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Abstract

The operation of future linear colliders and X-ray Free
Electron Lasers places stringent demands on the required
beam quality. Setting up and optimization of the machine
requires reliable and effective beam diagnostics tools. Dif-
ferent measurement methods and reconstruction techniques
for both the transverse and longitudinal phase space distri-
butions are discussed.

1 INTRODUCTION

In order to achieve the luminosity required for high energy
experimentsin aete~ linear collider, the flat electron and
positron beams leaving the damping rings and accelerated
in the main linac have to be focused down to vertical spot
size of afew nanometersat the interaction point (IP). Emit-
tance dilution e.g. occur due to wakefields and dispersion
along the linac, coherent or incoherent synchrotron radi-
ation in the arcs of the beam line, as well as a betatron
coupling between horizontal and vertical direction. To pre-
serve the low emittance the transverse beam distribution is
measured at various positions aong the entire linac and the
Beam Delivery System (BDS). Clearly the most challeng-
ing measurements are those at the IP. But also the profile
monitors required at the BDS have to deal with spot sizes
in the range of micrometer horizontally and a few hundred
nanometers verticaly.

Compared to that, the typical beam sizes with equal beam
emittance in horizontal and vertical direction of a linac
driven Free Electron Laser (FEL) are more relaxed. But
the requirement on the peak current to drive the laser beam
into saturation is stronger, in the order of several KA. For
that, a high brilliance electron beam produced at an rf
gun based photo injector is compressed in several steps
to bunch length of approximately 20 um combining off-
crest acceleration with magnetic chicane. Preserving the
required transverse emittance of 1 um and simultaneously
the longitudinal emittance of 25eV m at this bunch length
will be the most challenging task for the FEL operation.
Precise measurements of the longitudinal beam profile be-
hind the bunch compressor stagesis a stringent demand for
a successful operation of X-ray FELSs.

2 TRANSVERSE BEAM DISTRIBUTION
AND EMITTANCE MEASUREMENTS

The particle distribution in phase space (x, ') and (y, ')
is usually described by an ellipse. The éllipse is charac-
terized by three independent parameters, for instance the
three second-order moments <z2>, <z/?>>, and <zz'>,
or equivaently, by the emittance and the Twiss-parameters

Proceedings of EPAC 2000, Vienna, Austria

(¢, 8, ). At energies of afew 10MeV a multi-slit mask
can be used to measureall momentswithin asingle electron
pulse [1]. At higher energy the beam angular divergence
<2/*> and correlation < zz’ > are difficult to measure,
while various technigues have been developed to measure
the transverse beam distribution. To determine the beam
emittance in this case, either the transfer function of the
beam to the profile monitor can be varied using a set of
quadrupoles (quadrupole scans) or the beam profiles have
to be measured at several points along the beam line sepa-
rated by a sufficient betatron phase advance.

2.1 Beam profile monitors

Optical transition radiation One important method
to monitor the beam profile is the use of optical transition
rediation. Thin mirror finished metal foils are commonly
used as radiators.

When a charged particle crosses the interface of two me-
dia with different dielectric constants transition radiation
(TR) isemitted both in the backward and forward direction.
Up to the plasma frequency of the meta foil the radiation
intensity does not depend on frequency (for a foil of infi-
nite extension). For wavelengths A much smaller than the
bunch length o, theindividual contributionsof TR fromthe
particles in a bunch add up incoherently. The wavelength
range between 400 nm and 800 nm (optic transition radi-
ation OTR) can be used for transverse beam profile mea-
surements. The angular intensity distribution of TR for a
single particle can be described in far field region by the
Ginzburg-Frank formula[2]. For ultra-relativistic energies
(v > 1) theangular distribution is approximately given by

(3]
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where 6 is the angle with respect to the electron velocity
(forward OTR) or to the direction of the specular reflection
(backward OTR). The emission of photons are peaked at
an angle 1/~ but the intensity falloff outside the 1/~ cone
is slow and the tails are independent on the particle energy.
The spatial resolution d, is limited by diffraction. Therele-
vant parameter is the collection angle 6 of the optical sys-
tem. The size of single electron OTR diffraction pattern
calculated in vector wave theory is[4]:

2
) , k1, (2)

A
dFWHJ\I ~ 144—, ’)/90 > 1. (2)

to
This value for the radially polarized OTR is about 3 times
larger than for the unpolarized radiation from a point
source. Further details on the resolution, the effect of po-
larizer and mask, the reguirements on the camera system

187



and the reconstruction of the image can be foundin [4, 5]
With atypical collecting angle of 0.1 rad and awavelength
of 500 nm the expected resolutionis about 5-10 pm. So far,
the smallest measured beam size with OTR is about 50 um
at an electron beam energy of 30GeV [6].

Synchrotron Radiation (SR) The most fundamental
diagnostic in an storage ring is the beam profile measure-
ment via imaging of the visible SR. The resolution of this
monitor is limited by diffraction to beam sizes of about
20 um [7]. By measuring the spatial coherency of the SR
beam using a double dlit configuration (SR interferometer)
the resolution can be significantly improved [8]. Alterna
tively, the diffraction effects is reduced for X-ray imaging
of the electron beam through a pinhole system [9]. Both
methods can resolve beam sizes in the micrometer regime
and are applicablefor the BDS.

Wire scanner Wire scanners are commonly in use

at storage rings [10] and linacs [11]. A thin wire is
moved transversely across the path of the beam. The
electrons intercepting the wire are scattered and generate
bremsstrahlung photons which both can be detected down-
stream the scanner. Thus, a scan across the beam yields the
intensity profile.
The resolution is limited by the smallest practical wire di-
ameter and the accuracy of the wire trandation. Carbon
fibers down to 4 um diameter [12, 13] have been used, re-
sulting in arms-resolution of about 1 m. Positioning ac-
curacy in the sub-micron regime is achieved using precise
stepping motorsin combination with optical encoders. The
beam position and beam current are monitored to correct
for jitter and charge fluctuations. Breakage of carbon wires
caused by thermal heating and thermal stress has been ob-
served for charge densities exceeding 0.5 nC/m?2 accumu-
lated within a pulse train [14]. For micron beam sizes this
limit is reached in a single shot for abunch of afew nC.

Laser wirescanner Instead of a solid wire, ahighin-
tense laser beam being an indestructible target can be ap-
plied to measure the transverse beam profile.  Compton
scattered photons or electrons are detected. This technique
has been successfully applied at SLC for abeam size down
to 1 um [15]. Here, the electron beam was moved across
the laser beam.

In order to achieve asufficiently small waist, the laser beam
is focused to its diffraction limit given by (with a gaussian
profile)

A

oL = 27r—9 (3)

where ) is the wavelength and 6 the opening angle of the
laser beam as sketched in Fig. 1. The distance over which
the laser beam divergesto /2 of itsminimumsize2-zp =
8ma? /A (Rayleigh range) defines the usable length of the
laser wire. Typically lasers can be focused down to about
o ~1.20. For an opening angle # of 10° the resolution
using afourth harmonic Nd:Y LF laser (A = 262 nm) yields
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Figure 1. Scheme of a gaussian laser beam focused to its
diffraction limit.

or ~300nmwith 2- zp ~ 6 um.

The Compton cross sectionisin the order of 0.1to 0.6 barn
depending on the electron beam energy and the wavelength
of the laser (see e.g. [16]). Even for spot sizes of 1 um the
peak power of thelaser must bein the order of MW toyield
afew thousand Compton photons per bunch [17].

Laser interferometer Towards beam sizes in the
nanometer range, a standing wave interference pattern gen-
erated by crossing two laser beams has been proposed by
[18] and successfully tested at the FFTB experiment [19].
The fringe spacing d of the interference pattern depends on

interference pattern

,,,,,,,,,,,,,,,,,,,,

Figure 2: Schema of the generation of an interference pat-
tern using a split laser beam. d is the fringe spacing.

the laser wavelength A\ and the crossing angle:

A
d 2 -sin(0/2) @)
The electron beam is moved over the pattern and a mod-
ulation M of the counting rate of the Compton scattered
photonsis observed,

— % = | cos(f)| exp [—2 (7%‘1/)2] ®)

The modulation M vanishesiif the vertical beam size o, is
large compared to the fringe spacing (o, >> d), whilefor a
infinite small beam (o, < d) M is equal to the maximum
modulation of the laser interference pattern, as sketched in
Fig. 3. At the FFTB a Nd:YAG laser (A = 1064 nm) was
used to measure vertical rms-beam size between 40 nm and
720 nm with crossing angles of 174° and 30°. The small-
est observed beam spot was about 58 nm [16]. A cross-
ing angle of 6° was used to measure the horizontal rms-
beam sizes in the range between 0.76 xm and 3.4 um [20].
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Figure 3: Modulation of Compton scattered photons as a
function of the vertical electron beam position for different
beam sizes (top large, center medium, bottom small)

This demonstrates the flexibility of the laser interferometer
if different crossing angles can be realized.

The measurement ranges given above assume that modula-
tions M from 10% to 90% can be resolved. The resolution
of the interferometer with a forth harmonic laser Nd:YAG
(A =266 nm) for M =90% is estimated to be 10nm. The
potential difficultieswill be the spatial and temporal coher-
ence of the laser beam in the ultraviolet, as well as to cope
with beam jitter and mechanical vibrations. The effort to
build such a system will be considerable. A discussion on
systematic errors for the laser interferometer technique is
foundin [16].

2.2 Emittance analysis and
reconstruction techniques

The standard technique to extract the beam emittance and
the Twiss-parameters from beam profile measurements is
the parabola fit analysis. The second order moments at a
given point in the beam line are transformed according to
[21]

<332>i G ? 2 Ci / 12
% = § <T>0 —2 ? <xx >0 + <IT >0
/ (6)

where S and C are the sine and cosine like functions of the
beam transfer matrix. The index i indicates the individual
measurements. By fitting the parameters <22>, <a'*>,
and < zz’ >¢ in Eq.6 which depend quadratically on the
ratio (C/S) one gets the best ellipse approximating the
2-dimensiona phase space distribution. In case of non-
gaussian tails e.g. dueto transverse wake fields, the ellipse
does not describe the core of the beam correctly. In that
case, areconstruction of the completeinitial phase spaceis
helpful, e.g. using the transverse phase space tomography.

The measured beam projection p(z) is related to a pro-
jection of theinitial phase space distribution po(xo, z) to
a coordinate system (u, v) which is rotated by an angle ¢
determined by

cos(¢p) = ¢ N =+C?+ 52 @

N?
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Figure 4: The horizontal beam profile at a downstream
beam profile monitor (right hand side) can be related to
the projection of theinitial phase space distribution onto an
axisu of arotated coordinate system (u, v) (left hand side).

Thisis illustrated in Fig. 4. The projection pg(u) is aso
called the Radon transform of po(xo, ():

x
po(u) = /dvpo(wo,mé) =N-pla), u= 4 (8
u=cos(¢)wo+sin(¢)z]

The factor N takes into account the shearing of the trans-
verse phase space, while transporting the beam through a
magnetic lattice. By varying the rotation angle ¢ in small
steps over an interval 7, the initia particle distribution can
be reconstructed applying the inverse Radon transforma-
tion [22]. Fig. 5 shows areconstructed vertical phase space
measured at the injector of the TESLA Test Facility. The
diagnostic power of this technique revealed a second beam
spot caused by a spurious reflection at the laser system for
the photo cathode rf gun.

A filtered back-projection algorithm was used as basis
for the numerical treatment of the data A discussion of
the reconstruction artifacts and the incorporation of space
charge effectsis givenin [23].
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Figure 5: Reconstruction of the vertical phase space dis-
tribution from a quadrupole scan performed at the TTF-
injector. Upper graph: three dimensiona view. Lower
graph: contour plot.
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3 LONGITUDINAL CHARGE
DISTRIBUTION AND BUNCH
LENGTH MEASUREMENTS

3.1 Fregquency domain measurements

Coherent Transition Radiation (CTR) can be used to de-
termine the longitudinal charge distribution. The spectral
intensity emitted by abunch of N particlesis

—|f(w)?) 9

where I, (w) is the intensity radiated by a single electron
at agiven frequency w and f(w) thelongitudinal form fac-
tor of the bunch [24]. For wavelengths in the order of the
bunch length the form factor approaches unity. The inten-
sity of the coherent part of the radiation spectrum is en-
hanced by the square of the number of particles. The en-
hancement permits a direct measurement of | f (w)]|?.

Itot = Ig(u}) (N+N(N

Martin-Puplett interferometer Commonly used is a
Martin-Puplett interferometer (Fig. 6) to measure the auto-
correlation of an electron bunch [25]. Wire grids are used
to polarize and split the radiation into two beams. The po-
larization is flipped by the roof mirrors and the initialy re-
flecting beam splitter is now transmitting and vice versa.
The recombined radiation is elliptically polarized, depend-
ing on the path difference between the two arms. The ver-
tical and horizontal component of the polarization is mea-
sured by two broad band detectors.

A Fourier transformation of the autocorrelation function

Autocorrelation method
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Figure 6: Martin-Puplett Interferometer

yields the magnitude | f (w)| of the from factor. By means
of the Kramers-Kronig relation to compute the phase of the
form factor, the longitudinal charge distribution can be cal-
culated.

Frequency dependent correction due to the finite screen
size and aperture, the transmission through the quartz win-
dow, thereflectivity of the wire gridsand the response func-
tion of the detector requires an extrapolation to low fre-
quencies and systematic correctionsto high frequencies.
This technique can be applied in the frequency range be-
tween 50 GHz to 3THz. Above 3THz, wire grids can not
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be winded anymore, but a Mylar foil can be used as beam
splitter in a standard Michelson interferometer setup. At
the Stanford SUNSHINE facility, electron pulseswith rms-
bunch lengths below 20 ym have been measured [26].

3.2 Time domain measurements

Streak camera A streak camerais a device for a di-

rect (single-shot) determination of the longitudinal bunch
chargedistribution. A light pulse generated by the electron
bunch by synchrotron, Cherenkov, or optical transition ra-
diation travels through a dispersion-free optical system, a
wavelength filter and a dlit before hitting the photo-cathode
of the streak camera. The dlit width of the streak camera
should be set under the trade-off between the requirement
of the atime-resolution and the signal to noise ratio.
The present resolution limit of commercial available streak
camerais 200fs (FWHM). The shortest bunch length mea-
sured with a state-of-the-art streak cameraat the University
of Tokyo using a BNL-type rf photo-injector in combina
tion with a magnetic bunch compressor was 440 femtosec-
onds (FWHM) [27].

Electro-optic sampling The method is based on the
detection of the co-traveling electric field of a relativistic
electron bunch when it passes close to a non-linear opti-
cal crystal. The electric field induces birefringence which
is probed by a synchronized femtosecond Ti:Sapphire laser
pulse. The initia linearly polarized laser pulse becomes
eliptically polarized, whose ellipticity is measured using a
combination of aquarter wave plate, aWollaston prism and
a balanced detector. This new technique has been tested at
the FELIX FEL in the Netherlands [28]. The longitudinal

normalized electron density

time [ps]

Figure 7. Measurement of the longitudinal bunch profile at
FEL X using electro-optic sampling.

electron bunch profile has been measured at the entrance of
the undulator inside the vacuum chamber. A 0.5mm thick
ZnTecrystal (<110> oriented) has been used as an el ectro-
optic sensor. The crystal was placed in a distance of 6 mm
perpendicular to the propagation of the electron beam. A
12fs Ti:Sapphire laser was synchronized to the accelerator
rf. The electron pulse train has been swept via an rf-phase
shifter over the laser pulse train, such that a complete elec-
tric profile is measured within a few microseconds. Due
to this rapid scanning technique the jitter between electron
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and laser pulse train was negligible small, only 50fs [29].
Electron pulses down to 1.7 ps (FWHM) have been mea-
sured (Fig. 7) with a resolution of better than 800fs. The
achievable time resolution of about 100 to 200fs is lim-
ited by the excitation of phonon resonancesin the nonlinear
crystal which distort and attenuate the electric field pulse.
The method can be extended to a single-shot measurement
[30]. For that, the ultra-short laser pulse of a pulse length
t; is chirped (long wavelengths are leading the short wave-
lengths) to a length ¢ of some picoseconds. The tempo-
ra distribution of the electron bunch is obtained using a
diffraction grating and a CCD camera. Thetime resolution
isthenreducedtot = +/t, - t;.

Off-phaserf-acceleration A time slicein an electron

bunch accelerated at an off-crest phase receives an energy
increment that varies with the arrival time. The correla-
tion between the temporal distribution of the bunch and the
energy distribution can be observed at an profile monitor
behind an energy spectrometer. The energy distribution
is measured at different acceleration phases. This alows
to eliminate the initial energy spread of the beam and to
determine the longitudinal charge density [31]. Moreover,
applying a special reconstruction technique similar to that
described in section 2.2, the full longitudinal phase space
distribution can be obtained [32].
The use of alongitudinal dispersive magnetic chicane be-
fore the off-phase acceleration can eliminate the effect of
initial energy spread from the final measurement [33, 23].
Thetechniqueislimited by the resol ution of the spectrome-
ter, the achievable betafunction at the profile monitor in the
spectrometer arm, and the validity of linear beam transfer.
For short bunch length and high bunch charge nonlinear
effects due to space charge, wakefields, or coherent syn-
chrotron radiation haveto betakeinto account. At Stanford
Picosecond FEL Center the method was used to observethe
modulated profile of a microbunched electron beam at the
exit of afar-infrared FEL-oscillator [34]. A timeresolution
of approximately 100fs has been reached.

4 CONCLUSIONS

Several techniques have been presented to meet the chal-
lenges of transverse and longitudinal beam profile mea-
surements for future linear colliders and X-ray FELSs.
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