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Abstract

The radiation characteristics of Free Electron Lasers
(FEL) based on the Self-Amplified Spontaneous Emission
(SASE) principle are very high brilliance and full trans-
verse coherence. These properties, together with the pos-
sibility to tuneit to low wavelengths, make of SASE FELs
a unique synchrotron radiation source type. Linac driven
SASE FEL srequire high peak current electron pulses with
very small transverse emittance. Photocathode RF guns
and bunch compressorsare indispensablelinac components
in order to achieve the high beam quality required. A very
precise long magnetic undulator structure is also manda-
tory to provide the interaction between the photon field
and the electron bunch. After a short introduction of the
SASE principle and beam requirements, recent results of
SASE experiments world wide will be given, focusing on
the TESLA Test Facility results around 100 nm.

1 INTRODUCTION

The photon wavelength Ay, of the first harmonic of Free
Electron Laser (FEL) radiation [1] is related to the period
length A\, of aplanar undulator by
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where v = E/mec? is the relativistic factor of the elec-
trons, K = eBy\y/2mmec the undulator parameter’ and
B, the peak magnetic field in the undulator. Eg. (1) ex-
hibits two main advantages of the FEL: the free tunability
of the wavelength by changing the electron energy and the
possibility to achieve very short photon wavelengths.

For most FELSs presently in operation [2], the electron
beam quality and the undulator length result in a gain of
only afew percent per passage, so that an optical cavity res-
onator and a synchronized multi-bunch electron beam have
to be used. At very short wavelengths, normal-incidence
mirrors of high reflectivity are unavailable.

The principle of SASE FEL [3, 4] is presently the most
promissing concept to extend the working principle of
FELs to the VUV and X-ray wavelength regime. In a
SASE FEL lasing occurs in a single pass of a relativis-
tic, dense electron bunch through a long undulator magnet
structure. In this "high-gain’ FEL an electron beam of ex-
tremely high quality interms of emittance, peak current and
energy spread, and a high precision undulator of sufficient
length are essential. Provided that spontaneous radiation
from the first part of the undulator overlaps the electron
beam, the el ectromagnetic radiation interacts with the el ec-
tron bunch leading to a density modulation (microbunch-
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ing), which enhances the power and coherence of the ra-
diation. In this "high gain mode” [5, 6, 7], the radiation
power P(z) grows exponentially with the distance z along
the undulator

P(z)=P,-A-exp <%> 2

Ly

where L, is the field gain length, P, the effective input
power (see below), and A = 1/9 in one-dimensional FEL
theory with an ideal electron beam. For very short wave-
lengths, there is no laser tunable over a wide range to pro-
vide the input power P,. Instead, the spontaneous undula-
tor radiation from the first part of the undulator is used as
an input signal to the downstream part.

2 SASE PROOF-OF-PRINCIPLE
EXPERIMENTS

X-ray lasers are expected to open up new and exciting ar-
eas of basic and applied research in biology, chemistry and
physics. FELs based on this SASE principle are presently
considered the most attractive candidates for delivering ex-
tremely brilliant, coherent light with wavelength in the
Angstrom regime[8, 9, 10, 11]. Compared to state-of-the-
art synchrotron radiation sources, one expects full trans-
verse coherence, larger average brilliance and, in particu-
lar, up to eight or more orders of magnitude larger peak
brilliance at pulse lengths of about 200 fs FWHM. Within
the last two years, three important proof-of-principle ex-
periments have successfully demonstrated large SASE gain
at shorter and shorter wavelengths: 12 pm wavelength
was achieved 1998 at Los Alamos (here referred to as
UCLA/LANL) [12], 530 nm wavelength was achieved
1999 at Argonne (LEUTL) [13], and 109 nm wavelength
was achieved 2000 at DESY (TTF FEL) [14]. The main
parameters for FEL operation are compiledin Table 1.

The basic accelerator components for all three SASE
experiments are a low emittance photocathode rf electron
gun, alinear accelerator based on high-gradient rf cavities
and a long permanent magnet undulator. This paper fo-
cuses on the description of the experimenta setup of the
FEL at the TESLA Test Facility (TTF FEL) [15] at the
Deutsches Elektronen-Synchrotron (DESY). The TESLA
(TeV Energy Superconducting Linear Accelerator) collab-
oration consists of 39 ingtitutes from 9 countries and aims
a the construction of a 500 GeV (center-of-mass) e+e—
linear collider with an integrated X-ray laser facility [10].
The layout of TTF Linac is shown in Fig. 1. Major
hardware contributions to TTF have come from Germany,
France, Italy and the USA.
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Parameter Units UCLA/LANL[12] | LEUTL[13] | TTFFEL[14]
beam energy at undulator MeV 18 217 233+5
rms energy spread MeV 0.045 0.2 0.3+0.2
rms transverse beam size ©m 115-145 130 100+30
normalized emittance in the undulator | = mrad mm ? 5 6+3
electron bunch charge nC 2 0.7 1
peak electron current A 170 150 400+200
bunch spacing ns 9.23 0.35 1000
repetition rate Hz 1 10 1

Au (undulator period) mm 20.5 33 27.3
undulator peak field T 0.54 1.006 0.46
effective undulator length m 20 12 135
Aph (radiation wavelength) nm 12000 530 80- 180
FEL gain 3-10° > 102 3103
FEL radiation pulse length FWHM ps 6 5 03-1

Table 1: Typical parameters of recent SASE FEL experiments.

TTF FEL is operating between 80 and 180 nm and is
to date the FEL with the shortest wavelength. In a second
phase, the goal isto build asoft X-ray user facility [16, 17].

3 TTFFEL EXPERIMENTAL SETUP

Theinjector for the TTF FEL isbased on alaser-driven 1 %
cell rf gun electron source operating at 1.3 GHz [18]. The
Cs,;Te cathode [19] is illuminated by a train of UV laser
pulses generated in a mode-locked solid-state laser system
[20] synchronized with the rf. An energy of up to 50 ©J
with a pulse-to-pulse variation of 2% (rms) is achieved.
The UV pulse length measured with a streak camera is
oy = 7.1 £0.6 ps. The gun section is followed by a 9-cell
superconducting cavity, boosting the energy to 16 MeV.

The superconducting accelerator structure has been de-
scribed elsewhere[21]. A bunch compressor isinserted be-
tween the two accel erating modul es, in order to increase the
peak current of the bunch up to 7 = 500 A, corresponding
to 0.25 mm bunch length (rms) for a1 nC bunch with Gaus-
sian density profile. Experimentally, it is routinely verified
that alarge fraction of the bunch chargeis compressedto a
length below 0.4 mm (rms) [22]. There are indications that
the core is compressed even further. We estimate the peak
current for the FEL experiment at (400 £ 200) A.

The undulator is a fixed 12 mm gap permanent magnet
device using a combined function magnet design [23] with
aperiod length of A\, = 27.3 mm and a peak field of B, =
0.46 T, resulting in an undulator parameter of K = 1.17.
The beam pipe diameter in the undulator (9.5 mm) [24] is
much larger than the beam diameter (300 m). Integrated
quadrupole structures produce a gradient of 10.4 T/m su-
perimposed on the periodic undulator field in order to fo-
cus the electron beam aong the undulator. The undulator
system is subdivided into three segments, each 4.5 m long
and containing 10 quadrupole sections to build up 5 full
focusing-defocusing (FODO) cells. The FODO lattice peri-
odicity runs smoothly from segment to segment. Thereis
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a spacing of 0.3 m between adjacent segments for diagnos-
tics. Thetotal length of the systemis 14.1 m.

For optimum overlap between the electron and the radi-
ated photon beams, high precision on the magnetic fields
and mechanical aignment are required. The beam orbit
straightness in the undulator is determined by the align-
ment precision of the superimposed permanent-magnet
quadrupole fields which is better than 50 ym in both verti-
cal and horizontal direction [25].

Different techni ques have been used to measure the emit-
tance of the electron beam [26] and yield values for the
normalized emittance of (4 £ 1) = mrad mm for a bunch
charge of 1 nC at the exit of the injector. The emittance
in the undulator, as determined from quadrupole scans and
from a system of wire scanners, was typically between 6
and 10 = mrad mm (in both horizontal and vertical phase
space). It should be noted that the measurement techniques
applied determine the emittance integrated over the entire
bunch length. The dlice emittance (i.e., the emittance of
bunch slices much shorter than the bunch length) is, how-
ever, the relevant parameter for FEL physics. It is likely
that, due to spurious dispersion and wakefields, the bunch
axisistilted about a transverse axis such that the projected
emittance is larger than the emittance of any dice. Based
on these considerations we estimate the normalized slice
emittance in the undulator at (6 £+ 3) = mrad mm.

For radiation intensity measurements we used a PtS
photodiode integrating over all wavelengths. The detec-
tor unit was placed 12 m downstream the undul ator exit. A
0.5mmiriswas placed in front of the photodiodein order to
avoid saturation effects. The photodiode can be removedto
alow the photon beam till the spectrometer, which consists
of agrid that can be rotated to select the range of wave-
lengths and a CCD camera.

In summary, it should be emphasized that full knowledge
and control of the transverse and longitudinal phase space
distribution of the electron beamis essential for SASE FEL
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Figure 1: Schematic layout of phase 1 of the SASE FEL at the TESLA Test Facility at DESY, Hamburg. The linac
contains two 12.2 m long cryogenic modules each equiped with eight 9-cell superconducting accelerating cavities [21].

Thetotal lengthis 100 m.

operation. Parameterslike peak current (i.e., bunch lengths
in the 100 um range) and slice emittance (for slices in the
micrometer range) determine the SASE power exponen-
tially. Thus, aready modest uncertainities in the knowl-
edge of these parameters can change the undulator length
that isrequired to achieve FEL saturation by afactor of two
or so. In particular in view of X-ray FELSs, these require-
ments put new challenges to el ectron beam diagnostics.

4 FEL MEASUREMENTS

A strong evidence for the FEL process is a large increase
in the on-axisradiation intensity if the electron beamisin-
jected such that it overlapswith the radiation during the en-
tire passage through the undulator. The observed intensity
inside a window of £200 ym around the optimum beam
position was enhanced by a factor of more than 100 com-
pared to the intensity of spontaneous radiation observed
outside this window.

SASE gainis expected to depend on the bunch chargein
an extremely nonlinear way. Fig. 2 showsthe measured in-
tensity on axis as a function of bunch charge @, while the
beam orhit is kept constant for optimum gain. The solid
line indicates the intensity of the spontaneous undulator ra-
diation multiplied by afactor of 100. The strongly nonlin-
ear increase of theintensity as afunction of bunch chargeis
adefinite proof of FEL action. The gain does not further in-
creaseif the bunch charge exceeds some 0.6 nC. Thisneeds
further study, but it is known that the beam emittance be-
comes larger for increasing () thus reducing the FEL gain.

A typical wavelength spectrum of the radiation at TTF
FEL (taken on axis at maximum FEL gain) is presented in
Fig. 3. The central wavelength of 108.5 nm is consistent
with the measured beam energy of (233 + 5) MeV and the
known undulator parameter K = 1.17, seeeqg. (1). Thein-
tensity gain determined with the CCD camera of the spec-
trometer is in agreement with the photodiode result.

A characteristic feature of SASE FELSs is the concen-
tration of radiation power into a cone much narrower than
that of wavelength integrated undulator radiation, whose
opening angle is in the order of 1/~. Measurements done
by moving the 0.5 mm iris horizontally together with the
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Figure 2: SASE intensity versusbunch charge. The straight
line is the spontaneous intensity multiplied by a factor of
100. To guide the eye, mean values of the radiation inten-
sity are shown for some bunch charges (dots). The vertical
error bars indicate the standard deviation of intensity fluc-
tuations, which are due to the statistical character of the
SASE process, see eg. (3).

0 0.1

photodiode confirm this expectation, see Fig. 4. To be vis-
ible on this scale, the spontaneousintensity is amplified by
a factor of 30. The energy flux is 2 nymm? at the loca-
tion of the detector and the on-axisflux per unit solid angle
is about 0.3 Jsr (assuming a source position at the end of
the undulator). This value was used as reference point for
the numerical simulation of the SASE FEL with the code
FAST [27]. Calculations have been performed for a Gaus-
sian energy spread of 0.1%. The longitudina profile of
the bunch current was assumed to be Gaussian with an rms
length of 0.25 mm. The transverse distribution of the beam
current density was also taken to be Gaussian. The normal-
ized emittance e, was varied in the simulations between
2 and 10 7 mrad mm. Our caculations show that in this
range of parametersthe value of the effective power of shot
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Figure 3: Wavelength spectrum of the central radiation
cone (collimation angle +0.2 mrad), taken at maximum
FEL gain. The dotted line is the result of numerical simu-
lation. The bunch chargeis 1 nC.
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noise P, and coupling factor A ~ 0.1 (see eq. 2) are nearly
constant. A level of energy flux of 0.3 Jsr is obtained at
five field gain lengths L,. With these parameters the FEL
gain can be estimated at G ~ 3 x 102 with a factor of 3
uncertainty (i.e., 10> < G < 10%) which is mainly due
to the imprecise knowledge of the longitudinal beam pro-
file. If we assume that the entire undulator contributes to
the FEL amplification process, we estimate the normalized
emittancee, at 8 7 mrad mm in reasonable agreement with
the measurements. Thisvalue of the emittance was used for
more detailed calculations of the FEL characteristics. The-
oretical spectral and angular distributions as calculated by
this numerical simulation are included in Figs. 3and 4. In
both cases the experimental curves are wider than the sim-
ulation results. A possible source of the widening is energy
and orhit jitter of the electron beam, since the experimental
curves are results of averaging over many bunches. Thisis
confirmed by more recent measurementstaken at improved
energy stability, where the agreement with theory is much
better. Large SASE gain was achieved in a stable and re-
producible way for several weeks.

Similarly, a SASE gain as highas G = 3 - 10°> was
demonstrated 1998 at Los Alamos at 12 pm wavelength
[12], and the LEUTL experiment achieved a gain above
10? at 530 nm wavelength [13].

Itisessential to realizethat the fluctuationsseenin Fig. 2
are not primarily due to unstable operation of the accel-
erator but are inherent to the SASE process. Shot noise
in the electron beam causes fluctuations of the beam den-
sity, which are random in time and space [28]. Asaresullt,
the radiation produced by such a beam has random ampli-
tudes and phasesin time and space and can be described in
terms of statistical optics. In the linear regime of a SASE
FEL, the radiation pulse energy measured in a narrow cen-
tral cone (with an opening angle of £20 uradin TTF FEL)
at maximum gain is expected to fluctuate according to a
gammadistribution p(E) [29],
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Figure 4: Horizonta intensity profile of SASE FEL and
spontaneous undulator radiation (x30), measured with a
photodiode behind a 0.5 mm aperturein adistance of 12m
from the end of the undulator. The dotted line is the result
of numerical simulation.
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where (E) is the mean energy, I'(M) is the gamma func-
tion with argument M, and M ! = ((E — (E))?)/(E)?
is the normalized variance of E. The parameter M corre-
sponds to the number of optical modes. Note that the same
kind of statistics applies for completely chaotic polarized
light, in particular for spontaneous undulator radiation.

For these statistical measurementsthe signals from 3000
TTF FEL radiation pulses have been recorded, with the
small iris (0.5 mm diameter) in front of the photo diode
to guarantee that transversely coherent radiation pulses are
selected. Thus, the parameter M corresponds to the num-
ber of longitudinal modes. As one can see from Fig. 5, the
distribution of the energy in the radiation pulses is quite
close to the gamma distribution. The relative rms fluctua-
tions are about 26% correspondingto M = 14.4.

One should take into account that these fluctuations arise
not only from the shot noise in the electron beam, but the
pulse-to-pulse variations of the beam parameters can also
contribute to the fluctuations. Thus, the value M = 14 can
be considered as a lower limit for the number of longitu-
dinal modes in the radiation pulse. Using the width of ra-
diation spectrum we calculate the coherence time [29] and
find that the part of the electron bunch contributing to the
SASE process is at least 100 um long. From the quality
of the agreement with the gamma distribution we can also
conclude that the statistical properties of the radiation are
described with Gaussian statistics. In particular, this means
that there are no FEL saturation effects.

5 SUMMARY

SASE has become an unquestionableredlity inthe IR, vis-
ible and VUV wavelength regime, and reliable operation
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Figure 5: Probability distribution of SASE intensity. The
rms fluctuation yields a number of longitudinal modes
M = 14. The solid curve is the gamma distribution for
M = 14.4. The bunch chargeis 1 nC.

was demonstrated at DESY over several weeks. To date, all
observations are in agreeement with the present SASE FEL
models, so optimism is justified that even shorter wave-
lengths will be reached in close future. It is essentia that
these experiments have been performed at different labora-
tories and with quite different setups. This indicates that
the theory to understand SASE FEL and the technology to
construct such facility have attained a rather mature level.

It should be clear, on the other hand, that there is till a
way to go from present test facilities to X-ray user facili-
ties. First, the SASE gain demonstrated so far is till some
orders of magnitude below FEL saturation. Second, larger
factors of bunch length compression are needed at shorter
wavelengths without affecting the transverse beam emit-
tance. Moreover, further development on electron beam
diagnotics and eventually new techniques are required for
better beam quality control. Finally, stable operation with
long pulse trains containing several thousand pulses and
flexible timing pattern, as requested by users, will remaina
challenge for accelerator physicists for awhile.
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