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Abstract

At the superconducting linac of FLASH at DESY, we
have installed an electro-optic (EO) experiment for single-
shot, non-destructive measurements of the longitudinal
electric charge distribution of individual electron bunches.
The time profile of the electric bunch field is electro-
optically encoded onto a chirped titanium-sapphire laser
pulse. In the decoding step, the profile is retrieved ei-
ther from a cross-correlation of the encoded pulse with a
30 fs laser pulse, obtained from the same laser (electro-
optic temporal decoding, EOTD), or from the spectral in-
tensity of the transmitted probe pulse (electro-optic spec-
tral decoding, EOSD). At FLASH, the longitudinally com-
pressed electron bunches have been measured during FEL
operation with a resolution of better than 50 fs. The electro-
optic process in gallium phosphide was numerically simu-
lated using as input data the bunch shapes determined with
a transverse-deflecting RF structure. In this contribution,
we present electro-optically measured bunch profiles and
compare them with the simulation.

SINGLE-SHOT ELECTRO-OPTIC
DETECTION

Precise measurements of the temporal profile of ex-
tremely short electron bunches are essential for a detailed
understanding of the bunch compression and lasing mech-
anisms in a SASE FEL. Single-shot electro-optic (EO) de-
tection techniques are ideally suited for this purpose since
they are non-destructive and permit correlation studies be-
tween the time profile of electron bunches and the proper-
ties of FEL pulses produced by the same bunches.

The transverse electric field of a relativistic electron
bunch passing close to an electro-optic crystal corresponds
to a THz pulse traveling through the crystal. This THz
pulse induces a transient birefringence in the EO crystal
which can be sampled by a linearly polarized optical laser
pulse. In this experiment we use gallium-phosphide (GaP)
instead of the more common zinc telluride (ZnTe) as it of-
fers a factor of two better time resolution. The electro-optic
temporal decoding (EOTD) technique was applied [1, 2]

* email: bernd.steffen @desy.de
FEL Technology II
310

=1 A 1

delay
My My A | i—

Sy
H‘ BBO

e
GaP
( =" )
Figure 1: (color) Schematic drawing of the electro-optic

temporal-decoding (EOTD) experiment at the FLASH
linac. For details see text.

yielding the best time resolution of the single-shot EO de-
tection methods.

The schematic setup is shown in Fig. 1. The titanium-
sapphire (Ti:Sa) laser amplifier (pulse length 30 fs FWHM,
central wavelength 795 nm, pulse energy 0.8 mJ, repetition
rate 1 kHz) is synchronized to the 1.3 GHz accelerator RF.
The laser beam is split into two beams: the probe beam
and the gate beam. The probe beam is stretched to 20 ps
with a grating-pair optical stretcher and guided through a
polarizer P to set the polarization parallel to the [-1,1,0]
axis of the EO crystal. It is then injected into the linac vac-
uum chamber and passes through the GaP crystal placed at
a distance of 4-5 mm from the electron beam. The birefrin-
gence induced by the Coulomb field of the passing electron
bunch is translated into a time-dependent elliptical polar-
ization of the stretched probe beam. This in turn is con-
verted into an intensity modulation with a half wave plate
and an analyzer A that is orthogonal to the polarizer P. Any
residual birefringence is removed by a quarter wave plate.
The EO-induced intensity modulation of the probe pulse
is measured through cross-correlation of probe and gate
pulse in a frequency-doubling BBO crystal. By overlap-
ping the two pulses non-collinearly, a spatially dependent
time delay is introduced between the pulses. The BBO light
(4 = 400 nm) is imaged by an intensified CCD camera, and
the temporal profile of the electron bunch is derived from
the light intensity as a function of position. The intrinsic
time resolution of the optical cross-correlator is o = 25 fs
(rms).

The electric field of the bunch is also arranged to be par-
allel to the crystallographic [-1,1,0] axis (aligned in hor-
izontal direction), so that the main axis of the refractive
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Figure 2: Normalized intensity of the probe beam as a func-
tion of the phase retardation I for 6 = 0, and 6 = 2°.

index ellipsoid encloses an angle of 45° with the horizontal
axis and hence 45° to the laser polarization. When pass-
ing through the birefringent GaP crystal its two polariza-
tion components along the main optical axes of the crystal
acquire a relative phase retardation:

2rnd
= Ton8r41ETHz (1

Here Ay is the optical wavelength, d the thickness of the
crystal, ng = n(dp) the optical refractive index of GaP in
the absence of an electric field, r4; the electro-optic coeffi-
cient, and E1y, the amplitude of the THz field. Formula (1)
is based on the simplifying assumption that THz and laser
pulse have the same propagation velocity in the GaP crys-
tal.

Note that in electro-optic sampling (EOS) experiments
the delay between THz and probe laser pulse is varied in
fine steps and the THz time profile is obtained by aver-
aging over many THz pulses. This scanning method is
inadequate at FLASH because the time jitter between the
electron bunches and the Ti:Sa laser pulses is too large
(> 100 fs). Therefore, single-shot methods are required,
the best one being the EOTD technique described above.

The half wave plate shown in Fig. 1 can be used to obtain
an EO signal that is either linear or quadratic in the THz
field. The intensity of the laser probe pulse impinging on
the BBO crystal depends on the phase retardation I' and the
orientation angle 6 of the half wave plate in the form [3]

T
Toroe(6,T) = 22

[1 - cos(T + 46)] )

Here I, is the intensity of the incident laser beam. EO
detection is frequently made at crossed polarization, corre-
sponding to & = 0. For small values of I' the EO signal
is then proportional to I'?, see the black curve in Fig. 2.
Hence the EO signal is quadratic in the THz field. Rotating
the half wave plate by a few degrees leads to a larger EO
signal that is almost linear in E1y,, however, there is a non-
vanishing background in the absence of an electron bunch
(red curve in Fig. 2).
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SIMULATION OF THE ELECTRO-OPTIC
PROCESS

For ideal electro-optic sampling conditions the THz
pulse and the laser pulse should propagate through the EO
crystal at the same speed. In reality the THz phase ve-
locity vpn(f) is frequency dependent and differs from the
group velocity v of the optical laser. A numerical simula-
tion code for the EO process was written [4] to account for
the velocity mismatch and to take also into consideration
the frequency dependencies of the electro-optic coefficient
r41(f) and of the THz amplitude transmission coefficient at
the vacuum-crystal interface

2
A= S ) @
Here n(f) + ik(f) is the complex index of refraction. In
the code the EO crystal is subdivided into thin slices of
thickness dd = d/N (typically N = 10 slices for a crystal
thickness of d = 100 um), and both the THz pulse and
the laser pulse are propagated as wave packets through the
crystal. Pulse spreading and attenuation are explicitly taken
into account. In each slice the contribution I to the phase
retardation is computed applying Eqn. (1) with the proper
delay between the two wave packets in the respective slice.
The overall phase retardation I is obtained by summation
over all slices.
An alternative method is based on the so-called electro-
optic response function:

_ raDAL) - L1
G(f.d) = y fodexp[zzﬂfz(vph(f) vg)]dz

The phase retardation parameter can be computed from G
by inverse Fourier transformation. Figure 3 shows the ab-
solute magnitude of the EO response function of gallium
phosphide calculated from published material data [5, 6, 7].
The strong oscillations are caused by the excitation of
the lowest transverse-optical lattice resonance of GaP at
11 THz. The vanishing response at about 8 THz is due
to the zero-crossing of ry; at this frequency. From these
curves it is obvious that strong shape distortions will arise
if the THz pulse has significant Fourier components in the
resonance region of GaP. Moreover, the GaP crystal thick-
ness must be less than 100 um if one aims for excellent
time resolution.
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Figure 3: The EO response function of GaP for a crystal
thickness of d = 65 pm, 175 um, and 300 um, respectively.
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EXPERIMENTAL RESULTS

For benchmarking the EO process and determining its
performance limitations we have carried out simultaneous
measurements with the EOTD system and a transverse-
deflecting rf structure (TDS), featuring excellent time res-
olution. The TDS was developed at SLAC [8] and was
installed and commissioned at FLASH in cooperation with
SLAC [9]. In the TDS, the temporal profile of the electron
bunch is transferred to a spatial profile on a view screen by
a rapidly varying electromagnetic field, analogous to the
sawtooth voltage in conventional oscilloscope tubes. The
TDS at FLASH is a 3.6 m long traveling wave structure op-
erating at 2.856 GHz. The bunches pass the structure near
zero crossing of the RF field and receive no net deflection
but are streaked in the transverse direction. A single bunch
out of a train can be streaked. With a fast kicker, this bunch
is deflected toward view screen that is imaged by a CCD
camera. The other electron bunches are not affected. The
time resolution of the TDS for the measurements presented
here is about 20 fs (rms).

An EOTD measurement on a longitudinally compressed
electron bunch, such as needed for SASE FEL operation, is
presented in Fig. 4. The TDS measurement on the adjacent
bunch is also shown. The superior time resolution of the
TDS is evident. EOTD signals as short as 55 fs (rms) could
be measured using a 65 um thick GaP crystal. The TDS
signal shape was used as an input for the numerical simu-
lation of the EO process. The predicted EO signal shape is
as is shown in Fig. 4. Its main peak is in excellent agree-
ment with the measured signal. Even the absolute normal-
ization, not shown in the figure, agrees to within 20% to
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Figure 4: Steps in the comparison between TDS and EOTD
signal shapes using a 65 um thick GaP crystal at an an-
gle 6§ = 2° of the half wave plate. Left: From top to bot-
tom: TDS signal, equivalent THz pulse at EO crystal, sim-
ulated EO signal. Right: Comparison between simulation
and EOTD measurement. The simulated and the measured
signals are normalized to the same peak height. The widths
correspond to the rms values of the fitted Gaussian pulse
shapes.

FEL Technology II
312

Proceedings of FEL 2007, Novosibirsk, Russia

- S

=) EOTD §, DS

i > |

a v

= o

Q ==

-0.5 0 0.5 1 -0.5 0 0.5 1

time [ps] time [ps]

Figure 5: TDS and EOTD signals of bunches showing a
double peak structure due to a detuned compression sys-
tem. The simulated EO signal is shown as a green curve in
the left panel.

30%, which is well within the expected fluctuations and the
uncertainties of the EO material properties. The measured
signal shows a higher tail than the predicted one, which can
be attributed to wakefields trailing the electron bunch.

The observed broadening from o =~ 20 fs in the TDS data
to o =~ 55 fs in the EO data is mainly due to the limitations
caused by the lattice resonance in GaP. For sufficiently long
electron bunches (o > 90 fs) the time profile as measured
by the TDS is faithfully reproduced by the EOTD signal,
see Fig. 5.

In another measurement, we employed the simpler
EOSD method [10] which does not require a laser ampli-
fier but has the drawback of an inferior time resolution. A
GaP crystal of 175 um thickness was used. From Fig. 3,
we infer that frequencies above 5 THz are strongly sup-
pressed in such a thick crystal. As a result both the simu-
lated and the measured EO signals are significantly longer
than the real bunch, but both are in perfect agreement. The
TDS measurement is shown in the left part of figure 6. The
frequency dependent response function of the GaP crystal
leads to a significantly stretched equivalent THz pulse in-
side the EO crystal. In spite of the stretching the THz pulse
is still too short to be accurately reproduced by spectrally
resolved detection with a Ti:Sa laser pulse chirped to 1.5 ps
(rms). Frequency mixing of the effective THz pulse and the
laser probe pulse leads to an additional broadening of the
predicted EO signal (green curves in fig 6). In the right
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Figure 6: Left: TDS measurement, simulated effective THz
pulse and simulated EO signal. Right: EOSD measure-
ments of five consecutive compressed bunches in compar-
ison with the simulated EO signal. Data were taken at
6 = 2° using a 175 um thick GaP crystal. The laser pulses
were stretched by chirping to o = 1.5 ps.
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part of figure 6 the predicted EO signal is compared to five
EOSD electron bunch measurements. Excellent agreement
is observed both in shape and amplitude. This indicates that
the published GaP material properties and the resulting re-
sponse function are correct. The comparison between the
simulated effective THz pulse and the EOSD signal shows
that in this case the signal width is not limited by the re-
sponse function of the EO crystal but by frequency mixing
between chirped laser pulse and THz pulse.

CONCLUSION

The temporal electro-optic decoding method has been
benchmarked with a transverse-deflecting RF structure.
Simulations based on published EO material data, and us-
ing the measured TDS electron bunch profiles as input data,
are consistent in shape and amplitude with the EO measure-
ments. Electron bunch profiles with a width of 55 fs (rms)
are close to the resolution limit set by the GaP material
properties. New electro-optic materials [11] with a broader
frequency response than GaP will be needed to improve the
temporal resolution.

REFERENCES

[1] G. Berden et al., Electro-optic technique with improved
time resolution for real-time, nondestructive, single-shot
measurements of femtosecond electron bunch profiles, Phys.
Rev. Lett., 93:114802, 2004.

[2] S.P.Jamison et al., Temporally resolved electro-optic effect,
Opt. Lett., 31:1753, 2006.

[3] B. Steffen. Electro-optic methods for longitudinal bunch
diagnostics at FLASH, PhD thesis, University of Hamburg,
2007. DESY-THESIS-2007-020.

[4] S. Casalbuoni et al., Numerical Studies on the Electro-Optic
Sampling of Relativistic Electron Bunches, TESLA Report
2005-01 (2005).

[5] D. A. Kleinman and W.G. Spitzer, Infrared lattice absorp-
tion of GaP, Phys. Rev., 118:110, 1960.

[6] Q. Wu and X.-C. Zhang, Seven terahertz broadband GaP
electro-optic sensor, Appl. Phys. Lett., 70:14, 1997.

[7]1 W.L. Faust and C.H. Henry, Mixing of visible and near-
resonance infrared light in GaP, Phys. Rev. Lett., 17:1265,
1966.

[8] O. H. Altenmueller, R. R. Larson, and G. A. Loew, Inves-
tigations of traveling-wave seperators for the stanford two-
mile linear accelerator, Rev. Sci. Instrum., 35:438, 1964.

[9] M. Hiining et al., Observation of femtosecond bunch length
using a transverse deflecting structure, Proceedings of the
FEL 2005, Palo Alto, CA, USA, 2005.

[10] I. Wilke et al., Single-shot electron-beam bunch length mea-
surements, Phys. Rev. Lett., 88:124801, 2002.

[11] X.Zheng et al., Broadband and gap-free response of a tera-
hertz system based on a poled polymer emitter-sensor pair,
Appl. Phys. Lett., 87: 081115, 2005.

FEL Technology II

WEBAU04

313



