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Abstract

Electron bunches with duration of sub-picosecond are
essential in ultraviolet and X-ray free electron laser
(XFEL) to reach the desired peak current. Electro-optic
(EO) technique is suitable for temporal profile measure-
ment of these ultrashort bunches which is one of the key
diagnostics in FELs. An electro-optic monitor based on
spatial sampling has recently been designed and installed
for bunch profile diagnostic at Tsinghua Thomson scatter-
ing X-ray source (TTX). An ultrashort laser pulse is used
to detect the field induced birefringence of the bunch
Coulomb field in an electro-optic crystal and the monitor
allows direct time-resolved single-shot measurement of
bunch profile with an accuracy of 135 femtoseconds for a
40 MeV electron bunch in a non-destructive way, which
can simultaneously record the relative time jitter between
probe laser and electron bunch. This paper performs the
layout of the setup and presents the current measurement
results.

INTRODUCTION

Ultrashort relativistic electron bunches with high peak
currents and duration of 100 fs or less are the key ele-
ments for X-ray free electron lasers, such as the Linac
Coherent Light Source at SLAC and the European XFEL
[1, 2]. Precise measurements with a high temporal resolu-
tion of the longitudinal profile including length and shape
of an electron bunch are essential to confirm the beam
quality. As a non-invasive measurement, the electro-optic
detection technique with a resolution of sub-picosecond is
a promising real-time profile monitor. Besides, it can
simultaneously monitor beam arrival time between probe
laser and electron bunch, which limits the temporal reso-
lution of pump-probe technique and increases the jitter of
photon yield in Thomson scattering X-ray source.

Single-shot EO measurement was first demonstrated in
2002 in the way of spectral decoding [3]. Several poten-
tial single-shot EO detection schemes were proposed and
obtained exciting results [4-7]. All the EO methods share
the same principle by detecting the field-induced birefrin-
gence of the bunch Coulomb field within an EO crystal.
For a relativistic electron bunch, the Coulomb field distri-
bution is almost equal to the longitudinal profile. We
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demonstrated the spatial decoding electro-optic detection
in a non-destructive way for its relative simplicity of
optics, high temporal resolution to the limits of EO crystal
and pleasant application in arrival time measurement. In
the spatial decoding detection, an ultrashort probe laser
transfers across the crystal with an angle to the beam
travel direction. Hence, the coulomb field at different
moment modulates the corresponding section in the probe
laser transverse profile. The longitudinal profile of Cou-
lomb field is mapped to the space distribution of the laser
and could be detected by a charge-couple device (CCD)
camera. The maximum of relative phase retardation " of
the probe laser passing through the crystal induced by the
external field £, is given by [8]
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where d is the crystal thickness, A is the wavelength of
the probe laser, #n, is the refractive index of the crystal at
wavelength 4 and 7, is the crystal electro-optic coeffi-
cient. In the crossed polarization setup where the vertical-

ly polarized component is detected after a horizontally
polarized probe laser 7, . passing through the EO crys-

laser

tal, the laser intensity of signal 7, is given by [9]
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For phase shift I' « 1 the intensity is proportional to the
square of bunch Coulomb field E, . The bunch charge

profile can be obtained from the transverse intensity dis-
tribution of the laser pulse.

EXPERIMENTAL SETUP

Measurement was performed at Tsinghua Thomson
scattering X-ray source [10]. A schematic drawing of the
setup is shown in Fig. 1. The electron bunch is generated
from a photocathode rf gun and exits the gun with energy
of 4-5 MeV. The bunch is accelerated to approximately 40
MeV in a 3 m traveling wave accelerating section with a
charge of 60 pC at a repetition rate of 10 Hz in the exper-
imental situation. Length of the bunch is compressed by a
magnetic chicane. The ultraviolet driven laser for the gun
and the infrared probe laser for the EO detection are pro-
vided by two independent Ti:Sapphire laser systems. A
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Figure 1: Schematic layout of the experimental setup.

more detailed description of the whole system can be
found in Ref. [11,12]. The probe laser is compressed to 40
fs in a grating pair and is delivered to the crystal with an
incidence angle of 40 degrees to the beam traveling direc-
tion. A zinc telluride (ZnTe) crystal with thickness of 0.3
mm is employed as the detection sensor, which is cut in
[110] orientation plane with [-110] axis parallel to one
marked edge. The EO signal is detected in a crossed po-
larizer setup and a quarter wave plate is placed before the
polarizer to compensate the residual birefringence of the
ZnTe crystal for crystal imperfection and mechanical
stress.

Bunch Length Measurement

The typical single-shot spatial decoding electro-optic
measurement result is shown in Fig. 2. Time calibration
factor is obtained by changing the delay of probe laser
and fitting the time delay to signal position. The signal
shows a sharp leading spike following by a long decay
tail which is in agreement with the actual distribution of
an optimally compressed bunch. A Gaussian fit to the
main peak excluding the long tail gives a signal width of
135 fs (rms).
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Figure 2: Single-shot spatial decoding EO bunch profile
measurement. Head of the bunch is on the left. (a) EO
signal on the whole time window of 14 ps. (b) Signal in
expanding time scale, a Gaussian fit with o =135 fs to
the main peak is plotted in red line.
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Temporal resolution is limited by the length of probe
laser, resolution of the imaging system, thickness of the
ZnTe crystal and the distance between probe laser and
electron bunch together with beam energy. In the current
setup, the main limits are the response bandwidth of the
EO crystal and the field broadening of low energy bunch
with respect to charge density profile. As for 0.3 mm
ZnTe, the upper limit of effective response frequency is
~3.75 THz corresponding to an rms bunch length of ~113
fs. The influence of distance (typically D =1 mm) can be
estimate by 2D/yc =83 fs [13]. This was reproduced in

the experiment.

Arrival Time Measurement

The spatial decoding EO setup is used to monitor the
beam arrival time for its ability to measure the bunch
profile in a single-shot and non-destructive way. The
arrival time jitter discussed here is the time fluctuation of
electron bunch relative to probe laser. Measurements of 5
consecutive bunches are presented in Fig. 3.

normalized EO signal
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Figure 3: Profile measurements of 5 consecutive bunches.
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The position of EO signal in the probe laser profile var-
ies from shot to shot as the fluctuation of arrival time. The
time of peak position determined by a Gaussian fit to the
main peak in the bunch profile is defined as the beam
arrival time in our experiment. Measurement of the arrival
time of compressed beam over 40 minutes is shown in
Fig. 4. The entire time rms jitter is 589 fs including both
the fast-term component and the slow drift. The slow drift
plotted in solid red line is supposed to be introduced by
the experimental environment. The period of slow drift is
approximately 13.7 minutes which is in agreement with
the temperature period of 13.2 minutes in the laser room.
The variation of temperature would influence the working
conditions of the two laser systems and the timing syn-
chronization between laser oscillator and rf reference
signal placed in the laser room. The rms jitter of fast-term
component is 484 fs obtained by subtracting slow drift
from the measured arrival time, seen in Fig. 5.
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Figure 4: Beam arrival time measurement of compressed
bunches over 40 minutes. The red line shows the slow
drift.
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Figure 5: Arrival time histogram distribution. (a) Overall
time jitter (data point in Fig. 4) with rms 589 fs. (b) fast-
term component without slow drift, rms = 484 fs.

There are various sources contributing to the fast-term
time jitter and the primary reason is the energy fluctuation
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for compressed bunch passing through the chicane under
our experimental conditions. Energy jitter 6 mainly
caused by the amplitude and phase of the rf is approxi-
mately 0.3% and the parameter R,, of the magnetic chi-

cane is about 40 mm. Thus, the arrival time jitter caused
by energy fluctuation is approximately R0 =400 fs.

Other sources include the synchronization jitter of the two
laser oscillators to the reference rf signal. The synchroni-
zation accuracy of the UV driven laser and IR probe laser
is approximately 100 fs and 200 fs, respectively. An
online arrival time monitor with feedback control based
on spatial electro-optic sampling is planned to be installed
to remove the time jitter introduced by slow drift and
increase the stability of photon yield in Thomson scatter-
ing experiment.

CONCLUSION

We have realized a single-shot time-resolved bunch
profile monitor based on spatial decoding electro-optic
detection. The monitor is able to measure beam longitudi-
nal distribution in a non-destructive way which could
simultaneously record the time jitter between laser pulse
and electron bunch. EO signal as short as 135 fs rms has
been observed with 0.3 mm ZnTe crystal for 40 MeV
bunches. A long time monitor of time jitter between laser
pulse and electron bunch has been achieved with rms
jitter of 589 fs. Measurements of EO detection with high-
er accuracy by thinner ZnTe and new GaP crystal and
practical application to decrease the time jitter will be
published recently.
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