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Abstract

The longitudinal phase space distribution of the beam produced with the rf photo injector of the TESLA

Test Facility at DESY is mainly determined by the longitudinal laser pulse shape and the compression

due to the rf acceleration �eld in the rf gun. The longitudinal electron distribution is measured with a

high resolution streak camera using synchrotron radiation at the spectrometer dipole (E = 200 MeV).

The same streak camera is used to measure the UV laser pulse shape. The longitudinal distribution

of the laser and the electron beam can alternatively be determined by Fourier transform spectroscopy.

The energy spread of the beam is determined by measuring the beam pro�le in the dispersive section

using optical transition radiation. Dephasing of the superconducting accelerating cavities and variation of

bunch compression parameters allow further measurements of the longitudinal phase space distribution.

1. Introduction

Since late 1998, the new photo injector [1] based

on a laser driven rf gun and a superconducting

accelerating cavity is in operation at the TESLA

Test Facility at DESY [2]. The injector is used

to perform experiments with high bunch charges

related to beam dynamics in accelerating struc-

tures, and to serve as an injector for high peak

current, low emittance bunches to drive the free

electron laser. The beam is injected into the �rst

accelerating module, a string of eight TESLA su-

1 on leave from INFN LASA, Milano, Italy

perconducting accelerating cavities. The module

is followed by a magnetic chicane bunch compres-

sor[3], a second accelerating module, and a dipole

magnet for energy measurements.

One important beam property is the longitudi-

nal electron bunch shape. Peak currents of 2.5 kA

as required for the TTF-FEL phase 2 can only

be reached, if the bunches with a charge of 1 nC

are compressed from initial 1mm to 50�m in the

magnetic chicane bunch compressor [4]. For the

proof-of-principle experiment, a bunch length of

250�m is anticipated. In this report we present

the measurement of the longitudinal pro�le of the

beam produced by the injector with a high reso-
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lution streak camera. The bunch length is deter-

mined by initial laser pulse shape and the relative

phase of the gun to the laser. A second method

is using Fourier transform spectroscopy. Proper

dephasing the beam in the accelerating structure

and the measurement of the energy spread in a

dispersive section allow the reconstruction of the

longitudinal pulse shape.

2. Streak Camera Measurements

The longitudinal bunch charge distribution can

be determined single-shot, time-domain with a

high resolution a streak camera [5]. Synchrotron

light, emitted by the electron bunch, is transmit-

ted by a set of aluminum mirrors onto the photo

cathode (S-20) of the streak camera. The light

transfer is done without focusing lenses since the

intensity suÆces. In the streak tube, the light

pulse is converted to an electron pulse, which is

accelerated and swept transversely by a fast rf

electric �eld. The resulting transverse distribution

is projected onto a phosphor screen. The image is

ampli�ed by a multi-channel plate and then de-

tected by a CCD camera (Fig. 1).
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Fig. 1. Principle layout of the streak camera used in this

experiment.

The streak camera has a temporal resolution

of 2 ps. Space charge e�ects inside the streak

camera tube and the available sweeping speed

of 25 ps/mm limit the temporal resolution. The

transverse beam size of the electron bunch is con-

voluted with the longitudinal electron bunch dis-

tribution during the sweep. To reduce the e�ect

to a minimum, a narrow slit with a width corre-

sponding to � = 2:61 � 0:01ps is used in streak

direction. The slit size has been chosen large

enough so that di�raction e�ects on the photo

cathode can be neglected. The residual contri-

bution of the transverse intensity distribution on

the beam pro�le recorded by the streak camera

has been deconvoluted during data analysis.

The bunch length obtained from an rf gun de-

pends on both the laser pulse length and the com-

pression occurring from the rf �eld within the �rst

centimeters of the gun cavity. By proper choice

of the rf phase a velocity modulation can be im-

pressed on the electron bunch leading to a reduc-

tion of its length within the gun cavity. Leading

electrons see a lower electric �eld than trailing

electrons to obtain pulse compression. Very short

bunches can be obtained at the price of sacri-

�cing a large fraction of the bunch charge. The

bunch charge and length is reduced by choosing

an rf phase such that only part of the electrons

in the bunch are subject to an acceleration. In

an electron drive linac the latter mechanism is

generally avoided because of the need of intense

electron beams. During this experiment, the elec-

tron bunches are accelerated in the linac with the

maximum accelerating �eld without the use of the

magnetic bunch compressor chicane yielding an

invariant bunch length behind the injector. Syn-

chrotron light generated in the TTF spectrometer

dipole magnet located at the end of the linac has

been used to determine the bunch length.

The laser pulse length has been measured with

the same streak camera. Since the laser beam has

a wavelength of 262nm, special UV transmitting

optics have been used.

Laser Pulse Length Measurements Aver-

aged over several measurements, the laser pulse

length in the UV is � = 16:7 � 1:7ps. Figure 2

shows an examples of longitudinal laser shapes.

The unexpected long laser pulse (left) was due to

a problem with the pulse train oscillator of the

laser during this experiment. After replacing the

laser head, a pulse length of � = 7:1�0:6ps (right)
was measured [6].

Electron Pulse Length Measurements

Figure 3 (upper left and right) shows two ex-

amples of measured longitudinal electron bunch

shapes using the streak camera . The rf gun was

operated with a laser pulse length of 16 ps, a gra-

dient of 35MV/m and a bunch charge 3 nC. The

shapes are �tted with a gaussian distribution as
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Fig. 2. Two examples of longitudinal laser bunch shapes

measured with a streak camera in the UV (262 nm). The

left shape is taken with the pulse train oscillator produced

longer pulses than expected, the right shape is after repair.

Indicated is a �t to a gaussian function giving a width of

� = 17:81� 0:01 ps (left) and � = 8:0� 0:01 ps.

indicated by the solid lines. The upper left pro�le

has been obtained for a gun phase (relative phase

between rf gun and laser) of 25Æ yielding maxi-

mum bunch compression to �z = 1:95� 0:08mm

without a signi�cant reduction of the bunch

charge. Figure 3 (lower left) shows the measured

bunch length as a function of rf phase. The

bunch length determined by a simulation of the

bunch dynamics in the rf gun using PARMELA

[7] is indicated with a solid line. It �ts well with

the data and con�rms the understanding of the

bunch compression due to the rf �eld in the gun.

Figure 3 (lower right) shows the rms bunch length
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Fig. 3. Longitudinal electron bunch shapes measured with

a streak camera for a gun phase of 25Æ (upper left) and

40Æ (upper right). The bunch length from a gaussian �t

to the shapes is shown as a function of gun phase (lower

left). The result of a simulation is indicated as a solid

line. The lower right graph shows the bunch length for

di�erent bunch charges.

at a �xed gun phase 40Æ but for a variable bunch

charge. The bunch length does not change signif-

icantly for bunch charges smaller than 8nC, cor-

responding to a beam current of 700A. For bunch

charges exceeding 8nC, a gradual lengthening is

observed. This lengthening can be explained by

longitudinal space charge forces whose strength

is rising proportional to the bunch charge. At

low energies, within the gun cavity, the strength

of these additional forces suÆce to enlarge the

longitudinal beam dimension.

3. Energy Spread Measurement

Injector Energy Spread The energy spread

measured at a beam energy of 16MeV in the dis-

persive section of the photo injector by means of

optical transition radiation yields an rms energy

spread of �E=E = 1:9 � 10�3. Together with the

rms bunch length of �z = 2mm a normalized

longitudinal emittance of �z = 1920mmkeV is

obtained.

Linac Energy Spread The evaluation of the

bunch energy distribution in the dispersive sec-

tion at the end of the linac can be used to deter-

mine the bunch length. For this experiment, the

electron pulses are accelerated o�-crest in the �rst

accelerating module (longitudinal transfer matrix

M), are longitudinally compressed by a magnetic

chicane compressor (longitudinal dispersion M56)

and accelerated (eventually) o�-crest by a the sec-

ond module (longitudinal transfer matrix R). The

�nal energy spread
p
��66 can be expressed in terms

of the initial beam parameters, hence

��66 = R
2

65
~�55 + 2R65R66~�56 +R

2
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�55 and �66 denote the square of the initial rms

bunch length and energy spread respectively. SA

and UA denote the second order beam transfer
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matrix elements of the o�-crest rf acceleration

SA = UA =
1

2

dE cos�

E0 + dE cos�

2�

�

(5)

where dE, � and � denote the cavity gradient,

phase and wavelength.

During the measurements, the injector was op-

erated with a reduced laser pulse length of 7 ps,

a gun gradient of 35MV/m and a reduced bunch

charge of 1 nC. For this measurements, the ma-

chine setup is a comparable to the setup used for

the streak camera measurements discussed in the

previous section, because the longitudinal space

charge forces are identical in both cases. Longi-

tudinal space charge forces scale with the bunch

charge and inverse to the square of the bunch

length, hence the laser pulse length. The rf gun

phase yielding the shortest bunch length in the

injector, see Fig. 3, has been chosen.

Measurements The energy spread measured

behind the spectrometer dipole magnet, the phase

and the gradient of the rf cavity strings have been

used to determine the rms bunch length accord-

ing to formulae (1 - 4). The result of a simulation,

generating 105 possible �66 for varying cavity gra-

dient, cavity phase, initial bunch length and en-

ergy spread, is compared with the measurement.

The simulation data sample is cut for the mea-

sured energy spread and rf parameters (within

their measurement errors) yielding the evolution

of the bunch length through the machine. Figure 4

shows the FWHM bunch length evolving through

the magnetic chicane compressor. The shaded
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Fig. 4. FWHM bunch length through the magnetic chicane

bunch compressor. The measured energy spread, rf cavity

gradient and phase (within their error bars) are compared

to a simulation with the initial bunch length and energy

spread as free parameters. Left: Optimum compression.

Right: Over-compression. The shaded area indicates the

con�dence of the bunch length measurement at various

stages of compression.

area indicates the error of the bunch length mea-

surement at various positions within the chicane.

The left plot shows a set-up with optimum com-

pression from �z = (920�80)�m to the right plot

an over-compression from �z = (850 � 100)�m

to �z = (500 � 180)�m. The result of the mea-

surements agrees well with the streak camera

measurements taken into account, that the laser

pulse length was reduced by a factor of 2 and at

the same time, the contribution of longitudinal

space charge forces during both measurements

are identical.

4. Conclusion

The longitudinal electron bunch shape has been

measured as a function of the relative phase of

the rf gun and the laser beam. The bunch length

predicted by a simulation of the beam dynamics

in the rf gun �ts well with the measurement. This

support our understanding of an rf compression in

the gun for low phases. A second method to deter-

mine the longitudinal bunch shape by measuring

the bunch energy spread after the bunch traveled

through 2 accelerating modules and a magnetic

chicane compressor allows to reconstruct the evo-

lution of the bunch length throughout the linac.

The results are in good agreement with the streak

camera measurements. For optimum compression,

an injector bunch length of �z = (920 � 80)�m

and a �nal bunch length of �z = (260� 50)�m is

achieved.
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