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Abstra
t

We have measured bun
h lengths of the TTF beam with a streak


amera using syn
hrotron radiation from the experimental area dipole.

Measurements have been made both with and without bun
h 
ompres-

sion. The minimum bun
h length measured with maximum bun
h


ompression is �
z
= 0:7� 0:4mm (2:3� 1:3ps). The data are in good

agreement with simulations.

1 Introdu
tion

The ele
tron beam of the TESLA Test Fa
ility (TTF) is produ
ed by an

inje
tor based on a laser driven rf gun [1℄. The inje
tor is followed by an

a

elerating module (ACC1), a magneti
 
hi
ane bun
h 
ompressor (BC2) [2℄

and a se
ond a

elerating module (ACC2). The spe
trometer dipole magnet

situated in the experimental area at the end of the lina
 is used for energy

measurements. A sket
h of the lina
 is shown in Figure 1.

The ele
tron bun
h length is one important beam parameter. In Mar
h

2000 we 
arried out streak 
amera measurements using syn
hrotron light

from the spe
trometer dipole at the experimental area. The aim was to

measure the bun
h length of the inje
tor as well as the bun
h length with

bun
h 
ompression. E�e
ts of the rf gun phase and the phase of the �rst

a

eleration module on the bun
h length were studied. We also investigated

possible substru
tures of the bun
hes.

�Email: katja.honkavaara�desy.de

1



FEL photon
diagnostics

Injector
dipole

Bunch compressor
BC1

Bunch compressor
BC2

capture
Booster/

cavity

Laser driven
electron rf gun

Experimental area
spectrometer dipole

Undulator
modules

230 MeV 120 MeV 16 MeV 4 MeV

Beam dump

Cryomodules with superconducting cavities

Module # 1

Beam dump Laser

Module # 2Collimator

Figure 1: Layout of the TTF lina
 (not to s
ale, total length about 70 m).

Approximate beam energies are indi
ated.

The nominal bun
h length in the inje
tor is 2mm. The rf gun is operated

with an a

elerating �eld phase of 40Æ. Zero phase is de�ned as the phase,

where the bun
h 
enter is at the zero 
rossing of the a

elerating �eld. The

bun
h length depends on the gun phase: we expe
t the bun
h length to

vary between 1mm and 3mm for phases of 0Æ to 90Æ. In previous streak


amera measurements at TTF, the smallest a
hievable bun
h length was

�
z
= 1:95 � 0:08mm at gun phase of 25Æ [3℄. No bun
h 
ompressor was

used for this experiment. With bun
h 
ompression, we expe
t bun
h lengths

between 250 to 500�m depending on the bun
h length before 
ompression.

2 Experimental set-up

A streak 
amera provides a 
onvenient way to measure ele
tron bun
h length

in the millimeter range. The streak 
amera used is on loan from LAL (Orsay,

Fran
e) and has been manufa
tured by the ARP 
ompany [4℄.

We use syn
hrotron light produ
ed by the horizontally de
e
ting spe
-

trometer dipole at the experimental area. The light is re
e
ted by an alu-

minummirror through a quartz window verti
ally out of the va
uum 
hamber

and guided by a set of aluminum mirrors through a 11m long transport line

into the opti
al diagnosti
s area, where it is re
orded by the streak 
amera.

The operation prin
iple of a streak 
amera is shown in Figure 2. The

light pulse being measured passes through a slit in the front of the 
amera.

In our 
ase, the slit is horizontal, i.e. in the same plane as the dipole. The

slit is imaged onto the photo
athode and its fun
tion is to redu
e the trans-

verse dimension of the image. The photo
athode used (S-20) is sensitive

for wavelengths between 200 and 800 nm. The input opti
s is adapted to
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Figure 2: Operation prin
iple of a streak 
amera.

this wavelength range. This allows measurements of the UV pulses (262 nm

wavelength) of the photo
athode drive laser. For the syn
hrotron radiation

experiments, an additional fo
using a
hromat lens is used, whi
h has a 
ut

o� at 350 nm.

On the photo
athode, the in
ident light is 
onverted into photoele
trons,

whose number is proportional to the intensity of the in
oming light. These

ele
trons are a

elerated and traverse the streak tube where they are de
e
ted

transversally (streaked). The de
e
tion is proportional to their arrival time

into the tube and is a dire
t measure of the time stru
ture of the in
ident

light pulse. The streaked ele
trons are made visible by 
onverting them ba
k

to photons on a phosphor s
reen (P-20). An image intensi�er in
reases the

light output by a fa
tor of about 3�103. Finally, the light is registered by a

CCD 
amera. In the dire
tion of the streak, the image at the CCD gives the

temporal pro�le. Perpendi
ular to this, the spatial pro�le in this dire
tion

is measured. The maximum streak speed of the 
amera used is 10 ps/mm

providing a resolution of 0.25 ps per CCD pixel.

The intrinsi
 time resolution of the streak 
amera tube depends on the

wavelength: the measured values for the maximum streak speed are �
z
=

0:6 � 0:1 ps for � = 760 nm and �
z
= 0:9 � 0:1 ps for � = 380 nm [5℄. Due

to the low intensity of the light signal, the whole wavelength range from 350

to 800 nm had to be used in this experiment. Therefore, we 
onservatively

estimate the intrinsi
 tube resolution in our 
ase to �res = 1:0� 0:1 ps.
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3 Measurements

The ele
tron bun
h length has been measured in three series for various phase

settings of the rf gun and the a

elerating modules. In addition, the pulse

length of the photo
athode laser has been measured as well. In series 1,

the ele
tron bun
h length of the inje
tor has been measured. To do this,

the beam has been transfered straight through the lina
 without using the

bun
h 
ompressor BC2. We assume, that in this 
ase the bun
h length does

not 
hange during transport and a

eleration on 
rest of both modules. The

bun
h length has been measured versus the relative phase between the rf gun

and the laser (gun phase). In series 2, the beam has been transferred through

the bun
h 
ompressor BC2, both a

elerating modules has been run on 
rest.

The rf gun phase has been varied. Finally, in series 3 the 
ompression of the

ele
tron bun
h with BC2 has been measured as a fun
tion of the phase of

the �rst a

elerating module. BC1 has not been used in the experiments

des
ribed in this report. The parameters during the measurements are listed

in Table 1. For every series, about 10 points with typi
ally 4 measurements

per point have been taken. The beam time required for one series is about

eight hours.

Table 1: Ma
hine parameters during the experiments. Series 1: Inje
tor

ele
tron bun
h length vs. gun phase, the bun
h 
ompressor BC2 was not

used; Series 2: Ele
tron bun
h length vs. gun phase while passing through

BC2 without 
ompression; Series 3: Ele
tron bun
h length vs. the phase of

the �rst a

elerating module ACC1 while 
ompressing with BC2. The bun
h


harge for all experiments was approximately 1 nC, and the gun gradient at

the 
athode was 38 MV/m.

Series Date Gun ACC 1 ACC 2 BC2

phase phase phase

1 25-Mar-00 �3Æ to 61Æ on 
rest on 
rest o�

2 13-Mar-00 11Æ to 61Æ on 
rest on 
rest on

3 16-Mar-00 48Æ �20Æ to 19Æ on 
rest on
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4 Data analysis

In order to fully exploit the resolution of the 
amera, the entran
e slit of

the 
amera has to be small. For the fastest streak speed of the 
amera of

10 ps/mm, a slit width of 100�m 
orresponds to a resolution of 1 ps. To

ensure this, an image of the slit has been taken during every measurement

series. For measurement series 1 the slit size is �slit = 107�m, and for series

2 �slit = 71�m. For series 3, the slit is larger to allow more light intensity on

the 
amera: �slit = 187�m.

In this analysis, we assume that the resolution is dominated by the streak

tube resolution and the slit size. Contributions from other sour
es like the

CCD 
amera pixel size and di�ra
tion e�e
ts are small 
ompared to that.

The intrinsi
 tube and the slit width are subtra
ted from the measured value:

�z =
q
�2
mes� �2

res � �
2
slit.

For every ma
hine setting, several images are taken. An example of an

image is shown in Fig. 3. The proje
tion of the image onto the time axis is

�tted by a gaussian fun
tion. The �t in
ludes a 
onstant ba
kground. For

the �t, the measurement error of a pixel is assumed to be 
onstant. The

bun
h length is then 
onsidered as the mean value of the widths (sigma) of

all pro�les. The error is estimated as the rms varian
e.

In order to 
alibrate the gun phase, the transmitted 
harge through the

gun is measured as a fun
tion of the relative phase between gun and laser

(phase s
an). Phase zero is the phase, where half of the 
harge is transmitted.

In addition, the laser pulse length 
an be estimated from the rising edge of

the s
an (see Fig. 4).[6℄

The phase of the �rst a

elerating module is stabilized by a feedba
k

system. A phase value 
an be set with a relative a

ura
y of better than 1Æ.

During the measurements, where the rf gun phase had to be 
hanged, the

gun was operated without phase feedba
k. The feedba
k system does not

allow to 
hange the phase over a wide range with 
losed loops. In series 1,

the phase has been measured for every data point, but in series 2, only the

set values for the phases are used. The un
ertainty of the phases in both


ases is not more than 2Æ.

The e�e
t of the horizontal spread of the syn
hrotron radiation fan on

the time resolution is negligible.
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Figure 3: Example of an image taken with the streak 
amera. The verti
al

dire
tion from top to bottom is the streak dire
tion. One pixel 
orresponds

to 0.25 ps. The horizontal dire
tion is the horizontal spatial dimension. For

this analysis, the image is proje
ted onto the verti
al axis.
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Figure 4: Example of a phase s
an: the transmitted 
harge through the gun

is measured as a fun
tion of the relative phase between gun and laser.
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5 Results

Examples of longitudinal beam pro�les are shown in Figures 5 and 6. In the

both �gures, all the four images are taken for the same ma
hine settings. In

Figure 5 the bun
h 
ompressor BC2 is o�, the gun phase is 40Æ and both

a

elerating modules are on 
rest. For these 
onditions it 
an be assumed,

that the bun
h length is not 
hanged when the beam is transfered from

the inje
tor through the lina
. The average bun
h length in this 
ase is

�
z
= 10:1� 1:1 ps (3:0� 0:3mm). Figure 6 shows examples of bun
h pro�les

when the beam passes through the bun
h 
ompressor BC2. The gun phase

has its nominal value of 40Æ and the phase of the �rst a

elerating ACC1

is set for maximum 
ompression. ACC2 is operated on 
rest. During this

measurement, SASE FEL radiation has been a
hieved. The average bun
h

length 
orresponding to the pro�les in Fig. 6 is �z = 3:7�0:3 ps (1:1�0:1mm).

Figure 7 shows the inje
tor bun
h length as a fun
tion of the gun phase

(series 1). The beam has been transferred straight through the lina
. For


omparison, two data points with bun
h 
ompression have been in
luded: the

bun
h 
ompressor is used and the ACC1 phase set to provide two di�erent


ompressions. These data have been taken during the series 1 measurements

and show that the measurements in series 1 are not limited by the resolution

of the 
amera.

As expe
ted, the bun
h length de
reases with de
reasing gun phase. In

Figures 8 and 9 a 
omparison between the experimental data and simulations

made by the 
odes ASTRA [7℄ and PARMELA [8℄ are shown. The simula-

tions are shown for di�erent laser pulse lengths. ASTRA favors a laser pulse

length of 12 ps, while for PARMELA 14ps �ts best to the data. However,

the measured laser pulse length was below 10 ps (see below). The di�eren
e

between the 
odes is due to the fa
t, that ASTRA simulations are made until

the entran
e of the 
apture 
avity, therefore re
e
ting some bun
h lengthen-

ing due to longitudinal spa
e 
harge for
e in the drift spa
e, while PARMELA

simulations are done up to the gun exit only. Despite this, the agreement

between measurements and simulations is good.

Figure 10 shows the bun
h length versus the gun phase when the bun
h


ompressor BC2 is in use, but with ACC1 on 
rest. Although, no 
ompression

would have been expe
ted with ACC1 on 
rest, the data 
learly show a


ompression of the bun
h down to about 2.5mm. This is explained by a

small 
orrelated energy spread indu
ed by a

eleration in the gun and the


apture 
avity. This is ni
ely reprodu
ed by the simulation: in Figure 10
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ASTRA simulations for di�erent laser pulse lengths are superimposed to the

data. The data favor a small laser pulse length of �
L
= 10ps. The S
hottky

e�e
t for the ele
tron extra
tion from the photo
athode is in
luded.

Figure 11 shows the e�e
t of bun
h 
ompression: the bun
h length is

plotted for di�erent phases of ACC1 (series 3). In these measurements the

gun is operated 
lose to the nominal phase (�gun = 48Æ) and ACC2 was on


rest. Maximum 
ompression of the bun
h to 0.7mm has been measured for

a ACC1 phase of �ACC1 = �10Æ. Simulations for di�erent laser pulse length

are again in
luded. The simulations are performed with ASTRA up to the

bun
h 
ompressor entran
e and then with an analyti
al model through the


ompressor. The data are well des
ribed by the simulation. Again, a laser

pulse length around 10 ps is favored.

The laser pulse length has been measured with the same streak 
amera.

The UV laser wavelength of 262 nm is within the sensitive range of the 
amera

and its input opti
s. Figure 12 shows examples of laser pulse pro�les. A

gaussian �t on the pro�les yields a laser pulse length of �
L
= 8:9� 0:6 ps.

We also tried to �nd substru
tures within an ele
tron bun
h or within a

laser pulse. From our measurements, it was not possible to identify longitu-

dinal substru
tures, neither in the ele
tron bun
h, nor in the laser pulse. In

addition, we 
an ex
lude the presen
e of double pulses whi
h are not 
loser

than 2 ps. With the streak 
amera, we 
over the range between 2 ps and

10 ns, the fastest and slowest streak speed resp. With a fast photodiode for

the laser beam and photomultipliers dete
ting beam losses for the ele
tron

beam, the sensitive range is extended to 1�s, the distan
e to the next pulse

within the pulse train.

In some pro�les, spikes are visible. However, these spikes are most likely

due to statisti
al 
u
tuations of the photon signal (see Figures 5 and 6).

Figure 3 shows the poor photon statisti
s of an image taken with the streak


amera. The total number of photons arriving at the 
amera was � 104, so

that the number of photons per pixel on the CCD was low.

6 Con
lusions

The bun
h length de
reases as expe
ted with de
reasing gun phases. The

smallest bun
h length measured for maximum 
ompression is �
z
= 0:7 �

0:4mm (2:3 � 1:3 ps). The measurements are not limited by the resolution

of the 
amera, whi
h is better than 2 ps. The data are in good agreement
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with simulations. A laser pulse length of 10 ps is favored by the simulation,

whi
h mat
hes well with the measured value of 8:9� 0:6 ps.

7 Dis
ussions

The bun
h length has also been measured with the method based on lon-

gitudinal phase spa
e rotations [9℄. In a �rst preliminary analysis, these

measurements indi
ate a bun
h stru
ture 
onsisting of a spike of a size of �

1 ps (� 300�m) and a long tail of about 6 ps (1.8mm). The stru
ture is not

gaussian, therefore these numbers are given as FWHM values. The streak


amera is not able to resolve bun
h stru
tures below � 2 ps (FWHM).

Other measurements of the bun
h length use transition [10℄ and di�ra
-

tion [11℄ radiation in the mm-wavelength range. In both 
ases, an auto
or-

relation method with a Martin-Puplett interferometer is used.

Data from the di�ra
tion radiation experiment are in a rough agreement

with the streak 
amera measurements. The transition radiation measure-

ments unfortunately have not been performed under the same 
onditions. A

very small rf gun phase has been used to a
hieve the shortest bun
h lengths.

In our measurements, we used the nominal rf gun phase whi
h leads to the

lowest transverse emittan
e.

It should be pointed out, that an evaluation of systemati
 errors on the

three above mentioned methods has not been 
ompleted yet. Therefore,


omparison with our data have to be done with 
aution and are preliminary.

It is planned to 
ontinue these measurements using in addition the �rst

bun
h 
ompressor (BC1). We expe
t a fa
tor of 2 shorter bun
hes. A new

streak 
amera with better resolution has been ordered for this purpose.
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Figure 5: Examples of longitudinal inje
tor bun
h pro�les.

12



Figure 6: Examples of longitudinal bun
h pro�les with bun
h 
ompression.
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Figure 7: Inje
tor bun
h length vs. gun phase (Series 1). Two data points

(squares) with bun
h 
ompression are in
luded (bun
h 
ompressor BC2 in

use and ACC1 phase set to provide two di�erent 
ompressions).
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Figure 8: Inje
tor bun
h length vs. gun phase (same data as in Fig. 7); 
om-

parison between ASTRA simulations and experimental data. The simulation

is shown for three di�erent laser pulse lengths (sigma).
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Figure 9: Inje
tor bun
h length vs. gun phase (same data as in Fig. 7);


omparison between PARMELA simulations and experimental data. The

simulation is shown for three di�erent laser pulse lengths (sigma).
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Figure 10: Bun
h length vs. gun phase (Series 2); bun
h 
ompressor BC2

in use, ACC1 on 
rest. ASTRA simulations for three di�erent laser bun
h

lengths (sigma) are shown. For 10 ps, the lower 
urve in
ludes the S
hottky-

e�e
t on the 
athode.
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Figure 11: Bun
h length vs. module 1 phase (Series 3); bun
h 
ompressor

BC2 in use. ASTRA Simulations for three di�erent laser bun
h lengths

(sigma) are shown.
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Figure 12: Three examples of measured laser pulse pro�les.
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