <5 um)
and the field-emission process keeps the kinetic energy of
the emitted electrons low (Ey;, =.0.15 eV), which suggests
a normalized emittance below 10° mm mrad. However,
with increasing current the required electrical field-
strength goes up followed by increased space-charge
forces. This makes the combination of high-current and
low-emittance challenging, both from technological and
operational point of view. To reach ultra-low emittance
two types of field emitters (FE) are under investigation:
(i) a macroscopic single-tip FE and (ii) Field-Emitter
Arrays (FEA). Construction of the former is
technologically less demanding but the latter permits a
reduction of the current density and most likely a lower

3

n
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emittance. The status and performance are discussed in
detail in [3]. Target specifications are summarized in
Tab. 1, where the emittance refers to the slice-value after
acceleration up to 1 MeV.

The transverse emittance of a photo-cathode for a 1 nC
electron bunch typically is ¢, = 1 mm mrad. This value
may become smaller with a reduced bunch-charge, a
reduced peak-current, combined with an appropriate
choice of cathode material. Optimizations based on Eq.
(3) suggest that the slice emittance can reach & < 0.1 mm
mrad for a Cu cathode with beam parameters as quoted in
Tab. 1 and an initial transverse radius R = 0.25 mm.

Since the fabrication and operation of a photo-cathode
is less challenging then field emission, we anticipate
commencing with a photo-cathode. A second stage based
on field emission should then permit a lower initial
emittance, which should permit a final value of 0.1 at the
entrance of the undulator section of the FEL. Note that we
have chosen the beam parameters identical for both types
of cathodes such that the choice of cathode does not affect
the design of the following accelerator structure.

1 YK TR _longitudinal _
"~ wakefield
energy: 5 >
off-crest_ | 250 MeV 12 Gev 6.0Gev
acceleration 1 SKA 1 5 KA

current: ms A /\0'35 kA

injector B linac-1
BCI BC2
Figure 1. Functional layout of a low-emittance linac for
an X-FEL. See text for details on the longitudinal shaping
of the electron bunch.

hnac-Z

ACCELERATOR CONCEPT

The performance parameters specified in Tab. 1 have,
compared to more conventional RF photo-cathode
designs, a low beam current and bunch charge at the
cathode. This is beneficial to reduce the initial emittance
and its dilution due to space charge in the region where
the electron beam is sub-relativistic. The obvious
drawback is the increased bunch compression ratio, which
is required to obtain sufficient current for lasing. E.g., the
LCLS [5] and the European X-FEL at DESY [6] have a
total compression ratio of 70 and 100, respectively. The
PSI-FEL aims for a ratio of 270.

The concept shown in Fig. 1 enables the increased
compression ratio as it focuses on the control of the
longitudinal phase-space. This is possible because we do
not expect a significant emittance dilution in the bunch-

RF and ballistic compression

MOPPHO072

compressors BC1 and BC2 [7]. Hence, the difficulties
related to the emittance preservation are transferred to the
design of the injector, which follows in the next section.

In terms of functionality the injector and BCI
accommodate most of the shaping of the longitudinal
phase-space (y,z). Similar to the design of the LCLS [5],
linac-1 and linac-2 serve to boost the energy and allow of
adiabatic damping of the emittance and relative energy
spread. Deformation of the longitudinal phase-space,
caused by wakefields in the linac structures, is controlled
by off-crest acceleration in the injector and linac-1. In the
present design both linac sections consist of 3-GHz room
temperature (RT) traveling wave structures. We did not
consider super-conducting technology because of the low
repetition rate of the injector. Higher frequency RT will
be considered later as an option to reduce the accelerator
length.

THE INJECTOR

Fig. 2 shows a schematic of the injector. Details of the
low-energy section are presented in Fig. 3.

Low Energy Acceleration

To minimize the initial blow-up of the emittance by
space-charge, the cathode is positioned in a high-gradient
field. The necessity of such a field is illustrated in Fig. 4,
which shows a CAPONE [9] simulation of the slice-
emittance of an ideal uniform beam with parameters as
presented in Tab. 1. To obtain the gradient, the cathode is
followed by a pulsed diode configuration as illustrated in
Fig. 3. A 500 kV pulser has been constructed, which
allows for initial tests with gradients up to 125 MV/m
(top curve in Fig. 4). After sufficient operational
experience the pulser will be upgraded to 1 MV to reach
gradients up to 250 MV/m.

15GHZRF

main
0011

45GHZRF

anode

pulsed [°

focusing coil

cathode 4

pulsed /
acceleration
I'=125-250 MV/m

=
bucking

coil
Figure 3. Layout of the high-gradient accelerating section
followed by the initial RF acceleration [8].

[
1.5 cell injector linac booster linac harmonic
focussing - 51.5 +4.5GHz) (1.5 GHz) (3 GHz) lcza\&t{yz
55A |m 20A
e .
[ Moy ] ——————
i< solenoid  4MeV solenoids 30 MeV solenoids 285 MeV 250 MeV

high gradient acceleration 0! )
ghe (emittance compensation)

Figure 2. Schematic layout of the injector.
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Figure 4. CAPONE [9] simulation of the slice emittance
growth of a uniform electron bunch (Tab. 1) in a DC

accelerator field (1 pC slice with an initial radius of 0.25
mm).

For further acceleration we have chosen an initial RF
frequency of 1.5 GHz as a compromise between a high
accelerating gradient (2 40 MV/m) and a large acceptance
window to collect sufficient charge in a single bunch. A
specially designed double-frequency 1.5-cell cavity [8]
behind the diode further increases acceptance, see Fig. 3.
Additional advantages of the double-frequency are: (i) a
reduction of the emittance dilution caused by non-linear
RF fields [8] and (ii) optimized RF compression. The
latter is incorporated to reduce the bunch-length, see Fig.
2. We note that RF-compression is, in this part of the
machine, the preferred choice as compared to magnetic
compression since it maintains the cylindrical symmetry
of the beam. That is, it avoids a break-up of the horizontal
and vertical beam-optics in the space-charge dominated
regime. For the similar reasons there are no quadrupoles
included in the injector design.

During RF acceleration, it is important to control the
transverse beam size since non-linear off-axis fields in the
RF cavity may dilude the emittance otherwise. This is
especially true in the first RF-structures where the beam-
size may be blown up by a strong defocusing field as the
beam passes the anode. For this reason, we plan to install
a pulsed coil behind the anode to control the beam-size.
We note that the pulsed technology has the advantage that
the eddy-currents in the anode naturally shield the
magnetic field from the cathode area.

Energy Booster

The RF compression is finalized in a 3-m long 1.5 GHz
traveling wave structure. As soon as the electron bunches
are short enough they enter a 3-GHz structures. A 12-
GHz harmonic cavity at the end of the booster linearizes
the longitudinal phase-space before further compression.
All linac structures require additional focusing to control
the electron beam-size. The final energy is 250 MeV. At
this energy, the influence of space charge on the beam-
optics is sufficiently reduced to permit the use of a
chicane to reduce the bunch length.
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Figure 5. HOMDYN [10] simulation of the beam

envelope and emittance dilution for the PSI FEL linac up

to BC2, see Fig. 1. The inset is a zoom of the first 3 m.

Performance

As a first step, the emittance dilution has been tracked
over the initial 1 GeV of acceleration (up to BC2) with
HOMDYN [10], see Fig. 5. Initial conditions were an
electron beam with the parameters presented in Tab. 1
with zero emittance at the cathode. It follows that a low
emittance can be maintained during compression and
acceleration. Verification of these results with more
sophisticated codes is still in progress. Here we use
MAFIA [11] to simulate the configuration presented in
Fig. 3. Calculations are complemented with PARMELA
[12] and GPT [13] simulations for tracking of the electron
beam behind the diode. As a next step we will use
IMPACT [14] for more elaborate calculations and
tolerance studies.

Figure 6. Installation of the 500-kV pulser in the test-
bunker OBLA.

STATUS AND OUTLOOK

The status of the field emitter development and the
associated test stands are reported in [3]. As a first step
towards the preservation of the emittance a 500 kV, 200-
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Figure 7. Layout of the 250 MeV test injector. The areas (a) and (b) mark the injector linac and booster linac as depicted
in Fig. 2. The designed tunnel is sufficiently long to house the first bunch compressor (BC1 in Fig. 1).

ns pulser has been installed in a bunker at the PSI. It
permits the operation of a diode configuration with a
variable gap from 30 mm to 2 mm. A photo of the pulser
is shown in Fig. 6. In fall of 2006 the pulser will be
complemented with a diagnostic station for current and
emittance measurements. First tests with pure field
emitters (without laser illumination) are then foreseen for
the end of the same year. In 2007 the experimental setup
will be upgraded to permit laser assisted field emission
and photo-emission combined with 1.5 cell RF cavity as
depicted in Fig. 3. We note here the different laser
systems. Laser assisted field emission has a high quantum
efficiency (= 1) and requires a photon energy below the
work function (A > 400 nm). This can be a sub-system of
the laser required for photo-emission, which typically has
to deal with a low quantum efficiency at a wavelength of
266 nm.

In parallel surface cleaning techniques are studied to
optimize the operation at high gradient and to minimize
the occurrence of breakdowns in the high-gradient
accelerator structure.

We plan to extend the experimental capabilities to a
250 MeV accelerator in the period 2008-2011. This linac
should demonstrate low-emittance acceleration and bunch
compression to reach a beam current of 350 A. In
addition, it should serve as a test environment for the
development of diagnose for an X-FEL. A possible layout
is presented in Fig. 7. It includes the injector sketched
schematically in Fig. 2 as well as the first bunch
compressor, which is shown in Fig. 1.
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AN ENHANCED GINGER SIMULATION CODE WITH
HARMONIC EMISSION and HDF510 CAPABILITIES

William M. Fawley', LBNL, Berkeley, CA 94720, USA

Abstract

GINGER [1] is an axisymmetric, polychromatic (r — z—t)
FEL simulation code originally developed in the mid-
1980’s to model the performance of single-pass ampli-
fiers. Over the past 15 years GINGER ’s capabilities have
been extended to include more complicated configurations
such as undulators with drift spaces, dispersive sections,
and vacuum chamber wakefield effects; multi-pass oscilla-
tors; and multi-stage harmonic cascades. Its coding base
has been tuned to permit running effectively on platforms
ranging from desktop PC’s to massively parallel processors
such as the IBM-SP. Recently, we have made significant
changes to GINGER by replacing the original predictor-
corrector field solver with a new direct implicit algorithm,
adding harmonic emission capability, and switching to the
HDF5 10 library[2] for output diagnostics. In this pa-
per, we discuss some details regarding these changes and
also present simulation results for LCLS SASE emission at
A =0.15nm and higher harmonics.

INTRODUCTION

Over the past 25 years, there has been a steady advance
in the use of numerical simulation codes to explore FEL
physics, analyze experimental results, and to help design
elaborate and expensive projects such as the LCLS. As
the underlying computer hardware has grown both faster
and often more complex (i.e, massively parallel environ-
ments), FEL codes have similarly become more complex
both in terms of the underlying physical phenomena they
model (eg., wakefield losses) and the more realistic forms
of simulation they attempt (e.g., importation of massive
macroparticle files for start-to-end tracking runs). More-
over, the amount of information the codes utilize and pro-
duce has increased by several orders of magnitude with
multi-GB output and/or particle restart files becoming nec-
essary for full time-dependent simulations of x-ray FEL’s
and multi-stage harmonic cascades.

This paper present recent changes to the GINGER Simu-
lation code[1] which originally was designed in the mid-
1980’s to study sideband growth in single-pass FEL ampli-
fiers and which has steadily evolved since to study more
and more elaborate configurations such as SASE devices,
harmonic cascades and oscillators. The Fortran90 base cur-
rently underlying GINGER has proven very useful both in

*Work performed in support of the LCLS project at SLAC under US
DOE Contract DE-AC02-76SF00515 (SLAC) and also supported under
Contract DE-AC02-05CH11231 (LBNL).
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terms of modularization and in the number of useful lan-
guage features (eg., array syntax and built-in operators,
type definitions, memory management). The code struc-
ture has proven very amenable to efficient multiprocessing
in which the different longitudinal slices are assigned to
different processors with MPI[3] handling the necessary
interprocessor communication. In the past year, we have
replaced the original predictor-corrector field solver by a
new implicit solver and also have extended the code to cal-
culate radiation emission at multiple harmonics; the next
section gives details on these changes. We then present
results from a GINGER calculation for predicted harmonic
emission from the LCLS.

With the addition of calculations of harmonic emission,
typical GINGER output file sizes doubled or more. Based
upon file compactness, 10 speed, and flexibility in data lay-
out, the output file format was changed from simple ASCII
to HDF5[2]. In part because we believe that the FEL sim-
ulation community should become aware of the usefulness
of HDF5 10, the last section of this paper gives details con-
cerning its implementation into GINGER .

THE NEW FIELD SOLVER AND
IMPLEMENTATION OF HARMONICS

Adopting the slowly-varying envelope approximation

(SVEA) with E(r, z,t) = E(r, z,t) x expi(koz — wot),
the field equation becomes

. OF 9 =
2ik 27 = ViE
where 9/0Z is the Lagrangian derivative in the forward
(i.e, positive z) direction, and J, is the microbunched
transverse current at angular frequency wg. The origi-
nal GINGER field solver used a Gear predictor-corrector
scheme [4] which automatically controlled step size to
maximize computational speed for a given error allowance,
but had negative aspects regarding algorithmic complexity
and non-trivial coding difficulties with regards to adding
additional dimensions such as harmonics and (eventually)
non-axisymmetric modes. Consequently, we developed a
completely new field solver based upon a backward-biased,
implicit solution of the heat flow equation (“Case 5” in ta-
ble 8.1 of [5]). This solution is always stable for arbitrary
step size AZ and the chosen default bias factor makes the
scheme equivalent to the Crank and Nicholson algorithm
with errors scaling as Ar? and AZ?2. Tests of simple vac-
uum Gaussian mode propagation over multiple Rayleigh
ranges show normalized energy conservation to better than
1073 for Ar/Ro < 0.1 where Ry is the mode waist size.

wo 9\ ~ 4mi
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Sec. 8.5 of Ref. [5] gives an elegant (and simple to
code) solution method based upon a Gaussian elimination
procedure where one first sweeps outward in r and then
back to the axis Extension of the field solver to include
higher harmonics is simple with (k,, wg) being replaced
by (hk,, hw,) and use of the appropriate current source
term. For the latter, GINGER uses wiggler-period aver-
aging and follows the standard formulation (see, e.g., [6])
for odd harmonic emission that depends only upon the lo-
cal harmonic microbunching amplitude (and ignores even
harmonic emission arising from transverse gradients in
the electron beam density). Tests by Z. Huang compar-
ing the predicted 3rd harmonic power from nonlinear mi-
crobunching with that computed by GINGER for a simple
Ao = 0.15nm, steady-state amplifier with LCLS param-
eters show excellent agreement (e.g., 10% or better) for
sufficient macroparticle number (e.g., > 65K per slice).
Use of smaller macroparticle number tends to lead to an
overestimation of the harmonic power, perhaps because the
longer Rayleigh length (and thus less radial smoothing in
Z) at 0.05 nm makes the effective source term “grid noise”
(i.e, in higher radial modes) much worse than that corre-
sponding to the fundamental (for which 8K macroparticles
appear more to be than sufficient).

The original macroparticle longitudinal mover also used
a Gear-scheme (which was extreme computational overkill
given the slow evolution of particle phase and energy)
and was replaced by a simple second-order Runge-Kutta
solver in which only the fundamental radiation field acts
back upon the particles. Within this limitation one can
study nonlinear harmonic generation (the dominant emis-
sion term for most SASE and harmonic cascade devices)
but not linear amplification. As shown in Ref. [7], ignoring
the harmonic emission feedback is an extremely good ap-
proximation for SASE x-ray FELs and essentially all FELs
in which gain at the fundamental wavelength is much larger
than that at the harmonics, as is the usual case.

In fall 2006 we expect to add the harmonic field feed-
back terms to the mover and also a fourth-order Runge-
Kutta scheme as an option. Lastly, we note that Eq. (1) is
separable by azimuthal mode and thus the new field solver
can be easily extended (as is hopefully planned for 2007)
to solve for E(r, ¢, 2, t).

AN EXAMPLE LCLSHARMONIC
EMISSION CALCULATION

Nonlinear harmonic emission from the LCLS is poten-
tially extremely useful, both for experimentalists and as a
diagnostic of FEL performance. Adopting design param-
eters (3.4kA, v = 26693, 1.2mm-mrad, B, = 1.25T,
o,/v = 107%), and a quad FODO focusing lattice that
produces an average Twiss §-function of 28 m, we simu-
lated a LCLS 9.2-fs segment at 6-attosecond temporal res-
olution with 32768 macroparticles per slice. The calcula-
tion was run on 128-POWER 5 (1.9 GHZ) processors of the
“BASSI” IBM p575 system at NERSC and required = 40
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Figure 1. Time-averaged SASE power (left) and mi-
crobunching fraction (right) vs. z for an LCLS pulse at
the 0.15-nm fundamental (blue curve) and also the 3rd,
5th, and 7th harmonics (bunching only) (red, green, black

curves).
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Figure 2: RMS transverse size vs. z for SASE emission
from an LCLS pulse at the 0.15-nm fundamental wave-
length (blue curve) and also the 3rd and 5th harmonics (red
and green curves).

minutes of wall-clock time. Figure 1 plots the power at the
fundamental wavelength of 0.15nm and also the 3rd and
5th harmonics as functions of z. One sees that the plateau
region (on this semi-log plot) for small z where sponta-
neous emission dominates the coherent FEL component
lasts much longer for the harmonics than the fundamental;
in reality the plateau region would extend even further be-
cause these calculation do not include non-axisymmetric
spontaneous emission. While the third harmonic grows
more rapidly with z than the fundamental in the region
60 < z < 85m, it saturates at a low (~ 1%) relative power
level.

Comparing the behavior of the on-axis far-field power
(not displayed) with the total near-field power (Fig. 1) re-
veals that the plateau region is much smaller for the funda-
mental but there is essentially no change for the harmonics.
This is likely related both to the short gain length for the
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Figure 3: Plots of C'; /5 (7) for the on-axis far field emission
(left) and microbunching (right) for the fundamental and
harmonics (same color scheme as Fig. 1).
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Figure 4: Plots of RMS spectral width for on-axis far field
emission at the fundamental and harmonics (left) and the
3rd harmonic output (near-field) spectrum (smoothed with
a 5-bin average) (right).

harmonics Ly, ~ Lg.1/h and the smaller mode size (see
Fig. 2) for the coherent harmonic emission which reduces
some of the far-field contrast vis-a-vis the spontaneous har-
monic emission. Near power saturation, the RMS trans-
verse sizes of the 3rd and 5th harmonic emission are ~20%
smaller than that of the fundamental (Fig. 2). However,
after saturation, they also grow with = despite a greater
Rayleigh range, indicating perhaps that optical guiding ef-
fects are far more important for the fundamental.
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Figure 5: Histogram of the probability distribution of
P(t)/ < P > atthe fundamental and 3rd harmonic at the
undulator exit.
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Standard SASE theory (eg., Ref.[8]) predicts that the
inverse spectral bandwidth w/Aw and autocorrelation time
C1/2(T) (the point at which the temporal autocorrelation
function drops to 0.5) for FEL radiation increase as z'/2.
Such behavior is demonstrated by radiation at the funda-
mental (blue curves in Fig. 3. For the harmonics, the co-
herent component of C'; /»(7) suddenly dominates over the
spontaneous emission (for the radiation) and shot noise (for
the microbunching) at two-thirds of a saturation length,
reaches a maximum within a gain length, and then be-
gins declining with z, in contrast to the fundamental which
reaches a maximum somewhat later in z (right plot in
Fig. 1) and only drops in the last 20-m or so. Presum-
ably, debunching due to the development of a large energy
spread is responsible for the greater sensitivity of the har-
monics.

An autocorrelation function and power spectrum can
be similarly calculated for microbunching by using the
complex average computed over the macroparticles corre-
sponding to each longitudinal electron beam slice. In con-
trast to the radiation quantities, the microbunching C'; /5(7)
(right plot in Fig. 3) has a slow but steady linear decay
from its maximum which is perhaps associated with the
temporal variation of 2 ,,,, over the individual microspikes.
Ideally, in a near time-steady situation with essentially no
variation in radiation eikonal phase, C'; /»(7) would be con-
stant with harmonic. However, in the SASE regime, Saldin
et al. [7] have predicted from 1-D numerical studies that
C133(7)/C{ )5 (1) ~ 0.65; the GINGER LCLS results
show a ratio ~ 0.5, a reduction attributable perhaps to non-
zero emittance effects not included in the 1-D study.

Figure 4 plots the inverse spectra width versus z to-
gether with the output spectrum at the third harmonic.
Another diagnostic of radiation field correlation, the ratio
[w/Aw]/[1.18wC 2(7)] (= 1 for a Gaussian power spec-
trum), is 0.76 for the fundamental and drops to to 0.69 and
0.65 for the third and fifth harmonics at the position of max-
imum inverse bandwidth.

Another apparent difference with the Saldin et al. 1-D
results concerns the probability distribution for P(¢). In
Fig. 5 we plot the normalized histogram for the fundamen-
tal and third harmonic ofthe output (near-field) radiation.
One sees that in accord with the earlier study, the third
harmonic emission is more peaked toward P = 0. How-
ever, the peak is more extreme and the first order moment is
much smaller, evidently because of large temporal regions
of relatively low harmonic power. The probability distribu-
tion for the fundamental is also more peaked toward P = 0
whereas Ref. [7] found a peak near P =< P >. Because
our data is taken somewhat deeper in saturation than the z
point chosen by Saldin et al., it is possible (albeit unlikely)
that the distribution function reverts back to a negative ex-
ponential corresponding to the exponential gain regime. or-
that this particular SASE run does not have sufficient statis-
tics in terms of slice number to clearly resolve the distribu-
tion shape. However, it may also be possible that inclu-
sion of true transverse effects actually change the nature of
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the distribution function in the saturation regime. Conse-
quently, this topic may warrant some additional study.

IMPLEMENTATION OF HDF510

As is true for most large-scale simulation tools, an FEL
code must have numerous 10 capabilities. On the input
side, the user must be able to specify a number of beam
and run parameters. Depending upon the run complex-
ity, additional input might be required, e.g., 6D macropar-
ticle phase space information from a tracking particle out-
put file or a “restart” file from a previous FEL code run (as
might be true for a harmonic cascade); a time-dependent in-
put radiation field; an undulator “lattice” including a ., (z),
possible pole error field and dipole corrector information,
and possible vacuum chamber longitudinal wake field in-
put. Output information can be very extensive: spatially-
and temporally-resolved radiation field information includ-
ing harmonics; 5D macroparticle phase space snapshots at
different z— and ¢t— locations for later use in scatterplots;
z— and ¢t— resolved “scalar” information such as total radi-
ation power and macroparticle microbunching (at multiple
harmonics), energy spread, on-axis far field complex am-
plitude; and possible full 6D macroparticle and/or 2D (r, t)
radiation field information for a subsequent downstream
undulator run. As the raw binary size of this information
can exceed 100 MB for fields and 1 GB for particles, sim-
ple ASCII formats are unattractive both due to their size
(~3X larger than pure binary) and slow IO transfer speed.
Moreover, unless one designs a very clever and robust self-
describing data structure and/or divides the heterogeneous
output into many separate files per run, it is difficult to have
an output file system that is reasonably easy to analyze (and
which maintains good backward compatibility as the sim-
ulation code inevitably evolves in complexity).

In answer to the above requirements and problems,
the HDF5[2] 10 system offers a strong set of attractive
features: (1) self-describing data format, including op-
tional dataset attributes (2) Unix-like directory trees in-
cluding soft links (3) compact data storage with little ad-
ditional overhead relative to binary (4) multiplatform data
file portability (e.g., little- to big-endian, 32- to 64-bit na-
tive) (5) a rich class of native data types range from simple
strings to 1-D integer arrays to many dimensional real ar-
rays (6) user-definable data types (7) MPI-based parallel
10 on platforms such as the IBM-SP. The HDF5 develop-
ment group also provides a set of useful tools for HDF5
file data visualization and data dumping of individual struc-
tures. Many projects in the high performance computing
community have embraced HDF5 as well as a number of
3rd party visualization tools venders (e.g., IDL). I note that
the GENESIS code [9] also has a growing HDF5 10 capa-
bility and would suggest that other FEL and tracking code
developers consider this option.

Currently, the GINGER HDF5 output file has 5 main
top directories: /base_param to pass simulation run vari-
ables such as the central wavelength, number of slices, etc.;
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/grids which have the r- and z- locations of grid points; /in-
put which has the complete ASCII input and template files
for the run; /radiation which contains all scalar and vec-
tor radiation field information; and /particles which has all
particle-derived information including scatterplot dumps,
if any. Separately, particle restart files can also be writ-
ten in HDF5 format and the extension to radiation restart
files (as is needed for multistage harmonic cascades) will
be done in the near future. Knowledge of the exact “path”
of a given data set (e.g., /radiation/scalar data/...) is com-
pletely sufficient for a HDF5 utility (and GINGER post-
processor) to access the data set; the exact disk address
within the HDF5 file is not needed by external programs
but is provided by a low-level look-up table in the HDF5
file. This massively simplifies data access With the mi-
gration to HDF5 format, we believe it will be relatively
straight-forward and painless to extend the GINGER out-
put file to handle fully “3D” field information (i.e, [r, z, t]
— [r, ¢, z,t] ) and variable spatial resolution (e.g., relative
finely z-resolved scalar quantities such a radiation power
and microbunching but coarser resolution of vector quanti-
ties such as E(r, z, t)) as needed by future code upgrades.
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SIMULATIONS OF HIGH POWER-FEL. AMPLIFIERS"

J. Blau, D. Burggraff, T.Y. Voughs and W.B. Colson
Physics Department, Naval Postgraduate School
333 Dyer Road, Monterey, CA 93943.

Abstract

FEL amplifier simulations have been updated and paral-
lelized, and system vibration effects have been added. The
simulations are used to study proposed high-power ampli-
fier FELs at LANL and BNL. We look at the single-pass
gain and output power, including the effects of wiggler ta-
pering, electron beam pinching, and shifting and tilting of
the electron beam.

INTRODUCTION

At the Naval Postgraduate School over the past several
years, we have made significant changes to our simulations
of FEL oscillators, including an improved light propaga-
tion method using expanding coordinates [1], cavity and
electron beam stability effects [2], better diagnostics such
as optical mode analysis [3], and parallelizing the codes to
run on a cluster computer. These same improvements have
now been incorporated into our FEL amplifier simulations.
In this paper, we discuss the results of using these simu-
lations to study several existing and proposed high-power
FEL amplifiers at Brookhaven and Los Alamos National
Labs. We look at the effects of tapering the undulator, as
well as shifting, tilting, and focusing of the electron beam.
We consider how each of these affect the single-pass gain,
energy extraction, and optical beam quality.

SIMULATION METHOD

We represent the optical field using a Cartesian coor-
dinate system, following the amplitude and phase at each
(z,y) grid point as it evolves through the undulator. The
initial field has a Gaussian transverse profile, focused at the
beginning of the undulator. The electron and optical pulse
lengths are assumed to be much longer than the slippage
distance N\, where N is the number of undulator periods
and A is the optical wavelength. We use a large number of
sample electrons, with an initial position and angular dis-
tribution determined by the transverse emittance, and an
initial energy spread determined by the longitudinal emit-
tance. To study stability effects we can include an initial
shift or tilt in the electron beam, and we can also adjust the
beam focus position along the undulator.

At each time step within the undulator, the electrons
evolve according to the Lorentz force equation, includ-
ing betatron focusing. The optical field evolves self-
consistently according to Maxwell’s wave equation. At the

*Work supported by JTO, ONR, and NAVSEA.
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end of the undulator, the field is propagated to the first op-
tical element using an expanding coordinate system [1] to
handle the large scale change due to diffraction.

In our simulations, we use dimensionless parameters,
with longitudinal lengths normalized to the undulator
length L, transverse lengths normalized to /LA/m, and
time normalized to L/c, where ¢ is the speed of light.
Graphical output from the simulations shows the evolu-
tion of the optical field, bunching of the electrons in phase
space, and the structure of the optical wavefront at the end
of the undulator and at the first optical element.

SIMULATION RESULTS

Brookhaven SDL FEL

At the Source Development Lab (SDL) at Brookhaven
National Lab (BNL), they have an FEL amplifier based
on the NISUS undulator [4], with N = 256 periods, each
Ao = 3.9 cm long, for a total length L = Ny ~ 10 m.
The undulator parameter is K,,,s = 0.78. The electron
beam has an energy of 102 MeV, with a bunch length of 1
ps and a bunch charge of 0.35 nC. The optical wavelength
is A = 0.79 pum, and the distance to the first optic is 20 m.

Figure 1 shows results from a simulation of this FEL. On
the top, a cross-section of the dimensionless optical field
amplitude |a(y)| is represented as it evolves from the be-

Ia(OrYrT) |

P (1) 4.8x10%

0 T 1

Figure 1: Simulation results for the SDL FEL with no taper.
On the top is the evolution of the amplitude profile |a(y)],
as described in the text. On the bottom is the evolution of
the dimensionless optical power P(7) from the beginning
(t = 0) to the end (7 = 1) of the undulator. The maximum
value of the power is indicated in arbitrary units.

Seeded FELs
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ginning (dimensionless time 7 = 0) to the end (7 = 1)
of the undulator. The narrow yellow contour line marks the
1/e value of the field amplitude at each time step, while the
bold yellow curves on the left and right plot the field profile
at7 = 0and 7 = 1. A few sample electrons are shown in
red. The simulation predicts high gain, G =~ 1000, which
leads to optical mode distortion and guiding [5]. Without
the gain medium, the field would maintain a Gaussian pro-
file and diffract out to a large radius, as shown in purple
on the right; the actual field profile shown in bold yellow
is much narrower and distorted. The simulation predicts an
extraction of 7 = 0.6% (extraction is defined as the ratio of
the output optical power to the input electron beam power).
In the actual experiment, an extraction of about 0.4% was
measured. The difference is likely due to pulse slippage
effects, which are not included in the simulation.

The lower half of Fig. 1 shows the power saturating
about halfway down the undulator, so we consider taper-
ing the magnetic field to enhance the extraction. Fig-
ure 2 shows the simulation results with a linear taper rate
AK/K =~ —5% over the last 2.4 m of the undulator.
Now the power continues growing, and the extraction is
increased to = 1.2%. The final electron phase space on
the lower left shows about half of the electrons trapped in
closed orbits [5]. The electron phase ¢ roughly corresponds
to the position of an electron within an optical wavelength,
while v = d{/dr is the phase velocity. The induced spread
in phase velocities Av translates to an electron beam en-
ergy spread AE/E = Av/4rN = 3.7%, compared to
2.5% for the untapered case. The final optical wavefront
|a(z,y)| at the output mirror is shown in the lower right.

P(T) 8 . 7x10%
0 T 1
123 la(x,y,2) |

-123

-n/2 ( 3m/2

Figure 2: Simulation results for the SDL FEL with a -5%
taper rate over the last 2.4 m of the undulator. On the top
is the evolution of the optical power, P(7). On the lower
left is the final electron phase space as described in the text,
with sample electrons shown in red. On the lower right is
the final optical wavefront, |a(z, y)|, at the output mirror.
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Another factor of two improvement in extraction could
be achieved by starting the taper earlier at 7, = 0.5, near
the onset of saturation for the untapered FEL. Figure 3
shows the results of many simulations, plotting extraction
7) versus phase acceleration ¢ for this latter case. The phase
acceleration [5] is related to the undulator taper rate by

K? (AK/K)

6 = —47N
T 1+ K2

6]

1—7

100 150
o/

0 50

200

Figure 3: Extraction 7 versus phase acceleration ¢ for the
SDL FEL, with a linear taper over the last 5 m of the undu-
lator. The maximum extraction n = 2.3% is achieved for
d = 60m, which corresponds to AK/K ~ —7%.

Figure 4 shows the results of simulating the SDL FEL
with a taper rate of -7% over the last 5 m of the undu-
lator, corresponding to the peak extraction value of 2.3%
in Fig. 3. The optical power P(7) grows significantly in
the second half of the undulator, and the phase space plot
shows good bunching. The induced energy spread is 5%.

P (1) 1.6x10°

0 T 1
la(x,y,2) |

165

-165 y
-n/2 ({ 3m/2

—15 x 15

Figure 4: Simulation results for the SDL FEL, with a -7%
taper rate over the last 5 m of the undulator.
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Brookhaven proposed FEL

Another high-power amplifier FEL has been proposed
at BNL [6]. This system would use an 80 MeV electron
beam with a bunch length of 2.8 ps and a bunch charge of
1.4 nC. The undulator would have N = 120 periods, each
Ao = 3.25 cm long, for a total length L = 390 cm, with
Kyms = 0.7. The optical wavelength would be A = 1 pm,
with the first optic at a distance of 27 m.

Figure 5 shows simulation results for this FEL. Again we
see guiding of the optical field (top), and the power is near
saturation at the end of the undulator (center). The simu-
lation predicts gain G' =~ 800 and corresponding extraction
1 ~ 1%; the design goal for this system is n = 0.25%.
In the lower left, the electron phase space shows bunch-
ing, and an induced electron beam energy spread of 3.5%.
In the lower right, the final optical wavefront has a nearly
top-hat shape.

7 1a(0,y,1) |
s g

YE ~
-7
P (1) 1.1x10% |
0 % " |
) la(x,y,7) |
e~
w
— y

-49 49

i
-n/2 { 3m/2
Figure 5: Simulation results for the proposed BNL FEL.

We also studied electron beam stability effects for this
system. Figure 6 shows the results of many simulations,
with the electron beam shifted off-axis in the plane of the
undulator magnetic field. The extraction drops as the beam
is shifted, but the design goal of n = 0.25% is still achieved
for yo < 1.2 mm, about 5 times the electron beam radius
(rp = 0.25 mm, indicated on the graph). Figure 7 shows
how guiding enables the optical mode to follow the shifted
electron beam over about half of a betatron oscillation, for
a beam shift of yg = 1 mm.

Figure 8 shows the effect of tilting the electron beam
about the center of the undulator. The simulations predict
that the system can tolerate a beam tilt of 6, ~ 0.9 mrad,
well beyond the beam angular spread of Af = 0.1 mrad.
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Figure 6: Extraction n vs. electron beam shift y, for the
proposed BNL FEL. The extraction goal is exceeded for all
values of yp < 1.2 mm, well beyond a typical experimental
tolerance of ~ 50 pum, and much greater than the electron
beam radius 7, = 0.25 mm.

Figure 7: Optical field evolution for the proposed BNL
FEL. Initial conditions are chosen so that the electron beam
(shown in red) is shifted off-axis by yo = 1 mm at the cen-
ter of the undulator. Betatron focusing bends the beam back
towards the axis at the ends of the undulator. The horizon-
tal and vertical axis scales are quite different, as indicated.
Notice how guiding enables the optical mode (narrow con-
tour line) to follow the electron beam as it shifts off axis.

Again, this is due to the guiding effect, as shown in Fig. 9.
Our simulations predict good extraction for electron beam
shifts x20 and tilts x100 greater than the experimental tol-
erance of existing FELs [7].

Los Alamos proposed FEL

At Los Alamos National Lab (LANL), they have pro-
posed a somewhat different design for a high-power FEL
amplifier [8]. This system would use an 81 MeV electron
beam with a bunch length of 1 ps and a bunch charge of
1 nC. The undulator would have N = 110 periods, each
Ao = 2.18 cm long, for a total length of L = 240 cm,
with K,,,s = 1.2. The optical wavelength would be
A = 1.05 pm, with the first optic at a distance of 24 m.

Our simulations of this design predict that it would
achieve a gain of G ~ 240, corresponding to extraction
of n = 0.74%, with induced energy spread of about 5%.

Seeded FELs
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Figure 8: Extraction 7 vs. electron beam tilt §, for the
proposed BNL FEL. The extraction goal is obtained for all
values of 6, < 0.9 mrad, well beyond a typical experimen-
tal tolerance of 10 prad, and much greater than the electron
beam angular spread, Af = 0.1 mrad.

—— 39m ————»

Figure 9: Optical field evolution for the proposed BNL
FEL. Initial conditions are chosen so that the electron beam
is tilted by 6, = 0.9 mrad at the center of the undulator.
The tilt appears exaggerated due to the different horizontal
and vertical scales. Notice that the optical mode (narrow
yellow contour line) follows the tilted electron beam (red).

However, the design goal for this system is n = 1.2%. We
find that by tapering the undulator, AK/K =~ —18% over
the last 40 undulator periods, they could increase the gain
to G = 500 and the extraction to = 1.7%, while only
inducing an energy spread of about 6%.

We studied stability effects for the LANL amplifier de-
sign; our simulations predict that it will still achieve the
desired extraction with beam shifts up to 0.4 mm, or beam
tilts up to 0.4 mrad. These results are again well beyond
the experimental tolerance of existing FELs.

We also tried varying the electron beam focus for this
FEL. Figure 10 is a plot of the extraction versus the beam
focus position, 73. The peak extraction n ~ 1.9% is at
73 = 0.15 or 0.75, rather than at 73 = 0.5 as one might
expect. This is due to the betatron motion of the electrons,
in both cases focusing the beam near the end of the un-
dulator, where the tapering enhances the extraction. This
”scalloped” shape of the electron beam, as seen in the inset
plots in Fig. 10, leads to focusing of the optical wavefront at
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the undulator exit, thus allowing it to rapidly diffract after-
wards, which should reduce the intensity at the first optic.

Figure 10: Extraction 7 vs. electron beam focus position
73 for the proposed LANL FEL. The inset plots show the
evolution of the electron beam and the optical mode at 75 =
0.4 (top) and 73 = 0.75 (bottom).
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THE BESSY SOFT X-RAY FEL: A SEEDED HGHG FEL*

A. Meseck’ for the BESSY FEL team
BESSY GmbH, Albert-Einstein-Str.15, Berlin, Germany.

Abstract

Reproducibility, high power and short pulse length com-
bined with variable polarization and tunable wavelength
are required to open new frontiers for the soft X-ray users.
To provide radiation with such extraordinary properties,
BESSY has been designing a seeded FEL based on the
high-gain harmonic-generation (HGHG) concept [1]. The
seeding with an external tunable laser ensures the repro-
ducibility of the full-coherent radiation. The combination
of so-called HGHG stages, used to down-convert the seed
wavelength, and a final amplifier provides for the high
power and superior spectral properties. Furthermore, the
HGHG concept and the fresh bunch technique planned for
the BESSY FEL mitigate the effects of parameter variation
aong the bunch which are expected from realistic assump-
tions of the Gun and LINAC structure. The design concept
of the BESSY soft X-ray FEL will be presented and the
stabilizing effect of HGHG stages and the benefits from
the fresh bunch technique and the final amplifier will be
discussed.

INTRODUCTION

The BESSY Soft X-Ray FEL is designed as a multi-user
facility consisting of three independent FEL lines based on
HGHG-concept. Each lineis seeded by atunablelaser cov-
ering the spectral range of 230 nm to 460 nm. The target
wavelength ranges from 51 nm to 1.24 nm with peak pow-
ersup to afew GWsand pulselengthslessthan 20 fs (rms).
The polarization of the fully coherent radiation will be vari-
able.

In the HGHG-FEL approach the light output is derived
from a coherent subharmonic seed field. Consequently
the optical properties of the HGHG-FEL output reflect the
characteristics of the high-quality seed. The benefit is a
pulse with selectable short duration, a high degree of sta-
bility and control of the central wavelength and bandwidth.
Cascades of two to four HGHG stages are planned to re-
duce the existing laser wavelength to the target range of
the BESSY-FEL. The planned “fresh bunch” technique[2]
preventsthefinal output from the el ectron beam heating ef-
fect of FEL interaction in the upstream stages, ensuring the
high output power and the spectral quality.

The optimization of an HGHG-line includes the proper
choice of the seeding radiation, the electron beam parame-
ters, the harmonic cascade, the undulator parameters and
the strength of the dispersive section. In the following

*Work funded by the Bundesministerium fur Bildung und Forschung
and the Land Berlin
T meseck @bessy.de
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the steps taken during the optimization process will be de-
scribed.

All calculations have been performed with the time-
dependent 3D simulation code GENESIS[3].

THE HIGH-GAIN-HARMONIC
GENERATION

Several HGHG stages are necessary to reduce the seed
laser wavelengths availabel today to the desired spectral
range. Each stage consists of an undulator - dispersion - un-
dulator structure. In thefirst undulator, the so called modu-
lator, theinteraction with aradiation field (e.g. provided by
an external laser) leadsto an energy modulation of the elec-
tron beam with the period of the seeding wavelength. The
following dispersive section converts this energy modula-
tion into a spatial modulation, or bunching, that includes
bunching on higher harmonics of the seeding frequency.
The fundamenta of the second undulator, the so called ra-
diator, is set in resonance with the chosen harmonic. The
prebunched beam then radiates at the harmonic wavelength
with high efficiency. The radiator output is used asthe seed
for the next stage. The last radiator is followed by the so
caled final amplifier. It is seeded at the desired wavelength
and the amplification processis brought to saturation.

In a cascaded HGHG scheme the necessary seeding
power for each stage is produced by adjusting the output
power of the previous stage. The output power of the ra-
diator is proportional to the square of the bunching factor,
b, of the entering electron beam [4]:

Pout ™~ bi
The bunching factor for the n** harmonic of the seed laser
isgiven by:

bn = (exp (in0;))

B 1 5 5 (df\? do
_exp( 5 n o, (d’y In nA’yd,y
oo [ Loz (2N (a2
=ew | 5| g A )

where 6 is the ponderomotive phase of the electron beam
inthe modulator, ) = nf isthe phaseintheradiator, Ay is
the maximum energy modulation generated in the modul a-
tor, o, isthe energy spread of the electron beam, % isthe
strength of the dispersive section and .J,, is the n** order
Bessel function.
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Large bunching factors can be achieved when the en-
ergy modulation impressed by the seed dominates the en-
ergy spread of the electron beam. Hence, for areasonable
performance of an HGHG stage the energy modulation in-
duced by the seed should fulfill the following inequality
[4]:

Ay > no,,. @
When the radiation size at the entrance of the modulator
and the transverse size of the electron beam are matched,
the energy modulation of the electron beam scales with
the seed power, ps..q, Seed wavelength, A, the modulator
length, L.,.q4, the electron beam energy, +, and the undula-
tor parameter, K, as[4]:

A’Y ~ 5 Lmod Dseed ) (2)
g As

The modulator length should not exceed twice its power
gain length in order to avoid an increase in energy spread
due to the spontaneous radiation. For given electron beam
energy and seed wavelength, and a fixed modulator length,
the energy modulation, A-y, can be controlled by the undu-
lator parameter, or the seeding power, p seeq, both of which
have their technical limits. The dispersive section hasto be
adjusted according to the energy modulation, reached in the
modulator, taking the effective dispersion in the modulator
and radiator into account. The total dispersive strength is
givenby [4, 5]:

%N_HQWLmod_’_(ﬂ) _47TLrad
d,-Y /\um’Y d7 dis.sec. /\UT’Y
where A, and \,,- are the modulator and radiator period
length, and L,..4 isthelength of the radiator.

Dueto theinteraction of the el ectron beam with the seed,
the effective energy spread of the electron beam entering
the radiator is given by

)

Anincreased energy spread causes an enhanced gain length
and therefore extends the necessary length of the radia-
tor. The “fresh bunch” technique is employed to limit the
growth of energy spread from stage to stage in a cascaded
HGHG FEL. In this approach the seeding pulse is signifi-
cantly shorter than the electron bunch. As aresult the har-
monic generation process, and with it the enlargement of
the energy spread applies only to a fraction of the bunch.
After passing the first HGHG-stage the resulting radiation
is shifted to a “fresh” part of the bunch which was not af-
fected by the seed. A theoretical treatment of the HGHG-
scheme can befoundin[4, 5].

Oneff = U%—F

SEEDING RADIATION AND ELECTRON
BEAM PROPERTIES

Contrary to acontinuous seed pulse as used for the DUV-
FEL [6, 7], in the case of a Gaussian-shaped pulse the
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electrons do not experience the seed pesk power during
the whole transition through the modulator. Since the in-
tegrated power experienced by electrons should be in the
same order of magnitude to induce the same amount of
bunching, the Gaussian-shaped seed pulse needs a higher
peak power. For example, the 30 MW continuous power
with awavelength of 800 nm used for the DUV-FEL where
the modulator has 10 periods, corresponds, according to
equation 2, to a seed power of 90 MW for a seed wave-
length of 266 nm, and the same number of modulator pe-
riods. A Gaussian-shaped seed with 266 nm wavelength
and 15 fs rms pulse duration would require a peak power
of 1.3 GW in a 10 periods modulator to induce the same
bunching. Since the modulator can be chosen longer for
the 266 nm seed radiation, using a proper modulator of
18 periods a peak power of 400 MW is sufficient. Note,
to suppress the noise degradation effects [8] a higher peak
power should be preferred.

The wavelength of the seed radiation within the range
provided by the laser is deduced from the desired final
wavelength and the harmonic cascade. Out of the several
combinations of harmonics that can be used to provide the
desired wavelength range in each particular HGHG-line,
the one requiring the minimal number of stages is chosen.
The accessi ble harmoni ¢ content in the bunching dropps of f
with rising harmonic numbers and photon energies, limit-
ing the usable harmonics to the first five. The fifth har-
monic is used in the early stages, where, due to the long
wavelength, enough power and thus bunching can be ob-
tained with acceptably short radiator lengths. Later stages
use the third harmonics. The harmonic combination can
change when the gaps are moved and the resonant wave-
lengths vary.

The planned tunable seed laser covers the spectral range
of 230 nm to 460 nm with a Gaussian profile, apeak power
of 500 MW and a pulse length of about 15 fs (rms), for
more details see [1].

The energy of the electron beam has to fulfill the reso-
nance condition, equation 5, for thewhole HGHG-linewith
the minimum possible gain length. The nominal values of
the electron beam parameters, extracted from start-to-end
simulations, are listed in Table 1. The electron beam at the
entrance of the HGHG-lines has a normalized transverse
emittance of 1.5 mm mrad, a relative energy spread less
then 0.02%, and an average current of about 2 kA at the
“flat top”. The duration of the flat top amountsto 730 fs.
For the presented calculation an electron bunch with trans-
verse Gaussian distributions is assumed.

OPTIMIZATION OF UNDULATOR
PARAMETERS

The resulting resonant wavelength of the FEL, A, de-
pends on the undulator period length, A 7, the K-value and
the electron beam energy ~ in units of the electron’s rest
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High- Medium-  Low-
Parameter energy energy  energy
€n [MmM mrad] 15 15 15
lpear [KA] 175 175 175
E[GeV] 1.63-2.3 23 1.02
A E/E [%] 0.01-0.014 0.01 0.02
At [fq] 730 730 730

Table 1: The nominal electron beam parameters at the en-
trance of the first modulator used in the simulation studies.
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Figure 1: Saturation length and power as functions of
the K-value for the final amplifier of the medium-energy
HGHG-FEL. The FEL performace deteriorates with de-
creasing K-value.
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Figure 2: The undulator period as function of K-value for
the final amplifier of the medium-energy HGHG-FEL. The
tunerangeis limited by the minimum acceptable and maxi-
mum achievable K-value. With an undulator period of 5 cm
the desired wavelength range can be covered by gap varia-
tion.
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Figure 3: The BESSY HGHG multi user FEL -facility will
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The maximum achievable K-valueis limited by the perma-
nent magnet undulator technology. The minimal gap is set
to 10.4 mm according to impedance considerations.

The minimum acceptable K-valueis set to 0.8 as thein-
teraction between the radiation field and the electron beam
suffers from too small K-values. Figure 1 shows the sat-
uration length and power as functions of the K-value for
the final amplifier of the medium-energy HGHG-FEL. The
deterioration of the FEL performance with decreasing K-
parameter is obvious.

The undulator period length is chosen such, that the de-
sired wavelength range can be completely covered within
the given range of K-parameter. Figure 2 shows the tune
range for the medium-energy HGHG-FEL as an example.
With an undulator period of 5 c¢m the desired wavelength
range can be covered. Once the period length, A, isfixed,
the resonant wavel ength can be atered by adjusting the gap
of the undulator.

LAYOUT OF THE HGHG UNDULATOR
SECTION

The BESSY HGHG multi user FEL-facility will con-
sist of three undulator-lines to cover the target photon en-
ergy rangefrom24 eV to 1 keV (51nm > XA > 1.2nm).
The “low-energy” HGHG-FEL operatesin two stages at a
beam energy of 1.02 GeV delivering photonsin a spectral
range of 24 eV to 120 eV. An energy of 2.30 GeV is cho-
sen for the “medium-energy” HGHG-FEL. A cascade of
three stages covers the energy range of 100 eV to 600 eV.
The “high-energy” HGHG-FEL operates at variable elec-
tron beam energies of 1.625 GeV to 2.30 GeV'. It deliv-
ersin four stages photon energy ranges from to 500 eV to
1000 eV'. Figure 3 shows a schematic view of the BESSY
HGHG multi user FEL-facility. A description of the elec-
tron source, linac and compressor scheme providing elec-
tron beamswith the required properties can befoundin [1].

Each of the three HGHG-lines consist of several stages
and afina amplifier. In order to optimize an HGHG-stage
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MODULATOR RADIATOR
Stage | Ay P L AU P L
[mm] # [m] | [mm] # [m]

1 122 18 2196 | 92 40  3.680

2 92 22 2024 | 70 86 6.020

3 70 30 2100 | 50 180 9.000

4 50 69 3450 | 285 225 6.413
Final 285 630 17.955

Table 3: Medium Energy HGHG-FEL

MODULATOR RADIATOR
Stage | Ay P L Au P L
[mm] # [m] | [mm] # [m]
1 122 18 2196 | 92 40 3.680
2 92 22 2024| 70 104 7.280
3 70 30 2100 | 50 231 11550
Fina 50. 393 19.650

Table 4: Low Energy HGHG-FEL

MODULATOR RADIATOR
Stage | Ay P L AU P L
[mm] # [m] | [mm] # [m]
1 80 20 1600 | 62 56 3472
2 62 26 1612 | 50 69 3.450
Fina 50 162 8.100

the lengths of the modulator und radiator as well as the
strength of the dispersion section has to be adjusted. The
modulator has to be long enough to imprint the neces-
sary energy modulation according to the equation 1. The
strength of the dispersion has to be adjusted according to
the energy modulation with respect to the total dispersion
given in equation 3. The radiator length has to be chosen
suitable to deliver the required power for the next stage.
Note, that the effective energy spread generated in the mod-
ulator determines the efficient of the radiator according to
eguation 4. The main parameter of the modulators and ra-
diators for each HGHG-line are listed in tables 2, 3 and 4.
Listed are undulator period length, A, number of periods,
P, and undulator length, L.

Magnetic delayers shift the electron bunch with respect
to the radiation field between the HGHG stages and ensure
that the radiation field interacts always with a undistrubed
part of the bunch in the modulator. Quadrupoles and phase
shifters are planned between the stages as well as between
the undulator segments of the radiators and the final ampli-
fier to focus and match the electron beam.
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Figure 4: Bunching on the fifth harmonic after thefirst dis-
persion section for the high energy HGHG

POWER AND SPECTRUM
OPTIMIZATION

For the optimization of the HGHG-FEL performance,
the adjustment of the bunching, by setting the modulator
length and the dispersion strength, is of major importance.
The laser seed interacts with electrons at the rear of the
bunch. Due to the dippage effect only a part of the inter-
acting electrons experience the full power of the Gaussian
shaped seed. Optimizing the modulator length and disper-
sive section to a somewhat reduced power level the output
of the following radiator can be maximised. In this case
the electrons at the center, which experience the full power
sufficiently long are somewhat overbunched.

Figure 4 shows the bunching after the first dispersion
section for the high energy HGHG. The overbunching
causes a power dip in the radiation pulse provided by the
first radiator, as shown in figure 5a. Figure 5b shows the
corresponding radiation spectrum. The overbunched elec-
trons fulfill synchrotron oscillations in the ponderomotive
bucket. The resulting modulation of the emitted radiation
frequency causes the side spikes (sidebands) [9].

The more electrons are overbunched the stronger is the
growth of the sidebands. This effect is repeated in the fol-
lowing stages, where the dlippage shifts the sidebands to
one side. In this way the number of sidebands in the spec-
trum adds up from stage to stage. The higher the harmonic
numbers in the cascade the stronger are the sidebands. For
example in the case of the medium-energy HGHG-FEL
the sidebands for A\, = 2.07 nm with harmonic numbers
5x5x5, figure7, aremuch stronger thanfor A, = 12.4nm
with harmonic numbers 3 x 3 x 3, seefigure6.

The side spikes can be avoided by optimizing the stages
for the seed peak power. In this case the output of the fol-
lowing radiator is reduced. The bunching is of more Gaus-
sian shape. The resulting radiation power and pulse length
are reduced compared to the overbunched case. An exam-
ple of such a spectrum purity optimized case is shown in
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Figure 5. Simulation results for the first radiator of the
high-energy HGHG-FEL a)the time resolved power distri-
bution (top) and b) the spectral power distribution (bottom).

figure 8, where the power and spectral distribution of a pu-
rity optimized and a power optimized case are displayed in
the same graph for comparison.

The detail s of the cascades for the boundary wavel engths
of each HGHG-line are summarised in [1].

PERFORMANCE CALCULATIONS

For the performance calculations the seeding radiation
properties and electron beam parameters are chosen ac-
cording to the considerations of the previous sections.

In order to obtain reliable results, the dlippage effects
in the undulators and the radiation diffraction in the fresh
bunch sections have to be taken into account. The first ef-
fect lengthens the pulse, whereas the second one reduces
the power density on axis which is relevant for the en-
ergy modulation in the following modulator. The time-
dependent mode of GENESIS [3] used for the simulation
allows an adequate treatment of this effects.

In spite of the short lengths of the modulators and ra-
diators, see Tables 2-4, the degradation of the unseeded
part of the bunch due to the emission of incoherent radi-
ation can not be neglected. The resulting increase of the
energy spread and decreasein the central energy from stage
to stage are shown in figure 9 for the high-energy case.

Therelativeincrease of the energy spread at the entrance
of the second modulator is only 0.2%, but it increases to
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Figure 6: Simulation results for the medium-energy
HGHG-FEL, A; = 12.4nm the time resolved power dis-
tribution (top) and the spectral power distribution (bottom)
are calculated.
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Figure 8. Simulation results for the low-energy HGHG-
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optimized case and a power-optimized case.

Table 5: The performance of the three HGHG-line for the
boundary wavelengths

LE-FEL ME-FEL HE-FEL
X | 1033 5100 | 1240 207 |248 124
[nem]
Power | 35 140 | 90 15 | 13 15
[GW]

4% at the fourth modulator. The loss in the central en-
ergy at the entrance of the fourth modulator is about 0.45%
which is larger than the bandwidth of about 0.2% of the
fourth radiator and the final amplifier. This means that the
following radiator and amplifier have to be readjusted to
meet the resonance condition for the lower central energy.
This loss of the electron beam quality causes a reduc-
tion in the maximum bunching and a deterioration of the
spectral properties of the radiation. Tracking the electrons
through all the previous undulators, this effect has been
taken into account. The performance of the three HGHG-
lines for the boundary wavelengths are summarised in the
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Figure 9: Degradation of the unseeded part of the bunch
for the high-energy HGHG-FEL, the relative changes in
energy spread (top) and the central energy (bottom) at the
entrace of modulators, M1 to M4, are shown.

Table 5.

S2E BUNCHS AND SELF-STABILIZING

Start-to-end simulations for the BESSY FEL show vari-
ation of the electron beam parameter aong the bunch
[10]. The possibility to adjust the undulator gaps and the
strengths of the dispersive sections independently, miti-
gates the effects of the parameter variations [11]. Each
stage can be optimized according to the particular parame-
ters of the interacting part.

Furthermore, the concept of the final amplifier allows to
use the asymmetry of the detuning curve to reduce the out-
put degradation due to the combination of the energy chirp
and the arrival-time jitter of the bunch [12]. The energy
chirp, induced for the bunch compression, combined with
the arrival-timejitter, due to gun and LINAC errors, causes
a mismatch between the central energy of the interacting
part of the bunch and the resonance energy. This leads to
a fluctuation of the FEL output power. Adjusting the fi-
nal amplifier to asomewhat reduced K-value, stabilizesthe
output power, as the average energy of the interacting elec-
trons is somewhat higher then the resonance energy.
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CONCLUSION

BESSY has been designing a seeded FEL based on a
cascaded high-gain harmonic-generation concept. Simula
tions with start-to-end bunchsincluding all relavant effects
show that the BESSY FEL meets the user requirements
with respect to pulse duration, tunability, spectral purity
and power. Furthermore, simulation studies including er-
rors in the gun and LINAC attest to the advantages of the
HGHG concept planned for the BESSY FEL.
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THE CHALLENGES OF SEEDED FELS

G. De Ninno, ELETTRA, Basovizza, Trieste

Abstract

Basic users’ expectations for the light produced by next
generation FELs are:

e much higher peak brilliance than conventional syn-
chrotron radiation and complete tunability in the VUV/X-
ray spectral range;

o full transverse and longitudinal coherence of the ra-
diation pulse;

e possibility of controlling pulse duration and spectral
bandwidth;

e high shot-to-shot reproducibility, i.e. low power fluc-
tuations, good pointing stability and reduced tempo-
ral jitter.

Seeded schemes appear nowadays as a way to satisfy all
the above mentioned requirements. However, this achieve-
ment relies on the solution of several open technological
and physical issues. In this paper we give a review of some
of these challenges and discuss the expected performance
of future seed-based FELs.
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THE USE OF HHG AT 4GLS

B.W.J. M°Neil, SUPA, Department of Physics, University of Strathclyde, Glasgow, UK
D. Dunning and N.R. Thompson, ASTeC, CCLRC Daresbury Laboratory, UK
B. Sheehy, Sheehy Scientific Consulting, New York, USA.

Abstract

4GLS is a facility proposed for the Daresbury Labora-
tory in the UK which will offer users asuite of high bright-
ness synchronised sources from THz frequencies into the
XUV [1]. In the current design, photon energies from 8-
100eV will be generated in a variable polarisation FEL
amplifier directly seeded by a High Harmonic Gain sys-
tem. The reasoning behind this choice will be discussed
and characterisation of the sources based on the present de-
sign presented.

INTRODUCTION

The Conceptual Design Report for the 4GLS project
to be based at UK’s Daresbury Laboratory has been pub-
lished [1]. A suite of synchronised coherent variably po-
larised radiation sources covering the spectrum from THz
freguencies to photons energies of ~ 100 eV will provide
the scientific community with a tool that will enable new
windows of scientific exploration to be opened and there-
after exploited. Initially, the mgjor themes of the 4GLS
science programme will liein time-resolved measurements
and nanoscience. Details of the science case driving the
need for 4AGL Swerefirst published in [2] and more recently
updated in [1].

A major component of 4GLSwill bethe XUV-FEL. The
current design for this component is for a seeded FEL am-
plifier that operates in the 8-100 eV photon energy range
to provide peak powers between approximately 1-10 GW
alowing very high field intensities of up to 1017 W/cm? to
be achieved. In order to tune over the spectral range both
the electron beam energy and the undulator magnetic field
are variable. Because the FEL acts as an amplifier the seed
sources aso need to be continuously tunable.

There are several potential benefits in operating an FEL
as an amplifier of an injected seed as opposed to allowing
the FEL to self-seed from inherent noise to generate Self
Amplified Spontaneous Emission. An important benefit is
the potential improvement in the temporal coherence of the
FEL output over that of SASE. This increases the spec-
tral brightness. Shot-to-shot reproducability and stability
are also improved. The amplified pulse width, being deter-
mined by that of the seed, may be significantly shorter than
that of the electron pulse, and indeed there is the potential
to amplify more exotic pulses for post-amplification ma-
nipulation. Finally, the length of FEL interaction required
to achieve saturation may be shortened, thereby reducing
space requirements and ultimately costs. All of these bene-
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fits require that the seed power be significantly greater than
the spontaneous power due to the inherent noise.

XUV-FEL OVERVIEW

The design of the 4GLS XUV-FEL has undergone sev-
erd iterations [3]..[6]. The XUV-FEL branch of the 4GLS
conceptua design is shown in schematic form in Fig. 1.
Typical operating parameters and specification for the con-
ceptual design are given in Table 1.

Table 1: XUV-FEL conceptual design parameters

General

FEL design High Gain Amplifier
Seeding mechanism HHG source
Photon output

Tuning Range ~ 8-100eV
Peak Power ~8-2GW
Repetition rate ~ 1kHz
Polarisation Variable elliptical
Min Pulse length FWHM < 50fs

Typical AfAt ~ 0.6

Max pulse energy 400 pd

Electron beam parameters

Energy 750 - 950 MeV
Bunch Charge 1nC

RMS bunch length 266 fs
Normalised emittance 2 7 mm mrad
RMS energy spread 0.1%

Undulator parameters

Undulator Type PPM & APPLE-II
No of Modules 8&5

Module lengths ~2m

Period 45 mm & 51 mm
Focusing FODO

Minimum magnetic gap ~ 10 mm

The work of [6] describes some detail of the undulator
and focusing lattice choices based upon studies using the
design formulae of Xie [7] and steady state 3-D simula-
tionsusing Genesis[8]. Undulator module lengths of ~2 m
were chosen with asimple FODO quadrupole focusing lat-
tice inserted between modules along with BPMs and phase
matching units. This solution requires a shorter total un-
dulator length to achieve saturation than the longer module
options considered in [5], which require a more complex
quadrupole doublet or triplet focusing system. However,

Seeded FELs
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Figure 1. Schematic layout of the XUV-FEL conceptual design.

when gaps between modules are included, the total over-
al length of modules plus gaps is slightly longer for the
shorter module option. The ability to monitor and optimise
the electron beam transverse position at regular intervalsto
ensure optimal radiation-electron beam coupling through-
out the FEL and the relative simplicity of the design en-
sured the shorter 2 m module length with FODO focusing
was chosen.

A schematic for the undulator/focusing lattice is shown
in Fig. 2. Also shown are the injected radiation seed fields
focused to the beginning of the first resonant undulator
module, for each of the cases. The undulator length is
therefore controlled so that saturation always occurs in the
final variable undulator module VU5. In this way, variable
polarised photons may be generated across the full opera-
tional range of the FEL and it acts as a fixed source ssimpli-
fying the optical transport system of the output to the final
user experimental areas.

It can be seen from Fig. 2 that planar undulator module
PU1 isonly required to ensure saturation at ~ 100 eV and
that its magnetic gap will be at the operational maximum
of ~ 28 mm. This module will not be required to oper-
ate at gaps very much smaller than this, and therefore the
vacuum vessel aperture containing both electron beam and
radiation seed can be relatively large at this point. Simi-
lar considerations show that module PU2 will operate with
minimum magnetic gap slightly smaller again, and so on
for the rest of the modules PU3..PU8. Use of a step-tapered
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vacuum vessel has therefore been proposed that gradually
decreases in aperture from module to module. The two ad-
vantages of this approach are that firstly resistive wall and
surface roughness wakefields are much reduced compared
to aconstant minimum aperture, and secondly, as discussed
later, the tapered internal aperture allows optimal focusing
of the seed pulse across the whole wavel ength range.

HIGH HARMONIC GENERATION
SOURCES

Peak pulse powers due to intrinsic noise at the beginning
of the FEL interaction for the XUV-FEL parameters of Ta-
ble 1 aretypically 30..50 W across the photon energy range
10..100 eV. Any seed source for the XUV-FEL must there-
fore generate significantly greater power than thisif itisto
dominate the evolution of the noise to saturation. In addi-
tion, these seed sources must be continuously tunable over
10-100 eV. Fortunately, High Harmonic Generation (HHG)
sources now exist that meet these seed requirements, or are
readily foreseeable within the very near future [1]. Indeed,
it can be expected that the rapid advances in this field will
be ableto easily surpass present 4GL S design requirements
for seed sources over the next few years, so thisisan area of
research that must be closely observed and the XUV-FEL
design modified accordingly. Here the method of HHG
generation is summarised and the properties of the HHG
seed fields described to enable simulation by the 3-D FEL
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Figure 2. Schematic of the modular undulator system and
focusing lattice of the XUV-FEL demonstrating the differ-
ent modes of operation across the photon energy range 10-
100 eV. Electron beam transport is right to left. Undulator
modules marked in grey have large magnetic gaps a,, ~ 0
and are effectively absent for the purposes of the FEL inter-
action. The minimum required undulator gap (and vacuum
vessel internal aperture) decrease in gradual steps from 28
mm (25 mm) for PU1 down to 10 mm (7 mm) for PU8
and the variable polarisation modules VU1-VUS. Radia-
tion beam waists of the seed and output are shown from
100 eV (violet)..10 eV (red).

code Genesis [8]. Further detail and references regarding
the HHG sources systems may be obtained from [1, 9].

The HHG sources are based upon samples of Noble
gases driven by a high-energy drive laser [10]. A typical
drive laser is a linearly polarised Ti:Sapphire system op-
erating at ~ 800 nm generating several to tens of mJ per
pulse of FWHM duration of afew tens of fs. For the 4GLS
conceptual design, 14 mJ pulses of width 30 fs FWHM are
assumed. The high fields generated by such lasers is the
key to harmonic generation. The process can be understood
semiclassically at the atomic level in terms of ionization
and recombination steps occurring within an optical cycle,
with the energy gained by the electron from the laser field
between these steps going into the harmonics[11, 12], and
the phase of the harmonics being related to the trajectories
inthefield between steps. By macroscopic phase matching,
single trajectory lengths for each harmonic can be selected,
and a coherent output, with well-defined phases between
the harmonics obtained.

The experimentally observed shape of the HHG yield
curve is of a rapid decline of the lower order harmon-
ics followed by a plateau-region, in which the harmonic
yield fals relatively slowly. An intensity dependent cut-
off harmonic isthen reached, beyond which theyield drops
quickly to zero [13]. This model is used to construct an
HHG field to simulate seed injection into the XUV-FEL in
the simulations of later sections - see Fig. 4.

Tuning of the HHG sources may be achieved by suitably
modifying the drive laser, for example by introducing a
chirp or more generally by adaptive pul se shaping. Contin-
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uous tuning between adjacent harmonics is possible above
about the 25th harmonic or a photon energy of ~ 40 eV
(31 nm). Below this photon energy it is proposed to in-
troduce an intermediate noncollinear phase-matched opti-
cal parametric amplifier (NOPA) between Ti:Sapphire laser
and the gas, which will give continuously tunable output
between 1200 nm to 1475 nm. For the 14 mJ specification
of the Ti:Sapphire laser this gives ~ 2 mJ output from the
NOPA. Although introducing this further efficiency loss,
the system will enable more than sufficient continuously
tunable power for XUV-FEL seeding for 8-40 eV opera-
tion.

Summarising, the powers available from HHG sources
exceed 4GLS requirements. In the XUV-FEL modelling
that follows, for 10 eV (100 eV) operation a Gaussian in-
put seed of pesk power P, = 100 kW (30 kW) in 30 fs
FWHM pulses are assumed. The repetition rate of ~ 1 kHz
iswell matched to the XUV-FEL seed requirements.

MODELLING SEEDING OF THE
XUV-FEL

Seed injection

For effective seeding, the seed pulse should be injected
coincident with the electron pulse at the start of the undula-
tor and focused to awaist, wg, of approximately the same
transverse dimensions as the electron pulse. (The waist
minimum wyg is defined as the radius at which the radiation
power is 1/e? of its peak value.) Focusing should not be
so tight that the seed diffracts rapidly within a gain length
at the start of the FEL interaction (i.e. when the Rayleigh

length Zr = mw¢/\ < L,.) Therelation for the radiation
waist size

where z; is the position of the focus along the axis of the
undulator lattice, restricts the minimum aperture size of the
vacuum vessel that will allow transmission of the seed to
its focus. As the focal size is determined by the electron
beam radius, which is nearly constant for al seed wave-
lengths, the vacuum vessel’s minimum transverse dimen-
sionsare determined by the longest wavel ength seed (10 eV
photons) which must be focused furthest from the FEL en-
trance as shown in Fig. 2. As the minimum operational
undulator gap decreases with undulator module PU1..PUS,
as discussed for Fig. 2, the vacuum vessel may be tapered
to accommodate the focusing of the 10 eV photon energy
seed. Thisis demonstrated in Fig. 3, where the seed field
is injected at the entrance of undulator module PU1 and
focused to the optimal waist (as shown in following simu-
lations) of wy = 200 um at the entrance of module VU1
approximately 21 m downstream. It is seen that the vac-
uum vessel inner wall dimension at z = 0 is 25 mm to
accommodate wall thickness and clearance for the 28 mm
undulator magnetic gap. The walls are at least two beam
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waists away from the peak power on axis at al positions up
to the start of the FEL interaction region at z =~ 21 m. Thus
the tapered vacuum vessel should provide sufficient clear-
ance for injection of this (worst case) 10 eV seed injection.

— Seed radius w(z)
— Vacuum vessel

e
//,\_

y (mm)

0 5 1I0 1I5 2I0 2I5 3I0 35
z (m)

Figure 3: Plot of the dimension of the inner vacuum ves-

sel wall (blue) which has been step-tapered to enable the

undulator module tuning ranges of Fig. 2. The waist size

w(z) (red) for a 10 eV seed is also shown, focused at the
entrancetoVUlat z = 21 m.

Seed with full harmonic content

The method of seed generation and specification across
the XUV-FEL spectra range is summarised in the previous
section and described in more detail in [1, 9]. The HHG
seed has interesting spectral and temporal properties, be-
ing composed of alarge number of narrow, phase-coherent
odd harmonics of a fundamental drive laser. This forms
a comb structure in frequency-space. Such a phase cor-
related comb in frequency space has a similar comb-like
structure in the temporal domain, resulting in a series of
atto-second pulse structures each separated by one half the
drive laser period. For adrive laser such asthe Ti:Sapphire
laser with wavelength of ~ 800 nm, the 65th harmonic
corresponds to the maximum XUV-FEL photon energy of
100eV. If the complete frequency content of a HHG pulse
were to be injected into the XUV-FEL it would be prefer-
able if only one of the harmonics, say the nth harmonic,
interact resonantly with the electrons. The HWHM gain
bandwidth AX/\ &~ p should then be less than the spac-
ing between harmonics. This gives the condition p < 1/n.
A typical value of p ~ 2 — 3 x 10~2 for 100 eV opera-
tionsothat p < 1/65 ~ 1.5 x 1072 is easily satisfied.
Thus, it should be possibleto inject all of the seed radiation,
including al non-resonant harmonics, into the XUV-FEL
without the need for band-pass pre-filtering of the seed,
as al non-resonant harmonics will simply become negli-
gible relative to the resonant harmonic as the FEL inter-
action proceeds through the undulator. For the purposes
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of investigating the effects a typical HHG radiation field
was generated for use with the 3-D code Genesis. The full
HHG spectral power is shown in Fig. 4. However, Gen-
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Figure 4: Simulated power spectrum from an HHG source.

esis is atime-averaged code with a minimum interval be-
tween sample points of the field of one radiation period so
the sampling rate is At, = f1, the inverse of the res-
onant frequency. The Nyquist frequency, fnv = 1/2At;
determines the bandwidth of frequencies that the field can
contain without the effects of aliasing. Hence the range of
frequenciesthat can be simulated by Genesis without alias-
ing effectsis f./2 < f, < 3f./2. Thusfrom Fig. 4 it is
seen that if simulating 100 eV photon energy generation
in the XUV-FEL, only the 50-100 €V components of the
HHG spectrum should contribute to the Genesis input file
using its ‘RADFILE’ option.

A Genesis simulation was performed for 100 eV opera-
tion with the limited spectral range HHG seed pulse as de-
scribed above. A uniform current of 1.5 kA was assumed.
Due to the relatively short dippage experienced at these
photon energies, this is very close to that experienced by
a short pulse coincident with the Gaussian peak current of
the XUV-FEL. All 13 undulator modules were assumed to
be the planar type modules PU1..8. The seed at the begin-
ning of the FEL interaction at z = 0, the entrance to PU1,
is plotted in Fig. 5. Both the atto-second structure in the
pulse power and the comb of odd-harmonic wavelengths
(inset) are clearly visible. The peak power of the resonant
100 eV (~ 12.3 nm) component is approximately 22 kW.

On propagating through the amplifier to z = 16.2 m,
Fig. 6 showsthat the fine atto-second structureis beginning
to be ‘washed out’ due to the selective amplification of the
resonant wavelength at 12.3 nm (inset). All non-resonant
harmonics of the seed appear unaffected by the resonant
FEL interaction. Thisisfurther confirmed by Fig. 7 which
shows the output at saturation at z = 32.4m, the end of
the interaction region. The radiation pulse shows none of
the atto-second structure of the input seed and the spec-
tral power density shows a single high power emission at
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Figure 6: Radiation power as a function of local distance,
S, a z = 16.2 m through the amplifier. The spectral power
content of this pulse is shown as a function of radiation
wavelength in the inset.

the resonant wavelength 12.3 nm. It is concluded that, at
least for these three-dimensional simulations, the injection
of the (Nyquist limited) harmonic content of the HHG seed
appears to have no adverse effects in the FEL evolution,
or in the saturated emission. The same conclusion may be
drawn for lower photon energy X UV-FEL operation where
the condition to enable neglect of non-resonant HHG con-
tent, p < 1/n, ismore easily satisfied. Thusin all subse-
guent simulations only the resonant harmonic of the HHG
seed content is used in the simulation input.

XUV-FEL 100eV simulations

A complete simulation of the design for the XUV-FEL
operating at 100 eV is now demonstrated, using the param-
etersasgivenin Table 1. Full details of all parameters may
be obtained in [1]. The system modelled is that of Fig. 2
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which, for 100 eV operation, uses the full set of planar and
variable undulator modules with the FODO lattice incorpo-
rated between modules. The variable APPLE-II undulator
modules VU1..5 are set to helical mode so that circularly
polarised radiation is generated. The radiation power is
plotted in a spatial window that travels along the undulator
axisat the speed of light. Fig. 8 plotsthe power distribution
of the seed pulse of peak power P,;, = 30 kW and duration
30 fs FWHM at the entrance to the first undulator section,
PU1. The seed is assumed to have only the resonant har-
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Figure 8: Input radiation seed power (red) to PU1 asafunc-
tion of local distance, s. The electron beam current profile
(blue) is aso shown against the same numerical scale.

monic component so that none of the atto-second structure
discussed aboveis present. Also plotted to scaleisthe elec-
tron beam current, here assumed Gaussian, of peak current
I, = 1.5 KA and duration 626 fs FWHM. At the exit of
the planar undulator modules, it can be seen from Fig. 9
that the peak radiation power has increased to =~ 70 MW
with little change in the pulse structure or width. This pulse
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Figure 9: The radiation power at the exit of PU8 as a func-
tion of local distance, s.

and the co-propagating electrons are then injected into the
set of APPLE-II undulators, VU1 to VUS. By the end of
this set of undulator modules, it is seen from Fig. 10 that
the FEL interaction has saturated, achieving a peak power
of Py, ~ 2.5 GW and of duration At ~ 60 fs FWHM.
Fourier analysis gives the bandwidth of the spectrum as

—llllIIIIIIIIIIIlIIIIIIIIIIIII]IIIIIIIIIII—

20x10° — Power~25GW _T
- ~ 60 fs FWHM 3

1.5%10° [— —]
=3 E 3
o — —
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50x10° [— —
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Figure 10: The radiation power at the exit of VU5 as a
function of local distance, s.

Av /v =~ 5.6 x 10~* which gives atime-bandwidth product
of AfAt ~ 0.8 which compares favourably with that for
a transform limited Gaussian pulse of AfAt ~ 0.44. A
log-plot of the same data clearly showsin Fig. 11 the rela-
tively clean central seeded region upon a noisier pedestal.
This pedestal is the amplified SASE radiation which re-
mains well below saturation because of the smaller initial
spontaneous noise radiation (typically afew tens of watts),
compared with the initial peak seed power of 30 kW. The
shape of the saturated pulse power envelope is not quite as
Gaussian as may be expected which suggests that the FEL
interaction may have progressed just past saturation. Tak-
ing the output power at the end of the previous undulator
module, VU4, and plottingitinasimilar log plotin Fig. 12,
a cleaner Gaussian shape can be seen, with a dlightly re-
duced peak power of P,; ~ 1.5 GW. The improved pulse
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Figure 11: A log-plot of the radiation power at the exit of
VU5 as afunction of local distance, s.

Power ~ 2 GW
~ 50 fs FWHM

0 100 200

s [um]

300

Figure 12: A Log-plot of the radiation power at the exit of
VU4 as afunction of local distance, s.

shape is confirmed from the pulse duration of A¢ ~ 43 fs
FWHM and spectral bandwidth of Av/v ~ 6 x 10~* giv-
ing an improved time-bandwidth product of A fAt ~ 0.63.
An improved contrast between the peak power and that of
the SASE pedestal is also evident.

XUV-FEL 10eV simulations

Similar simulations to those at 100 eV were carried out
for the case of 10 eV operation of the XUV-FEL. Now
only the APPLE-Il undulator modules VU1 to VU5 are
required to achieve saturation as shown schematically in
Fig. 2. Theinput seed power is Gaussian with a peak power
P, = 100 kW and duration 30 fs FWHM. The electron
pulse current will have the same Gaussian distribution as
that for the 100 eV case of Fig. 8.

Radiation power output at the end of undulator module
VU5 is shown in Fig. 13 using a log scale. Pulse qual-
ity is very good with a peak power of ~ 6 GW and pulse
time-bandwidth product very close to that of atransform-
limited Gaussian (AtAf =~ 0.44). If the radiation isin-
stead extracted at the end of undulator VU4, the radia-
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Figure 13: Log-plot of the radiation power for 10 eV oper-

ation at the end of undulator module VU5, as a function of
local distance, s.

tion power output is shown in Fig. 14. A better contrast

10° BA

10° Power ~ 1 GW
~ 40 fs FWHM
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[«
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10°
10°
0 100 200 300 400
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Figure 14: Log-plot of the radiation power for 10 eV oper-
ation at the end of undulator module VU4, as a function of
local distance, s.

between the peak power of P, ~ 1 GW and the SASE
pedestal power is seen from the case of Fig. 13, indicating
that the FEL had already saturated before the end of VU5.
The time-bandwidth product is approximately the same at
AtAf =~ 0.48.

Time dependent Genesis 1.3 simulations have also been
used to assess the sensitivity of the XUV-FEL output power
to the seeding geometry. It is assumed that the most dif-
ficult photon energy to achieve optimum geometry will be
10 eV because of therelatively long distance of ~ 21 m be-
tween the seed injection point (before PU1) and thefirst op-
erationa undulator (VU1). The peak seed power of 100 kW
was focused to a waist at the beginning of VU1, Fig. 15
showsthe effect of varying the size of the focal point waist.
An optimum waist of = 200 m yields a peak output power
of P, ~ 7.5 GW. The corresponding Rayleigh length for
this focusis ~ 1.0 m. The Xie formulae [7] estimate the
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Figure 15: Radiation peak power for 10 €V operation at the
end of undulator module VU5, as a function of seed beam
waist at the entranceto VUL1.

gain length at 10 eV for these parameters to be ~ 0.5 m.
The optimum Rayleigh length for a seed focused at the un-
dulator entrance is therefore found to be Zg o, ~ 2L,.
For this optimum focusing the seed beam waist at the in-
jection paint, z = 0 (beginning of PUL), is4.1 mm. If it
is assumed that a full aperture at the injection point of six
times the beam radius is required to minimise diffraction
effects, then a vacuum vessel aperture of ~ 25 mm (mag-
netic gap minus 3mm) is sufficient. Thisis achieved with
the step-tapered vacuum vessel design, as discussed above.

The above results show that the output power at the end
of VU5 reduces as the seed waist size at the entrance to
VU1 increases. (Consequently the seed radius at the in-
jection point also decreases.) The reduced coupling be-
tween radiation and electrons with increasing radiation
waist means that saturation is not achieved in the fixed un-
dulator length. Nevertheless, it may be beneficia to use a
larger seed waist size than the optimum value of 200 um
and compensate for the increased saturation length by fo-
cusing the seed into the previous module PU8 for example.
(This will have no effect on the saturation power which is
independent of seed.) A larger waist size will reduce out-
put power fluctuation due to seed source pointing stabil-
ity. While thiswill be investigated further in future design
work, the current conclusion shows that the optimum seed
focusing geometry may be obtained with the use of the pro-
posed step-tapered vacuum vessel.

Variable polarisation

As has been noted above, the HHG seed sources are lin-
early polarised. However, this should not present problems
in generating variable polarisation. When the HHG seed
is injected into a planar undulator it causes the electrons
to bunch in the axia (z) direction. The polarisation of
the radiation emitted is determined by the electron trajec-
tory. Hence, if the electron bunching isinitiated in a planar
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undulator and subsequently transfered into an ellipticaly
polarised undulator, the electrons will emit elliptically po-
larised radiation and progress via the FEL interaction to
saturation. If the linearly polarised HHG seed is injected
with the electrons directly into an dliptically polarised un-
dulator then coupling between seed and electrons will oc-
cur in the plane of the radiation electric field and will begin
to bunch the electrons. The bunching electrons will then
emit with the elliptical polarisation determined by the un-
dulator. Optimal coupling will occur when the major axis
of the dliptically polarised undulator is co-incident with
that of the electric field polarisation of the seed.

Timing

Detailed discussion of synchronisation and timing jit-
ter effects between the seed and electron pulse at the en-
trance to the XUV-FEL are summarised here and presented
in more detail in [1, 14]. A relation between atiming off-
set At and the peak electron current has been used with
the Xie formulae [7] to estimate the effects of timing off-
set upon the saturation length and saturation power of the
XUV-FEL operating at 100 eV. From these estimatesa50fs
offset increases the saturation length by ~ 1.3%, and de-
creases the saturation power by ~ 4%. A 100 fs offset
increases the saturation length by ~ 5%, and decreases the
saturation power by ~ 13%. Genesis simulations have also
been used to investigate the effect of timing offset and are
in very good agreement. While timing jitters of ~ 100 fs
should be readily achievable, it is projected that this figure
may be reduced to the low tens of femto-second level. It
may be possible to offset the effect of the increase in satu-
ration length by alowing the amplifier sufficient length to
oversaturate. In this way the saturated power will nearly
always be attained. Thisareaisthe subject of future design
and research effort.

CONCLUSIONS

The main use of HHG in 4GLSisto act as a seed source
for the XUV-FEL. These sources have enabled a robust
conceptual design for the XUV-FEL to be developed. Es-
tablished theory and simulation codes predict this FEL will
generate photons of giga-watt power levels in pulses of
duration 40-60 fs FWHM. The design specification pre-
sented here is optimised for 10-100 €V operation but it
has been demonstrated [1] that extension to a revised pho-
ton energy range of 8-100 eV requires only small param-
eter changes. The quality and tunability of the HHG seed
ensures the FEL remains continuously tunable generating
pulses that will have very good temporal and spatial co-
herence with time-bandwidth products close to the Fourier
transform limit for a Gaussian pulse. The XUV-FEL inter-
action hereis acting as a simple, bandwidth limited ampli-
fier - so long as the radiation input seed pulses have suf-
ficient spectral purity, the output radiation is very nearly a
simple amplified version of the input.
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HHG sources have aso been included in the 4GLS con-
ceptual design as user sources in their own right. This
has not been discussed, but is of significant importance to
the overall concept of 4GLS as a facility providing multi-
colour synchronised sources to the user.

It has been demonstrated that the multi-harmonic content
of the HHG seed need not befiltered before injection asthe
gain-bandwidth of the FEL interaction ensuresthat only the
resonant harmonic affects the FEL output.

The most critical aspect to ensuring the success of the
XUV-FEL designisin the spatio-tempora synchronisation
between electron pulses and HHG seed at the beginning of
the FEL interaction region. Whileinitial study suggeststhis
isfeasible, this and other aspects will now be the subject of
greater scrutiny as the 4GLS project enters the technical
design phase.
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FOCAL POINT LASER-FIELD AS OPTICAL SEEDER
Tsumoru Shintake, RIKEN/SPring-8, 679-5148 Japan.

Abstract

Focusing laser beam in wavelength size, passing
electron beam at focal point in normal direction to the
laser axis, we may apply periodic velocity modulation on
the electron beam at optical wavelength. With energy
chirp, the electron bunch is longitudinally compressed in
the magnetic chicane. With appropriate depth of optical
modulation and energy chirp, we may obtain micro-
bunching at compressed wavelength after the chicane. If
the slice energy spread of incoming electron beam is very
low, we may compress the optical modulation down to X-
ray wavelength, in principle. For example, using 2™
harmonic YAG-laser at 532 nm (green), the resulting
optical modulation becomes 266 nm, then compressing
bunch length by 1/60 and 1/30 in two stage bunch
compressors, we may obtain 1 A. The energy chirp will
be compensated due to single bunch wake field in the
linear accelerator. Sending the beam into undulator line,
the density modulation will provide seeding, which will
be strongly amplified and create single longitudinal mode
with full coherence. If we use femto-second laser, such as
TiSa in the optical modulator, we can obtain atto-second
pulse of X-ray after the compression.

MOTIVATION

SASE-FEL: Self-amplified Spontaneous Emission Free
Electron Laser, as it was named the spontaneous radiation
(noise power) is amplified along with long undulator line,
and reaches to saturation level. Since its power level is
extremely higher than conventional X-ray sources, even
higher than 3™ generation light sources, many new

scientific applications are expected. Also the short pulse
feature in femto-sec range is expected to be an important
feature for analysing fast chemical and physical properties
of condensed matter.

However, since SASE-FEL process starts from the
spontaneous radiation at upstream undulator, the resulting
saturated radiation power varies by shot-to-shot. And
most importantly, there are many longitudinal modes,
same as ruby laser does, temporal profile has many spikes,
thus longitudinal coherence is quite limited.

If we seed a coherent signal from upstream undulator,
whose power level has to be higher than spontaneous
radiation, only the seeding signal will be amplified and
saturated, thus it becomes (1) fully coherent, (2)
temporally single-mode, and (3) stable energy in pulse-to-
pulse. These features are favourable to all kind of
scientific applications. Therefore, various proposals have
been made on seeding schemes, including HGHG, HHG
and wavelength shift [1, 2, 3]. They are promising
approach to generate coherent radiation at VUV and also
X-ray region. All of them use non-linear higher harmonic
generation in high gain FEL, which requests high density
electron beam.

In this paper, the author will propose a new approach:
seeding density modulation at optical wavelength using
conventional laser, and compress the bunch length
together with wavelength of optical modulation down to
X-ray wavelength. It does not rely on higher harmonic
generation. Operational principle is simple. But there are
many technical difficulties. However, the author believes
that with extensive R&D efforts, in near future using this
scheme we will be able to reach the X-
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after compressing bunch by factor of
- 1000 times. What we do is writing wave
or coding signal on the electron beam,

| and transfer to the X-ray world.

BASIC CONFIGURATION

Figure 1 shows the basic configuration
of this seeding scheme. We apply energy
chirp on the incoming electron bunch,
: and add energy modulation at optical
| wavelength in the laser modulator, then
\ compress the bunch length in the
magnetic chicane. At the same time the
velocity modulation is converted into
density modulation at compressed short

avelength. The compression factors for
he bunch length and the modulation
wavelength are exactly same. After
accelerating the beam up to higher energy,
and sending into undulator, the bunch
will radiate coherent signal. If the

Full Coherent
! X-ray
|
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wavelength of undulator radiation meets with the density
modulation on the bunch, the undulator will radiate
coherent radiation at super radiant mode.

In case of SASE-FEL of X-ray wavelength, we need
1/1000 times compression. Any kind of non-linear effect
in magnetic chicane or wake-field will smear the optical
modulation. However, if the residual density modulation
exceeds the Schottky noise level, which is usually a few
kW level only, the density modulation will provide
coherent seeding signal to the SAS-FEL.

Similar approach was discussed independently by T.
Shaftan and experimentally demonstrated using DUV
FEL at BNL [3], where the tuning range that can be
achieved is full range through a 10% tuning around each
harmonic and switching between different harmonics.

APPLYING LASER MODULATION ON
THE CATHODE

We may apply laser field directly on the cathode and
create modulation on electron beam. If the electric field
intensity of the laser field is strong enough, the
accelerating field initially applied on the electron gun will
be controlled, thus the current flow can be switch ON-
OFF at the speed of the optical frequency. However, the
thermal motion of electron erases the modulation at

optical wavelength during acceleration as discussed below.

Fig. 2 shows electron trajectory in a constant
accelerating field of E. The kinetic energy increases along
its trajectory as

W(z)=eE -z+W, )

Where Wy, is the initial kinetic energy on the cathode,
which is given by the thermal energy,

<l mev22> = lkT ()

2 2

Solving eq. (1) under initial condition of eq. (2), we can
compute thermal effect on the trajectory. Here we
graphically estimate the thermal effect, refer Fig. 2. An
electron starts from the cathode with zero initial energy,

which follows curved line A, and reaches to the final
position z; at time ¢, where the velocity is very close

MOCAU04

As an example, we assume accelerating field of 10 MV/m,
and thermionic cathode operating at 1800 K, thermal
energy in z-direction is 74 meV, and we find:

t, = 61 femto-sec.

z, =7.4 nm (5)
ct, =19 ym
Az=19 um

Az is much longer than the optical wavelength, thus the
modulation will be totally smeared out.

In case of RF-gun, the cathode temperature is room
temperature, and cathode field is much higher, thus
thermal diffusion becomes smaller. Assuming a very high
acceleration field such as 100 MV/m, the diffusion
distance becomesAz = 1.1 gm . They are summarized in

Table 1. If we use CO, laser at 10 um wavelength, the
modulation will remain. Tuneable infrared radiation from
OPO (Optical Parametric Oscillator) will also be a
candidate.

Table 1: Thermal diffusion effect for electrons starting
from the cathode

Physical Parameter Thermionic | Photo-cathode
Gun rf-gun

Field Gradient: E 10 MV/m) 100 (MV/m)
Temperature: T 1800 (K) 300 (K)
Thermal energy: Wy, 74 (meV) 12 (meV)
Equivalent point:¢ 61 fs 3.8fs
Zi 7.4 nm 0.12 nm

ch 19 um 1.1 um

Diffusion length: Az 19 um 1.1 um

In case of the photo-cathode rf-gun, the laser beam is
introduced on the cathode from normal direction, and the
electric field of the laser is oriented paralleled to the
cathode surface, which takes minimum on the cathode

to the speed of light. If the electron starts from the B2 |
cathode with finite initial velocity, it follows tf— >
trajectory B, at time ¢ it runs more Az, which smears E - /T §
out the modulation. This effect can be graphically ® o =
estimated as follows. In the trajectory A, near the e " ot o
cathode, electron reaches to the point (#;, z;) where  point where energy 0@“" ‘(,‘\“\
the kinetic energy becomes equal to the initial is equal to Wth 1¢* ‘ \z‘\e‘g
energy of trajectory B: (t1, 1) \ A _@-\‘i\*"‘
; m002 2w, w. 3 Y
C 1 = —_— Zl =—, -~ /,.'"
eE. \\ myc®’ E. t=0— ®
Trajectory B is exactly same as A if we shift the ' 0 7f
z:

point (#, z;) to origin (0, 0). Assuming the final
energy is relativistic, the distance Az is given by

Az=ct, -z, (4)

Fig. 2 The electron trajectory in the constant acceleration field.
Starting from the cathode (z = 0), reaches to final position z; at

the time of #. With initial energy, the electron runs more: Az,
which smears out the modulation.
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because the cathode is electric conductor, thus
the laser field does not directly modulate
velocity of emitting electron. However, in case
of pulsed laser, if it is not seeded with coherent
beam there are multi-modes in longitudinal
direction, resulting in temporal variation. If the
period of this variation is longer than AZ, the
produced electron bunch from the rf-gun will
contain density modulation. This will be a
possible source of CSR instability in the
magnetic chicane. Tiny density fluctuation on
electron beam is amplified due to negative slope
of energy (energy loss at bunch head, opposite
to the wake-fields), which is amplified through
dispersion in the bunch compressor, results in
higher CSR radiation and positively feedbacks
to the energy modulation on the electron bunch,
cause CSR instability.
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Electron Beam
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Fig. 3 Laser modulation, using focal point field in the standing wave
of the laser beam. To make interaction area wider, the cylindrical
lens is employed rather than spherical lens. Polarization is chosen as

to make the electric field being oriented to the electron path.

THRESHOLD ENERGY

Reason why such a small thermal energy causes
diffusion on accelerating electron in high gradient is that
the electron remains near the cathode when the speed is
not high enough. It can be shown by the following
equations.

/ZeE
V= =.z (6)
m,

dtzldzoci-dz (7)
vz

Near the cathode, z is small, thus it takes long time to
travel. Once the electron departs from the cathode and
increases speed, the travelling time for unit distance
becomes shorter, and it becomes independent from initial
thermal energy.

The diffusion distance during acceleration between
point-1 and point-2 is given by

Az :%[L_Lj
th ’
Y \B B

Y =eE._ | myc’ (8)
Ay, =kT /2myc’

For example, to accelerate beam up to 8 GeV (% = 1) on
20 MV/m field gradient ( 7/ = 39.1/m), assuming

thermionic gun (74 meV, Ay, = 1.4 x 107), to make the

diffusion distance being lower than quarter wavelength of
4™ harmonic of YAG: AZ<60 nm, we fined
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i—1>16.7 )

1
Thus, £ > 0.056, or the beam energy has to be higher
than 810 eV. If we apply the laser modulation at this
energy or at higher energy, the modulation will be kept up
to relativistic energy.

At high energy, eq. (8) becomes

2
:Ayth. 1 1_(ﬁj
0

th 7/ 2 %2

For example, if we compress the bunch into 1 A at 1 GeV
and accelerate to 10 GeV with 30 MV/m accelerating
gradient, the diffusion due to thermal energy becomes AZ
= 0.3 femto-meter, this is much smaller than 1 A, thus the
modulation will be kept.

The betatron oscillation of each electron inside the
bunch causes path difference and smearing effect.
Average path difference can be estimated by

2e L
(11),

(10)

Az, =250 =
B 2

7y (B)

Assuming, £, =1x10"° zmm-mrad , L = 300m, = 30

m, the path difference becomes 2 A. Therefore, simple
betatron oscillation contributes to erase micro bunching.
But inside the bunch, near the core, betatron oscillation
amplitude is lower, thus the modulation pattern will
remain. This is ideal case, there is only accelerating static
field, and no magnetic component which will create
dispersion and cause path length difference inside the
bunch and will smear the modulation patter. Further
careful study is required.
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LASER MODULATION

When an electron beam passes through a laser beam in
free space, usually there is no energy transfer with
relativistic electron beam. This is because the laser field is
transverse electro-magnetic field, and no longitudinal
electric field exists. “The laser acceleration” technology
uses dispersive media, such as gas or plasma, to obtain
longitudinal electric field propagating with speed of
electron.

When we pass an electron in an undulator, the electron
transversely oscillates. We inject laser beam from behind
of the electron, where longitudinal drift velocity of
electron is slower than speed of light even in relativistic
case due to transverse velocity component, and the
electron delays from laser beam. With optimum tuning
condition, for each one period of undulation, the electron
delays one wavelength on laser field, thus recover phase
and continue to exchange energy through v - E coupling.

Laser Standing Wave

®

electron beam

g deflected due to
magnetic field
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This type of laser modulator is so called “inverse FEL”,
and experimentally demonstrated elsewhere. However the
system becomes complicated.

Here we introduce new scheme, which uses transverse
electric field at focal point as illustrated in Fig. 3. This
scheme uses same configuration as the spot size monitor
tested at FFTB SLAC [4], but in this case we utilize the
electric field. Since two leaser beam overlap at the focal
point, the standing wave is created. By choosing
polarization of the laser beam as the electric field being
oriented to the electron beam path at the focal point, the
electron beam receives energy modulation through v_- E_

coupling at each electric field maximum points with 1/2
apart as Fig.4 left. In between them, there are magnetic
field maximum points, where electron receives transverse
kick from the magnetic field as shown in Fig. 4 right. This
transverse coupling provides Compton scattering of laser

photon, which causes increase of energy spread.
If the spot depth is much larger than laser wavelength,
v.-E_ oscillates along its trajectory and

integration becomes zero, thus the electron does
not receive energy gain. If we focus the laser
beam into very small spot, the integral becomes
non zero.

Here we assume Gaussian laser beam, and
focus into a long elliptical spot using cylindrical
lens as shown in Fig. 3. Here we define the

at E-max phase.

at B-max phase.

Fig. 4 Overlapping two laser beams create standing wave. At the

electric field maximum location, electron receives

modulation. In between these maximums, the magnetic field
deflects beam, which deteriorate beam emittance, also cause
Compton scattering with laser photon and generate gamma-ray,

which contributes to energy spread.

Laser field

Velocity modulation
Micro-bunching
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coupling coefficient as follows.

IEZ(z,tzz/c)-dz
T ==
[E.(zt=0)-dz

—(ko, ) 14

=€

(12)

Function 7 is plotted in Fig. 6. To obtain
substantial coupling, we need to focus the laser
spot very small close to the laser wavelength.
From Fig. 6 we find that in order to obtain
coupling of 0.1 or higher we have to focus the

spot size 0, < 0.54.

Can we focus the laser into such a small spot?
The answer is yes. The CD player uses photo-
pickup, where a short focal lens is used to focus
laser beam into small spot in wavelength
dimension to fit with the micron-size pits, and
read out the reflection from those. The relation
between the lens aperture, focal length and
minimum spot size is given by

velocity

° 7o

NA=n-sin@ (13),
_f 1

"D 2NA

Fig. 5 Standing wave laser beam adopts velocity modulation and

generate density modulation pattern at double frequency.
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Where NA is called “Numerical Aperture” and higher N4
provides smaller spot size, but it technically limited less
than 1. One of the most advanced lens system is
employed in the lithography system in Si-process, for
example, NA of 0.85 has been realized in 157 nm F,-laser
lithography and 70-nm line width has been achieved[5].
From eq. (13), in order to obtain o <0.54, we need

0=2/7=0.64, and N4 = 0.59. There are commercially
available products of cylindrical lenses having NA value
0.5 or even higher.

Using pulsed laser of 2™ harmonic of YAG-laser at 532
nm, assuming 1 mJ pulse and 10 nsec duration, this is
small class laser oscillator in commercial production line,
we may obtain 170 MV/m of peak electric field at the
focal point, and 16 eV of modulation energy. This is quite
enough for our purpose.

Table-2: Example laser system and modulation energy.

'Y AG-Laser 2nd

wavelength A 532 mnm
Output power 100 kW, 10 nsec, 1 mJ
Focusing Cylindrical lens
IFocusing length f 5 mm
Numerical aperture NA 0.6
Matched laser beam size | o~ 0.5D 3 mm
Focused spot size O 266 nm
Transverse width Oqo 3 mm
Field intensity E, 170 MV/m|
Modulation period Amod 266 nm
Coupling Constant T 0.1
Modulation Energy 16 eV

REQUIRED ENERGY CHIRP AND
OPTIMUM MODULATION

In the magnetic chicane, the bunch length is
compressed according to its initial energy chirp: bunch
head is lower energy and higher at tail, so that head part
delays and tail catches up, results in compressing bunch
length. If the optical modulation system is located
upstream of the bunch compressor, the energy modulation
will overlap with the linear energy chirp. After bunching,

Laser beam

D

Cyrindrical lens

. 20

f Focusing
length
Focused beam size
20z

Fig. 7 High-NA focusing optics.
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Coupling Coefficient of Gaussian Beam
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Fig. 6. Coupling coefficient as a function of the
laser beam spot size.

the energy modulation will be converted into density
modulation with shorter wavelength. If the energy
modulation is too strong, the micro bunching will be over
compressed and modulation contrast becomes lower. Thus
there is certain relation between linear energy chirp and
micro energy modulation. As shown in Fig. 8 left, there
are three energy components: the initial energy chirp,
optical modulation and energy spread:

E=E, =V, o kpez=V, ,sin2wz/ A ) +0,, (13)

Where V,

| ai» Kgp is the RF cavity voltage to produce

energy chirp (off crest component), V., is the optical

modulation voltage, A

mod 18 modulation wavelength

before compression and O, is the energy spread. In the

chicane, the bunch length is compressed according

to z, =z,+R,0 . Optimum bunching condition is

illustrated in Fig. 8 right, where the longitudinal spread of
bunched beam becomes minimum, which is given by the
following condition. Note the no space charge effect is
considered in this discussion.

‘ f—ﬂ,,-z ] I“ R
/x[° ' 1“"“* IR I NCISIAT
v . .
&= E’:’ - é‘d-f +€ r t Se
i z G E
Feadiny Loser -4 f
HadShtom A N
~\ \ ;‘_I "
SR S W L. S W"
Eveyy _;“"/s\\\ i el
Spr . i E.
pres - t /\
NN - - T
NN

Fig. 8. Phase diagram of electron bunch before and after
the compression.
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oz
% 2, (14)
99, _,
Vire 4 -1
e 2 kg = Ry (15)
E, E,
The bunch compression factor is
Vire
m=0,/0,=1-—"ky. Ry (16)
0
At high compression ratio, i.e., we can approximate
V -1
LRE _ (kRFR56) (17)
0
For the optical modulation the optimum condition is,
V. -1
—E"d =m-(kpoaRss) - (18)

0

For example, if we compress bunch length by 1000 times
at 3 GeV, m = 0.001, with Rss = 40 mm, and A,,q = 266
nm, the required modulation becomes V, , =1x107E,,

that is optical velocity modulation becomes 3 eV. This
value will be easily provided by the laser modulation as
shown in Table 2.

If the energy spread is large, the modulation pattern
will be smeared out. The energy spread has to be smaller
than modulation energy. If the electron energy spread is
still as low as the thermal energy: 74 meV, the modulation
will be kept through the bunch compression process. The
wavelength of the micro-bunching after the compressor

becomes A=m- A

mod - 1T We use 532 nm wavelength, the

modulation period becomes 266 nm, then, after the
compression with m = 0.001, the modulation wavelength
becomes 0.27 nm.

Seeded FELs
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If we use femot-second laser, such as TiSa to optical
modulator, we will be able to obtain atto-second pulse of
X-ray after the compression.

CONCLUSIONS

New optical modulation scheme has been proposed in
this paper. If we apply velocity modulation at optical
wavelength, and compress it with bunch length, we will
have density modulation at X-ray wavelength range. At
least in an ideal case, mathematics shows possible
parameter set. If we assume 1000 times compression ratio,
we will have direct seeding source at X-ray wavelength.

Further studies will be required on non-linear field in
bunch compressor, non uniform velocity distribution in
bunch, energy spread due to radiation excitation, etc.

In year of 2007, we will install a laser modulator in our
test accelerator to demonstrate velocity modulation, and
compress the wavelength by ten times in bunch
compression to seed FEL at 50 nm range.
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Abstract

We have studied the amplification of high harmonics
generated by a short infrared pulse in agasjet, injected in
a free electron laser amplifier. The high-order harmonic
spectra have been simulated using a 3D non-adiabatic
model that includes both the single atom response and the
effect of the propagation of the XUV field inside the gas
jet. The response of a single atom to the IR field is
caculated in the framework of the Strong Field
Approximation (SFA); The nonlinear polarization
associated to this process is evaluated as the acceleration
of the nonlinear dipole moment. This term is used as
source term in the propagation of the harmonic field
inside the gas jet. The propagation effect are extremely
relevant for the temporal structure of the XUV field asthe
coherent interference of the dipole emission of the
different atoms leads to the selection of only one XUV
pulse for each semi-cycle of the driving IR field. The
amplification in the free electron laser has been simulated
with GENESIS 1.3. The effects of filtering the seed
spectrum have been analyzed and the coherence
properties of the light are considered.

INTRODUCTION

The FEL amplification in the SASE regime [1] leads to
alongitudinal pulse shape and amplitude governed by the
stochastic properties of the electron beam shot noise. The
result is a reduced longitudinal coherence and intrinsic
pulse to pulse energy fluctuations [2]. A single pass FEL,
seeded with an external source, shows a number of
advantages with respect to SASE, as the control over the
pulse shape better coherence properties which are
determined by the seed [3,4]. Intense seed sources are
available in the visible and UV region of the spectrum
based on reliable solid state laser technology. The FEL
operating range may be extended to shorter wavelengths
with cascaded schemes, i.e. taking advantage of the
harmonic generation process in the FEL dynamicg[5]. On
the other hand high harmonic multiplication factors in a
multi-stage cascade FEL are limited by the energy spread
induced in each stage by the FEL process and these
configurations are affected by stability issues associated
to the fluctuation of one or more of the large number of
parameters defining the configuration [6,7]. An
alternative to a multi-stage cascade with a high harmonic
multiplication factor is that of seeding the FEL amplifier
directly at short wavelengths with the high order
harmonics of an intense Ti:Sa laser pulse generated in a
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Gas Jet [8]. Such a possibility is considered in the
scheme of several proposed facilities [9,10,11] and
experiments are planned in the next future [12,13]. The
high frequency field produced in the interaction with the
gas jet has some very peculiar features. The pulse has a
spiky structure, with attosecond pulses separated by half
of the drive laser wavelength [14]. The spectrum contains
the odd harmonics of the Ti:Sa drive laser and extends to
short wavelengths with a cut-off depending on the nature
of the gas used. The energy per pulse drops rapidly at the
shortest wavelengths, where the combination of this seed
source with an FEL amplifier would be more appealing.
We are the interested in understanding what is the
minimum energy required by an FEL amplifier in order to
overcome the electron beam shot noise and amplify the
harmonic pulse. A threshold intensity was obtained in the
case of a seed congtituted by a uniform plane wave [15],
but it is not clear whether that threshold remains valid
when the pulse has the time/spectral structure of the
harmonics produced in gas and whether filtering the input
seed is required despite of the fact that the FEL has a
limited bandwidth proportional to the FEL parameter p
[1,2]. Start to end simulations of the electron beam
dynamics in a single pass FEL have been widely used to
understand the dynamics of the coupled system of
electrons and fields undergoing the FEL process. In order
to answer the previous questions we have implemented a
start-to-end simulation from the radiation point of view,
starting with the process of harmonic generation in the
gas jet and injecting the field distribution in a widespread
and reliable FEL simulation code as GENESIS 1.3 [16].
The paper is organized as follows: in the next section we
study the generation of the high harmonicsfield in the gas
jet. In the last section we select the field at the target
wavelength of 29.6 nm corresponding to the 27"
harmonic of the Ti:Sa and we analyse the results of
simulations of the seeded FEL amplifier.

HIGH ORDER HARMONICSIN GAS

The high-order harmonic spectra have been simulated
using a 3D non-adiabatic model that includes both the
single atom response and the effect of the propagation of
the XUV field inside the gas jet. The response of a single
atom to the IR field is calculated in the framework of the
Strong Field Approximation (SFA); in this model the
atom is ionized via tunnelling by the IR field and the
freed electron is then accelerated by the electric field of
the driving pulse. For particular emission instant the
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electron can be driven back to the parent ion and can
recombine with the ground state emitting the exceeding
energy as a photon in the extreme ultraviolet region or
soft x ray region. The nonlinear polarizability associated
to this process is evaluated as the acceleration of the
nonlinear dipole moment:

. . ju 312 . '
4. (1) = 2R fa {(g+|(t_t)/2] expl-iS, (1)
E(t')d’ (pq (1) — AD)d(pq (t,t) - A))}

* exp(— ]W(t')dt']

In this equation E(t) and A(t) are respectively the
electric field and the vector potential of the driving field;
Py (t,t") is the stationary value of the momentum of the

freed electron, S,(t,t')is the phase accumulated by the

electron wave packet, d(p)and d’(p) are the dipole

matrix element for transitions from the ground state to a
continuum state characterized by momentum p. The last

term of equation (1) takes into account ground state
depletion through the term ionization rate w(t) calculated

using the ADK model. The nonlinear dipole moment is
used as source term in the propagation of the harmonic
field inside the gas jet. The wave propagation equations
for the driving and the harmonic field are solved in
cylindrical symmetry in the framework of the paraxial
approximation. The harmonic power spectrum is obtained
integrating over the radia profile the harmonic electric
field at the output of the gasjet.

Propagation effects are extremely relevant for a correct
simulation of the time structure of the harmonic radiation.
Indeed usually the single atom response is characterized
by a complex time structure (usually two attosecond
pulses for each half optical cycle), whereas the
macroscopic time structure of the XUV radiation is
characterized by a single attosecond pulse for each semi
optical cycle. The origin of this difference isrelated to the
phase matching mechanism operating during the
propagation of the XUV field inside the gasjet.

In the process of high order harmonic generation, the
electron can follow two different paths in order to
recombine with the parent ion. These two paths are
usualy referred to as the “short” and the “long” path, as
they are characterized by different times spent by the
electron in the continuum of energy states. For the short
path this time is usually less than half the optical period
T, , while for the long paths this time is typically of the

order of the laser period. The coherent superposition of
the contributions of these two paths leads to the
generation of two attosecond pulses for each half optical
cycle of the driving laser field. The coherent interference
of the dipole emission of the different atoms inside the
gas jet leads to different phase-matching conditions for
the two paths. The relative contribution of the two paths

@
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to the harmonic spectra can be enhanced or reduced
changing the relative position of the gas jet with respect
the laser focus. The phase-matching condition in the HHG
process are indeed determined by the geometric phase of
the driving pulse and by the phase accumulated by the
electron wave packet during his motion. In particular
conditions, gas jet positioned few millimeters after the
laser focus, it is possible to efficiently select on the
contribution of the short path, leading to the selection of
only one XUV pulse for each semi cycle of the driving IR
field[17].

In other experimental condition (gas jet before or close
to the laser focus), the contribution of the long paths
increases and therefore also the time structure of the
generated XUV radiation is more complex.

For our simulation we considered a Gaussian beam
with a beam waist of w, =50um (in the focus), and

focused 3mm before a Neon gas jet with a thickness of
1mm. The pulse duration is FWHM=30 fs with a peak

intensity in the focus of  1x10“W/cm®. The high
frequency portion of the spectrum, in the range 20 nm —
60 nm of the on axis radiation is shown in Fig. 1. The
spectrum contains the odd harmonics of the Ti:Sa
resonant wavelength (800 nm).

/

27ﬂ!]

intensity (a.u.)

L AUIL

20 25 30 35 40 45 50 55 60
wavelength (nm)

Fig. 1 Short wavelength spectrum of the HHG seed field.

The slowly varying envelope approximation (SVEA)
has not been used in the model, but the FEL dynamics
studied with GENESIS 1.3 rely on this approximation.

il

05

Attenuation factor

20 40 60
wavelength (nm)

Fig. 2 Attenuation factor as a function of the wavelength
of the different filters used in the simulations. The red
line correspond to 600 nm layer of Aluminium.

For this reason we have to limit the bandwidth of the
input signal by filtering the seed field and define the
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dowly varying field as E(z)=E(z)exp(-ik,z) where
k,is the FEL central resonant wave vector. In our

example we consider filtering with different bandwidth as
shown in Fig.2 centered at the resonant wavelength

A, = 27t/K, = 29.66nm corresponding  to  the 27"
harmonic of the Ti:Sa (Fig.1).
Al
0.6 um
E
8
()
% -
%
8
c
(.
25 30

Fig. 3 Longitudina pulse profile of the input seed after
filtering. The plot in the upper right corner is the pulse
shape filtered only with the Al broadband filter.

The effect of filtering on the seed tempora profile is
shown in Fig. 3. The 10nm bandwidth is wide enough to
preserve the attosecond structure of the input field. At
2nm the bandwidth preserves the pulse envelope, but
overrides the fine structure. The 0.1nm filter induces an
increase of the pulse length.

THE FEL SSIMULATION

The FEL configuration considered is based on the
parameters shown in Tab. 1. The FEL parameter is p~107
and an estimate of the seed intensity necessary to override
the e-beam shot noise as calculated in ref.[15] is about
lo=0.3MW/cm?.

Table 1:FEL configuration parameters

Beam Energy (GeV) 1
Peak current (A) 1000
Energy Spread (%) 0.06
Emittance (mm-mrad) 1
Average B+ (m) 6
Undulator period (cm) 4.2
K (peak) 2.97
Periods per section 58
Sections 7

The field spot size and divergence have been matched
to the e-beam optical functions by propagation through a
drift+lens+drift optica system. The field phase and
amplitude at the undulator entrance are shown in Fig.4.
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Fig. 4 Transverse field at the undulator entrance averaged
over z.

600

The radiation power as a function of the longitudinal
coordinate in the electron beam frame (horizontal) and
position along the undulator at the coordinate z (vertical)
isshown in Fig.5. The power is normalized at each z. The
plots have been obtained by different filtering of the seed.
The input seed energies, 2.5nJ@10nm, 1nJ@2nm and
0.5nJ@0.1nm have been chosen in order the energy in a
bandwidth 2p to be roughly the same (0.5nJ) in the three

€ (pm)

Fig. 5 Normalized longitudinal profile of the radiation
power as a function of the longitudinal coordinate in the
electron beam frame as it evolves along the undulator
with coordinate z. The seed has been filtered at different
bandwidths.

The fine structure present in the 10nm case is wiped out
by the finite bandwidth of the FEL. The different filtering
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affects the pulse shape only before saturation, which
occurs at about 15m in all cases. Thereafter the pulse
enters the superradiant regime where the pulse length is
related to the peak power and isthe samein all cases. The

The input seed intensity is 15MW/cm?’@10nm, 8.5
MW/cm?@2nm, and 4 MW/cm?@0.1nm averaged over z,
aways much larger than 1. In Fig. 6, the simulation
corresponding to 0.1nm has been repeated with input
energies 0.05nJ and 0.01nJ, corresponding to intensities
dlightly above and below the threshold |, respectively. In
both cases SASE is clearly visible at the beginning. In the
latter case a structure in the pulse with loss of longitudinal
coherence is present and SASE spikes compete with the
seeded signal until saturation.

20 0 10 . 20

C(pm)
Fig. 6 Same asin Fig.5, case with 0.1nm BW above (left)
and below (right) the threshold I.

The input energy levels considered are however very
conservative. In  fact recent results [18] have
demonstrated the feasibility of pulses with energies up to
several hundreds nanojoules at the considered photon
wavelength. In Fig. 7 the power vs. { and z asin Figs. 5
and 6 (left) and the spectrum (right) are shown for the
100nJ@10nm case. Saturation is reached after only 8m.
The splitting of the spectrum typical of the superradiant
regimeisclearly visible at the end of the undulator.

0 10

0 10 20 25 30 35

g (“n']) A (l’)lﬂ)

Fig. 7 Normalized longitudinal profile of the radiation
power as a function of the longitudinal coordinate in the
electron beam frame as it evolves along the undulator
with coordinate z (upper plot). Corresponding wavelength
spectrum as a function of z.

CONCLUSIONS

In this paper we have presented an analysis of the
dynamics of a FEL seeded with the high order harmonics
generated in gas. The minimum seed energy has been
estimated in a specific FEL configuration with the
resonance at the 27" harmonic of the Ti:Sa drive laser.
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The results are in reasonabl e agreement with the threshold
estimation in [15]. Currently available sources in the
XUV appears to be sufficiently intense to implement such
a scheme. The analysis in the frequency domain, suggests
that filtering the seed it is not necessary unless a line-
width smaller than the natural FEL line-width is required.

This work was partidly supported by the EU
Commission in the Sixth Framework Programme,
Contract No. 011935-EUROFEL.
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