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Abstract

Precise measurements of the temporal profile of sub-picosecond electron bunches
are of high interest for the optimization and operation of VUV and X-ray free electron
lasers. In this thesis, the shortest electro-optic signals measured so far for electron
bunch diagnostics are presented, reaching a time resolution of better than 50 fs (rms).
The effects that introduce signal distortions and limit the time resolution are studied
in numerical simulations for different electro-optic detection materials and techniques.
The time resolution is mainly limited by lattice resonances of the electro-optic crystal.

Electro-optic signals as short as 54 fs (rms) are obtained with gallium phosphide
(GaP) crystals in a crossed polarizer detection scheme using temporally resolved
electro-optic detection. Measuring near crossed polarization, where the electro-optic
signal is proportional to the velocity field of the relativistic electron bunch, the shortest
obtained signal width is 70 fs (rms).

The electro-optic signals are compared to electron bunch shapes that are measured
simultaneously with a transverse deflecting structure with 20 fs resolution. Numerical
simulations using the bunch shapes as determined with the transverse deflecting cav-
ity as input data are in excellent agreement with electro-optical signals obtained with
GaP, both for temporally and spectrally resolved measurements. In the case of zinc tel-
luride (ZnTe) the observed signals are slightly broader and significantly smaller than
expected from simulations. These discrepancies are probably due to the poor optical
quality of the available ZnTe crystals.



Zusammenfassung

Die prizise Messung des zeitlichen Profils von Elektronenpaketen mit einer Linge
von weniger als einer Picosekunde ist fiir den Betrieb und die Optimierung von Freie-
Elektronenlasern im VUV- und Rontgen-Bereich von gro3er Bedeutung. In dieser Ar-
beit werden die kiirzesten Signale gezeigt, die bisher mit elektro-optischen Verfahren
an einem Beschleuniger gemessen worden sind. Es wird eine Zeitauflosung von bes-
ser als 50 fs (rms) erreicht. Unterschiedliche Effekte, die bei verschiedenen elektro-
optischen Detektionsverfahren zu Signalverformung und -verbreiterung fiihren, wer-
den anhand von numerischen Simulationen fiir verschiedene elektro-optische Materia-
lien untersucht. Die zeitliche Auflésung ist hauptsichlich durch die Gitterresonanz des
elektro-optischen Kristalls begrenzt.

Mit Hilfe der zeitaufgelosten elektro-optischen Detektion mit Kristallen aus Galli-
umphosphid (GaP) konnen Signale mit einer Lange von 54 fs (rms) in einem Aufbau
mit gekreuzten Polarisatoren gemessen werden. Bei fast gekreuzten Polarisatoren ist
das elektro-optische Signal proportional zur elektrischen Feldstirke des vom relativi-
stischen Elektronenpaket mitgefiihrten THz Pulses. In diesem Fall haben die kiirzesten
gemessenen Signale eine Breite von 70 fs (rms).

Die elektro-optischen Signale werden mit der Form eines Elektronenpakets vergli-
chen, das parallel mit einem transversal ablenkenden Hochfrequenzresonator mit 20 fs
Auflosung vermessen worden ist. Numerische Simulationen, die die mit dem seit-
lich ablenkenden Hochfrequenzresonator gemessene Form der Elektronenpakete als
Eingangsdaten nutzen, stimmen sehr gut mit den Signalen der zeit- und spektralauf-
gelosten elektro-optischen Detektion liberein, wenn mit GaP gemessen wird. Bei Kri-
stallen aus Zinktellurid (ZnTe) sind die gemessenen Signale breiter und signifikant
niedriger als von den Simulationen vorhergesagt wird. Diese Abweichungen konnen
durch die schlechte optische Qualitit des verwendeten ZnTe-Kristalls verursacht sein.
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1. Introduction

Since its discovery in 1947 at the General Electric Research Laboratory [EMLP47]
(Fig. 1.1) synchrotron radiation has become a powerful tool in many areas of science.
The wide spectrum from microwaves to X-rays and the high brightness offer unique
conditions for spectroscopy and X-ray crystallography. Since the radiation is emitted
in very short pulses, typically less than a nanosecond, also time resolved measurements
are possible. The major applications of synchrotron light today are in condensed matter
physics, molecular biology, chemistry, material science and medicine.

First experiments were done in parasitic operation at circular accelerators primarily
used for high-energy or nuclear physics using the synchrotron light emitted in bend-
ing magnets. The growing demand of synchrotron light sources led to both the con-

Figure 1.1.: Synchrotron light from the 70-MeV electron synchrotron at the General
Electric Research Laboratory in Schenectady, New York, on April 24,
1947 [EMLPA4T].
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Figure 1.2.: History of the peak brilliance of X-ray light sources [DES07].

struction of dedicated accelerators — like the Synchrotron Radiation Source (SRS) at
the Daresbury Laboratory — and the redesign of accelerators formerly used for high-
energy physics — like the DORIS storage ring at DESY (so called second generation
light sources). In the beginning these early dedicated facilities used bending magnets
to produce synchrotron light. The use of magnetic insertion devices (wigglers and
undulators) further increase flux and brightness of the radiation.

New storage rings with electron optics designed for a low emittance beam and long
straight sections for undulators achieve an even higher brightness and also a consider-
able degree of spatial coherence (third generation light sources) [RobO1]. Modern light
sources like the European Synchrotron Radiation Facility (ESRF) in Grenoble reach a
peak brilliance (spectral brightness) of 10*photons/(s - mm - mrad” - 0.1%AA1/ 1) which
is 10'! times more than in conventional X-ray tubes (Fig. 1.2).

One candidate for the next generation of light sources are free-electron lasers
(FELs), accelerator based lasers, which use the accelerated electrons as gain media

16



for the lasing process. Their peak brilliance which will be a factor of 10® higher than
in third generation light sources and they offer also very short pulses (< 100 fs) and a
high degree of spatial coherence.

For infrared FELs, like the Free-Electron Laser for Infrared eXperiments (FELIX)
in the Netherlands, the electron bunches are injected into a resonator, consisting of
two high-reflectivity mirrors around an undulator. The emitted spontaneous radia-
tion is amplified on successive roundtrips in the resonator by synchronized electron
bunches from the accelerator. In high-gain FELs, which are based on the principle of
Self Amplified Spontaneous Emission (SASE), the spontaneous undulator radiation is
amplified in a single pass through the undulator to the final intensity and no cavity mir-
rors are needed. Therefore these FELSs can provide radiation in the vacuum ultra violet
(VUV) and X-ray regime, where no high-reflectivity mirrors are available. Electron
bunches of low emittance and extremely high local charge density are needed to reach
laser saturation in a single pass through the undulator. To achieve this high charge den-
sities at reasonable bunch charges of up to a few nC the electron bunches have to be
very short. To prevent an emittance growth during the acceleration, usually the bunch
length at the electron source is several picoseconds. During the acceleration in a linear
accelerator the bunches are compressed in magnetic chicanes to 100 fs or less before
they pass through the undulator.

Only few techniques allow to determine the bunch length with a sub-picosecond
time resolution. Several techniques measure the spectral distribution or the autocorre-
lation of coherent transition (CTR), diffraction (CDR), or synchrotron (CSR) radiation
to calculate the bunch profile from this data [LBB*03, MHB*05, DRS*06]. Bunch
lengths as short as 90 fs (rms) could be determined [MHB*05], but only very recently
a device has been presented that is capable of single-shot measurements of a CTR
spectrum [DGR*05].

Streak cameras can measure the length of synchrotron or Cherenkov radiation pulses
with a resolution of about 100 fs (rms) [HPSS01, UUKK98]. The use of a transverse
deflecting RF structure (TDS) allows to quantify the bunch length with the best res-
olution of about 25 fs (rms) [ALL64, HBS*05]. Transverse deflecting structures are
intrinsically destructive devices. They also have large infrastructure requirements and
need significant beam line space, especially for high energetic beams. At the Free-
Electron Laser in Hamburg (FLASH) at DESY the structure itself is 3.6 m long, com-
pared to the requirement of about 0.2 to 1 m for CTR or electro-optical diagnostics.

The electro-optic (EO) diagnostic techniques offer the possibility to measure sub-
picosecond bunches destruction-free and in a single shot. The underlying principle
of these techniques is as follows: the THz pulse from CTR or the electric field co-
propagating with the relativistic electron bunch induces a time dependent birefringence
in an optically active crystal, and this optical anisotropy modulates the polarisation of
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a laser pulse. The conceptually simplest electro-optical diagnostic technique, electro-
optic sampling, is not a single-shot measurement. It is frequently used to measure
THz pulses from laser driven THz sources [WZ95, WZ97, LHS*99]. For electron
bunch length diagnostic it was first applied at FELIX [OKY 99, YMG*00]. Single-
shot electro-optic measurements with a chirped laser pulse (spectrally resolved EO
detection) were first demonstrated at laser driven THz sources [JZ98, SJZ98] and later
applied for electron bunch measurements at FELIX [Wil02] with a temporal resolution
of about 175 fs (rms) and measured EO signals of 740 fs (rms). A second EO single-
shot technique, the spatially resolved detection, uses a non-collinear geometry for the
THz radiation and the probing laser beam [SWK*00]. EO signals widths of 120 fs
(rms) could be measured at the Stanford Linear Accelerator Center (SLAC) [Cav05]
and lately at DESY of 70 fs (rms) [ADS*06]. A third single-shot technique, tempo-
rally resolved EO detection, resolves the intensity of an electro-optically modulated
probe pulse through an optical cross-correlation in a frequency doubling crystal, using
a non-collinear geometry [JSM*03]. Just as in spatially resolved detection, a time-
space mapping is achieved, but purely with optical pulses. Temporally resolved EO
detection has been demonstrated at FELIX, reaching a minimum signal width of 150 fs
(rms) [BJIM*04]. All electro-optic detection techniques are described in detail in sec-
tion 3.2.

FLASH has recently been upgraded to a maximum electron energy of 770 MeV,
allowing to cover the wavelength range from 13 to 45 nm. The 1 nC electron bunches
are generated in an RF-photocathode with an rms length of 4 ps and are rapidly accel-
erated to relativistic energies to reduce the emittance dilution due to internal Coulomb
forces. At energies of 125 MeV resp. 380 MeV the bunches are longitudinally com-
pressed to a narrow peak with an rms pulse length of o, < 100 fs which is followed by
a longer tail.

Precise measurements of the temporal profile of the compressed electron bunches
are essential for the optimization of the linac and a proper understanding of the bunch
compression mechanism including subtle effects such as coherent synchrotron radia-
tion.

In the framework of this thesis an electro-optical experiment for sub-ps, single-
shot, destruction free longitudinal bunch profile measurements at FLASH is designed,
set up and commissioned. The theoretical and experimental limits of the temporal
resolution of spectrally and temporally resolved electro-optic detection are investigated
and simulated numerically for different electro-optic crystals.

18



2. Theoretical background

The experiments described in this thesis use the electro-optic (EO) effect to reconstruct
the time profile of electron bunches in the linear accelerator of the free electron laser in
Hamburg (FLASH). A birefringence is induced in electro-optical active crystals by the
Coulomb field of a relativistic electron bunch passing the crystal at a close distance.
This birefringence is then probed by an ultrashort laser pulse. In this chapter the prop-
erties of the Coulomb field of a relativistic electron bunch traveling through the beam
pipe of an accelerator and the physical background of the electro-optic effect (Pock-
els effect) will be described, followed by a description of the electro-optic detection
techniques used in accelerators.

2.1. The Coulomb field of relativistic electron
bunches

The electric field E of an electron at rest at r = (0, 0, 0) is spherically symmetric:

qg r
dreor? r

E(r) = (2.1)
with the permittivity of free space &, and the electron charge g = —e.

For accelerated electrons moving with a speed v = c¢ close to speed of light the
electromagnetic field needs to be Lorenz transformed. It becomes longitudinally con-
tracted and forms in the laboratory system a flat disc with an opening angle of 2/y
perpendicular to the direction of movement of the electron [Jac99].

The components of E are:

P x
* drey (2 + y? + y*(z — vh)?)32
PR y
Y drey (X2 + y?> + y*(z —vh)?)3/?
— Ut
E = @ z-v

4rg ' (X% + y? + y2(z — v1)?)3/?
2.2)
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with the relativistic Lorenz factor y = ﬁ At time ¢ = 0 the field can be written
—(v/c

in the following vector form:

oy 1B r
dney (1 — B2 sin? 6)3/2 13

E(r) (2.3)
where r is the radius vector from the electron to the observer, 6 is the angle between r
and the velocity vector v of the electron, and 8 = v/c.

Changing to a cylindrical coordinate system (r,z,¢) with r = /x> +y? and ¢ =
arctan(y/ x), the electric field of an electron moving with the constant speed v along the
z-axis becomes (assuming that the electron is at (0, 0, 0) at the time ¢ = 0):

. r
Enn = drey  (r? + y2021?)3/? 24

E,rt) = 0
EZ(Y‘,Z‘) =

qy vt
drey (12 + y2022)32

The frequency components |E,(r, )| of this field seen by an observer at z = 0 in a
distance r from the electron path, can be calculated using the Fourier transform ¥ of
the radial electric field:

E(r,w) = FlE(r1)= \/%_71_‘0[ E,(r,t) exp(—iwt)dt (2.5)

(o0

E(r,t) = F YE.(r,w)} = \/%_ﬂfﬁr(r,w)exp(iwt)dw

—00

The Fourier transform is found to be [Jac99, CSS05c¢]:

- quw w
B0 = ey (Byc r) (20
The function K, is a modified Bessel function. The longitudinal field component is
smaller than the radial component by a factor of 1/y and can be neglected for highly
relativistic electrons.
Assuming an electron bunch with an infinitesimally small radius and a longitudinal
electron distribution Q(#) moving along the z-axis the radial field becomes:

Er,Q(ra t)

(E,  Q)(r,1) (2.7

fEr(r, t—s5)0(t)ds (2.8)

—00
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2.1. The Coulomb field of relativistic electron bunches
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Figure 2.1.: The radial electric field of a simulated charge distribution of a 450 MeV
bunch at FLASH [Doh0O6a] after the last accelerating module at a distance
of r = 5 mm (a, blue curve). The total charge is 500 pC. Fourier transform
of the electric field at a distance » = 5 mm (b, blue curve). The red curves
show the electric field of the simulated charge distribution for y — oo in
time and frequency domain.

and the corresponding frequency components |E, o(w)| are:

E, o(w) FAE, = D)} (2.9)

FAE D} - FLO0)} (2.10)

Figure 2.1 shows the radial electric field created by the simulated charge distribution
of a bunch at FLASH [Doh06a] at a distance of » = 5 mm from the axis (a) and also the
corresponding Fourier transform (b). The total charge is 500 pC and the particle energy
1s 450 MeV. The small opening angle of 2/y leads to a slight temporal broadening of
the electric field pulse at a distance r = 5 mm, which results in a reduction of the high
frequency parts of the electric field.

Due to the nonlinear compression of the electron bunches at FLASH (cf. 5.1.3), the
bunches at the end of the accelerator have a sharp spike with a full width at half maxi-
mum (FWHM) duration in the order of 100 fs in their longitudinal charge distribution.
This spike leads to frequency components of 10 THz and above.

21
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2.2. Complex representation of the electric field of
short laser pulses

For a mathematical description of short laser pulses it is useful to describe the electric
field strength E(t) of the pulse in time and frequency in a complex representation.
This description is particularly useful to calculate the changes of the field during the
propagation of the pulse in a dispersive material.

The temporal dependence of an optical laser pulse can be described by its electric
field strength E(¢) in time domain or by the complex spectrum of its electric field
strength E(w) in frequency domain related through the complex Fourier transform
(F) [DRIS5]:

E(w) = T{E(t)}:\/%_ﬂ_ [ E(H)e “'dt = |E(w)|e® (2.11)
E(t) = FHE(w)} = \/Lz_ﬂ f E(w)edw (2.12)

—00

where |E(w)| is the spectral amplitude and ®(w) is the spectral phase. In most cases
the spectral amplitude will be centered around a mean frequency w, and will have non-
zero values only in a frequency interval Aw < wy. In time domain it is convenient to
introduce the carrier frequency wy and to write E(¢) as:

E(t) = E(t)e Vet (2.13)

where ¢(¢) is the time dependent phase, and &(7) is called the field envelope. It has to
be emphasized that equation (2.13) is only useful if the bandwidth is a small fraction
of the carrier frequency:

A

<l (2.14)

Wo
For that to be satisfied, the temporal variations of &(7) and ¢(¢) within an optical cycle
Tope = 2m/wy have to be small. Then the slowly varying envelope approximation
(SVEA) can be applied.

Standard laser pulse diagnostic devices like autocorrelators and spectrometers do not
measure the electric field strength but the resulting intensities. The intensity profile /()
and the spectral intensity profile S (w) can be calculated as:

+Topt/2
1(n = 26 f EXt+ 1)t = 25820 (2.15)
Topt 2
~Topt/2
EnC ~
S(w) = %|E(w>|2 (2.16)
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2.2. Complex representation of the electric field of short laser pulses

Usually the pulse duration and the spectral width are used to characterize short
pulses. The pulse duration Ty is commonly defined as the full width at half maxi-
mum (FWHM) of the intensity profile /(¢) and the spectral width Aw as the FWHM of
the spectral intensity profile S (w).

2.2.1. Gaussian pulses

Gaussian laser pulses are commonly considered for simplicity in laser physics and

have the convenient property that pulses with Gaussian profiles in time have Gaussian

spectra as well. The concepts and definitions hold for other bunch shapes as well.
The temporal dependence of the field envelope of a Gaussian pulse is:

t2
E(t) =&Epexp|—— 2.17)
202
and the intensity profile is:
&C 1?
I(t) = 78(2) exp(—o_—%) (2.18)

The FWHM is Ty = 2 VIn 20-,. In the spectral domain the field envelope is:

Ew) = FED)
2
= SOO-TGXP(__((U—(UO))
(w — wy)?
= 80wexp(— 20_3)0 ) (2.19)
with
8(),“, = 8()0"r and (220)
Aw
w = 1/o, = 2.21
7 o 2VIn2 ( )

Here T = 2VIn20, and Aw = 2VIn2o, will be used for FWHM duration
and bandwidth, while o, and o, is used for the standard deviation of the Gaussian
distribution of the electric field in time and frequency domain. In the laser litera-
ture also 7 = V2o, is used. The field envelope of a Gaussian pulse becomes then
E(1) = Epexp(-5).

The temporal and spectral representations of the field are related through Fourier
transformation. Therefore, the bandwidth o, and the pulse duration o, cannot vary
independently from each other. There is a minimum duration-bandwidth product:

0,0 > Cp (2.22)
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where cp is a numerical constant depending on the pulse shape. For Gaussian pulses
cg = 1. The equality holds for so called “Fourier limited” or “bandwidth limited”
pulses, which have no frequency modulation (“chirp”) as described below.

2.2.2. Light propagation in dispersive materials

A plane wave traveling in z-direction in a medium with the relative permittivity &, and
permeability y, can be written as

E(z,t) = Epe"“™ (2.23)

where k = w /et = w /o pop, 1s the wave number of the plane wave in the medium,
in which the wave is traveling in. In laser literature the wave number is also called the
propagation constant although it is not constant in frequency. It can be written in any
of the following forms:

w  wn(w) 2 2an(d)

ksoven=o=——=37"",

(2.24)

where ¢ and A are the velocity of light and the wavelength of the radiation in vacuum,
¢’ = c/nand A’ = A/n are the corresponding values in the medium, and n = n(w) is the
refractive index of the material.

Since the refractive index n(A) of optical glasses is often given in the form of the
Sellmeier equation [Sch06¢]:

B2 B2 B2

2
D=1+ + +
w(4) L-C  B-C  2-G

(2.25)

with the constants B; ;3 and C, 3. The following relations give the wave number & as
a function of n(1) [DR95]:

wn(w) _ 2rtn(A)

k(w) = (2.26)
c A
d¢ nlw) wdn 1 dn
K = —=—F+——=—|n(1)) - 21—
dw Co codw ¢ (n( ) d/l)
. d*k _2.dn Lo d*n 4 ,d*n
 do?®  cydw  codw? 2nct | dA?

2.2.3. Gaussian pulses in dispersive materials

In this section the propagation of a laser pulse in a linear, dispersive medium is treated.
A linear medium in this context is any material with a linear response to the field of the
light and dispersive means that the wave number k(w) of the medium as a function of
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2.2. Complex representation of the electric field of short laser pulses

frequency is not proportional to w. The polarization P of the material is proportional
to the field strength E of the light and dk/dw is not constant.
A laser pulse traveling through a material of length L acquires the phase shift

P(w) = k(w)L (2.27)

which does not change the spectral amplitude but leads to a change of the field envelope
in time.

If the pulse has frequency components only in a narrow band around a center fre-
quency wy the wave number of a dispersive system can be expanded in a Taylor series
about the center frequency wy:

k(w) = ko + k' - (w — wp) + %k” (W — wp)? (2.28)

with ky = k(wo) = won(wy)/c, k' = dk/dw| =y, and k" = dzk/da)2|w:w0.
The complex spectrum E(w)

E(w) = &yexp [_a) — ;UO] (2.29)
2072,
of a Fourier limited Gaussian pulse enters a dispersive material with the wave number
k(w):
2
E(t) = &y exp [—— + ia)ot] (2.30)
202

After traveling through a length L of the material the spectrum E(w, L) of the pulse
will be the input spectrum multiplied by a frequency dependent phase factor:

E(w,L) E(w)exp [-ik(w)L]

” ) (w _ WO)Z
> (w—wo)” — g7

w

Eo.w EXP [—ikoL — k' L(w — wy) — i

1(1
Eo. EXP [—5 (; + ik"L) (w - a)o)z] exp [—i (koL + k' L(w — wy))]

w

This can be written as:

E(w,L) Eo.w EXP [—;(w - wo)z] exp [—i (koL + k' L(w — wy))] (2.31)

262

w
with

s 1 WL - o2 — ik Lot
- =l—+i =<2 ¢
@ o2 1+ k72L20%
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The Fourier transformation of E(w, L) gives the electric field in time domain:

1
Vo

. 1
Eo.w exp Li(wot — koL)] E

_ 2
: f exp [—M] exp [i(w — wo)(t — K1) dw — wy)  (2.32)

52
207,

E(t, L)

fE(a), L)e“'dw

—00

The integral in equation (2.32) is a Fourier transformation of a Gaussian bunch of the
form exp (%&z)t) with a shift in time by # — k’L. This leads to:

1
E(t,L) = &owldulexpli(wot —koL)]exp [—E&i(l - k'L)Z]
o o’ (t—k'L)? k' Lo
— 8 " w _ w . w f— k/L 2
R s eXP[ 201 + k”szo-ﬁ))}eXp [’2(1 T oy kD ]

- exp

k
iwo(t — —OL)]
Wy

& T . o3 (t - kL) exo i K Lot (t— KLY
e T| 20+ k2ot | TP 20 T kP L)
k
-exp |iwo(k'L — —OL)] exp [iwo(t — K'L)] (2.33)
wWo

From the third exponent in equation (2.33) the phase of the carrier frequency wy can
be seen, which is delayed by the phase delay #,, given by:
_ k(a)())L _ L

wo Uph(wo)

ph (2.34)
with the phase velocity vy, = wo/k(wy). The forth exponent shows that the pulse
envelope is delayed by the group delay time 7, given by:

L

t, =k'L= 2.35
£ Ug((UO) ( )

with the group velocity v, = 1/k” which in general is different from vy,. The pulse en-
velope remains Gaussian, but changes its width due to the effects of the group velocity
dispersion k”. k'L is also called group delay dispersion . (3 is the chirp parameter in
frequency domain, and is defined as:
d*®
B=-— =k'L (2.36)

dw?|
w=wy
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2.2. Complex representation of the electric field of short laser pulses

Since the constant delay of the pulse and the constant offset of the phase is of no
importance for following, one can set (t — kK'L) — ¢ and wy(k'L — (%L) - 0.
The equation (2.33) can also be written in the form:

l2

E(tL) = E(f) = ao,cexp[— ]exp[—i%t2+iwot] (2.37)

O-T,C
with
80,(00_(0 _ 80 _ 80
VI+pct  1+p0d 1+
A1+ 20-4
Ore = 'B or4/1 + pro4 (2.38)

ﬁvi‘,
@ = i = G4+ﬁ2 (2.39)

From equations (2.38) and (2.39) follows:

2
Bo
— w 2 _ 2
a= 5 -— 5 © ao;. = —po,
O-TC O-TO-TC

From equation (2.38) follows:

2 252 _
1 g, 0 0,07 1 2 2 4
2 :1+ D 4 = ﬁ = 4 :Uto-T,c_o-t
O-T,C ﬁ O-w O-LL)
1 1
_ 2.2 4 2 2
= Bl = 4Joio 0, =007, ) 2
O-t O-T, O-Tc
TOTC
o0, =—= for o..> 0 (2.40)
4In2
and:
R B 1 1
- 44 T 2.2
O-TO-TL O-TO-TL O-i,C
1 1
= la| =

oo, ol
1 42 1

= ~— for o..>0; 2.41
O-to-‘r,c TOTC |ﬁ| ' ( )

X

From equation (2.38) follows with equation (2.40):
Eoe = 4 T & (2.42)
O-‘r,c
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The pulse from equation (2.37) has a duration of 7, = 2VIn2 0, and shows a
quadratic dependence (—%#*) of the phase in time. « is defined as @ = —d*¢/dr|-
and is called the linear chirp parameter. With this definition the chirp parameter « is
negative for an positive pulse (rising frequency: red-shifted frequencies arrive earlier
than blue-shifted frequencies).

The time-varying phase shift of the sinusoidal signal within the Gaussian pulse is
given by:

E(t) oc exp(i(wot — %tz + o)) = exp(igi(1)) (2.43)

with the total instantaneous phase of the field
)
@i(t) = wot — Et + ¢ (2.44)

The instantaneous frequency w; is defined as the rate at which the total phase of the
sinusoidal signal rotates. It becomes for the chirped Gaussian pulse:

wit) = 222 = wy — at (2.45)

and changes linearly in time. It can be used to calculate a time-frequency mapping of
the pulse:
H(wi) = Hwo) = = - (Wi — wo) (2.46)

A bandwidth limited laser pulse acquires a chirp when passing through a dispersive
material such as optical glass (Fig. 2.2). A positive chirp is acquired by a pulse passing
through a dispersive material with a refractive index n(w) with g—:) > 0. Materials
with g—f) > 0 are called normal dispersive materials while (% < 0 is called abnormal
dispersion. For light at 4 = 800 nm all optical glasses have normal dispersion. To
produce a negative chirp (or to cancel a positive chirp) optical setups like prism or

grating stretchers (compressors) can be used.
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2.2. Complex representation of the electric field of short laser pulses
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Figure 2.2.: Intensity (top) and electric field (bottom) of a Fourier limited laser pulse
with 4 = 800nm, 7y = 5fs (upper curve) and the field of the same
pulse chirped to 7, = 11.6fs by the propagation through 100 um of op-
tical glass (SF11) (lower curve). The resulting linear chirp parameters are
a=-0.0431fs> and B = 18.9 fs%.
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2.3. Wave propagation in anisotropic crystals

The propagation of electromagnetic THz waves through optically active crystals leads
to the linear electro-optic effect (Pockels effect), which is the basis of electro-optic
detection techniques. In the following two sections the Pockels effect for a single fre-
quency THz wave propagating through the crystal will be described. The modifications
due to a THz pulse with a broad frequency spectrum will be discussed in chapter 4.
The treatment follows mainly the references [YY84, BGG*03, Win04].

In an isotropic medium, the polarization P induced by an electric field E is always
parallel to the electric field vector and related to the field by a scalar factor, the sus-
ceptibility. If the medium is anisotropic, the induced polarization is not necessarily
parallel to the electric field, so the susceptibility is now a tensor. The relation between
polarization and electric field can be written as (see e.g. [Jac99]):

P; = ey E; (2.47)

The coefficients of the susceptibility tensor y;; depend on the choice of the coordinate
system relative to the crystal lattice. It is always possible to find a system where y;; be-
comes a diagonal matrix with only three independent entries. The axes, whose choice
makes the susceptibility tensor a diagonal matrix, are called the principal axes of the
crystal. If the y;; are not all equal, the material will exhibit birefringence. Introducing
the dielectric permittivity tensor

€= 1+yij (2.48)
the relation
D=¢E~+P (2.49)
can be written as
D; = ¢ Z &;E; (2.50)

J

In an anisotropic crystal, the phase velocity v, of a plane electromagnetic wave
C
v, = —= = — (2.51)
n

depends on the direction of propagation and the direction of polarization. Along a
given direction of propagation, two orthogonal optical axes U, and U, with different
phase velocities and thus different refractive indices exist. The refractive indices of
these two modes are commonly called n, and n¢ (’s’ for slow and ’f” for fast).

In general, the polarization state of a wave entering the crystal with linear polariza-
tion will not remain invariant during the propagation through the crystal. Only if the
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2.3. Wave propagation in anisotropic crystals

polarization of the incident wave is parallel to one of the optical axes, its polarization
state will remain unchanged. For any other direction of polarization, the field vector
can be decomposed into two components parallel to the two optical axes of the crystal.
As each propagates with a different phase velocity, a phase shift between both compo-
nents and thus a change of polarization of the exiting wave relative to its initial state is
induced.

2.3.1. The index ellipsoid

To find the indices of refraction n, and n; it is convenient to define the so-called index
ellipsoid. The energy density of an electric field is given by:

1 1
w=>E-D=7- Z;‘ E€,E; (2.52)

Changing to the coordinate system where the dielectric tensor is diagonal equation

(252) can be rewritten as:
D> D} D}

= 2w (2.53)
€1 € €
By defining a dimensionless vector
uj
D
u=\| u |= (2.54)
u2 V26()w
3

and introducing the main refractive indices
n; = e, i=1,2,3 (2.55)

equation (2.53) can be normalized. The result is

w?ooud ol

—+—=+=2=1 (2.56)
nyp  ny g

The main axes of the index ellipsoid have the length 2n; and are parallel to the optical
axes of the crystal. Defining the impermeability tensor by

n=¢' (2.57)

which form in the principal axis system of the crystal is

L0 0
1

q=0é0 (2.58)
0 0

S
(YN
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i |
ol

Figure 2.3.: The shaded ellipse is the intersection of the index ellipsoid with the plane
normal to the direction of incidence d of the electromagnetic wave.

the equation of the index ellipsoid can be rewritten as
u-n-u=1 (2.59)

Any plane through the origin of the index ellipsoid defines an intersecting ellipse
(Fig. 2.3). The two axes of this intersecting ellipse are equal in length to 2 ng and
2 ng, where ny and ng are the two indices of refraction of material for light propagating
perpendicular to this plane. These axes are parallel to two eigenvectors of the imper-
meability tensor 7.

2.3.2. The Pockels effect

An external electric field changes the properties of an optically active crystal. The
refractive index becomes a function of the external field, which results in a change of
the orientation and shape of the index ellipse.

For high electric fields the polarization becomes nonlinear in electric field strength
and can be described by the following equation:

P=e(VE +xY\VE* + Y'PE°..) (2.60)

The linear susceptibility x° induces the effects described in section 2.3. For weak
electric fields all but the first term can be neglected. The second order susceptibility y!
induces a dependency of the refractive index on the electric field (linear electro-optical
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2.3. Wave propagation in anisotropic crystals

effect or Pockels effect). x? leads to a dependency of the refractive index on the
intensity of the electric field (quadratic electro-optical effect or Kerr effect).

As y and n are related by equations (2.48) and (2.57), the impermeability tensor
also contains terms of higher order in the presence of a strong external electric field
and can thus be expanded using a Taylor-expansion around E = 0:

nij = N0ij(0) + ripEr + sijuEE + . .. (2.61)

Here, r;j are the Pockels coefficients and s, the Kerr coefficients. For gallium phos-
phide (GaP) and zinc telluride (ZnTe) their order of magnitude is:

_1pIm
Tijk = 10 lzv
2
m
sju ~ 10755 (2.62)

For these crystals, the Kerr effect can be neglected. The impermeability tensor thus
becomes:
nE)y=€'lI+r-E (2.63)

where I is the identity matrix. Inserting this into equation (2.56) yields:
u-nE)-u= Y [6-15,-, i+ D) rijkEk) uit; = 1 (2.64)
i,j=123 k=12,3

As the tensor 5 is symmetric (r;jx = 7ji), it is convention to simplify the tensor by
introducing the following nomenclature to contract the indices:

1,1)—1 Fiik = Tk
(2,2) > 2 Fok = Tk
(3,3) >3 33 — I'3k

(2.65)

(2,3) > 4 | rasi = 3k = Tax
(1,3) = 5 | risk = 131, = Isi

(1,2) = 6 | rigx = ke = rex

2.3.3. Electro-optic effect in GaP and ZnTe

The symmetry of a crystal influences the number of independent elements of the ma-
trix {r;}. Crystals of the zinc blende structure (e.g. CdTe, GaAs, GaP, ZnS, ZnTe)
are composed of two face-centered cubic lattices shifted by one quarter of the spatial
diagonal and thus feature a high degree of symmetry. As a consequence, the matrix of
Pockels coeflicients has only one independent entry (r4; = rs; = rg3).
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Figure 2.4.: The (110)-plane in which the used crystals are cut (a). The coordinate
system (X,Y). The direction of incident of the THz radiation and the laser
pulse are parallel to the vector U; (b).

As GaP and ZnTe crystals are isotropic at vanishing electric field, n; = n, = n3 = ny
and owing to the high degree of symmetry, equation (2.59) assumes the following
form: 1
;(u? + M% + l/l%) + 2141 (Equous + Esusuy + Esuqun) = 1 (2.66)

0
To obtain the principal refractive indices a principal axis transformation has to be per-
formed.

2.3.4. Determination of the main refractive indices

The crystals used in EO experiments are cut in the (110)-plane (Fig. 2.4, a). The THz
radiation and the probe pulse propagate along the normal to this plane, therefore their
electric field vectors lie in the (110)-plane.A new coordinate system (X, Y) is defined
in this plane with

0
X=—1 1 and Y =] 0 (2.67)
1

Assuming perpendicular incidence to the XY-plane and an angle a of the electric
field with respect to the X-axis, the components of the electric vector Ety, of the THz
radiation in the base system of the crystal lattice are

—L cosa —L cosa

V2 | V2
Ery, = Etn, % cosa | = Erpgoe ™ %Fz cos @ (2.68)
sin @ sin
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2.3. Wave propagation in anisotropic crystals

with the amplitude Ety, and the frequency wry, of the THz wave. Inserting this into

equation (2.63) yields
| 1 00 0 sin cosa/ V2
NEm)=—|0 1 0 |+ryFm.| sine 0 —cosa/ V2 | (2.69)
o 01 cosa/V2 —cosa/V2 0

To find the main refractive indices and the principal axes, the eigenvalues and eigen-
vectors of the tensor 7 have to be calculated. The eigenvalues can be evaluated to:

1 E 7z .
Adip = —Z—MITTH(Slna'i V1+3cosza/)
n
0

A3 = ) + r41 ETH, SIN @ (270)
n
0

The normalized eigenvectors are:

-1
(]1 - 1 1+ sina 1
2 V1+3cos? a 23 cosa
V1+3 cos? a+sina
1
(]2 - 1 1+ sin @ -1
2 V1+3cos? a 23 cosa
V1+3 cos? a—sina
-1
U3 = L —1
V2
0

The main refractive indices are given by:

1
n=—— (2.71)

Vi
Taking into account that r4; Ety, < 1/ n(z, the result for the main refractive indices is:

3
nra E .
n = ng+ 2 LTHZ(sma+ 1+3cosza)

n3r41E .
n, = ng+ "Tm(sma— V1 + 300520)

némETHz .
ny = ng— - Nyes

Looking at the normalized eigenvectors it becomes obvious that the third principal
axis is perpendicular to the (110) crystal plane. This is also the direction of incidence
of the THz radiation. The vectors U; and U, are of course perpendicular to each
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Theoretical background

other but U; may enclose an angle ¢ with the X-axis (the [-110] axis). This angle
can be evaluated by using the scalar product of U; and X and applying the relation
cos(2y) = 2 cos? — 1. This yields
sin @
cos 2y = ——— (2.72)
V1 +3cos?a

Care has to be taken in the evaluation of the vector U, at the limit of @ — 7/2 as the
normalization factor vanishes and the third component tends to infinity. The result is

U, (g) _ ? 2.73)

So for @ = /2, the vectors U, U, point in the directions of X and Y, respectively.

The principal indices of refraction corresponding to the first two principal axes are
n; and n,. The according refractive index ellipse is shown in figure 2.5. The Ti:Sa laser
beam of angular frequency w is incident on the EO crystal along the eigenvector Us,
so its electric vector Ej,; lies in the (110) plane. In a crystal of the thickness d, the
two components of Ej,, along the principal axes U; and U, receive a relative phase
shift of

d d
T@) = 2, - ny) = —“2’ 3ra B, V1 + 3 cos? a (2.74)
C C

This equation will be used to evaluate the electro-optic measurements. In the fol-
lowing this phase shift will to referred to as ’phase retardation’ or ’phase retardation
parameter’. It is proportional to the electric field strength Ety, of the external field and
depends on the angle @ between the field vector and the X-axis. The dependence of
Y and I on the angle « is shown in figure 2.6. The maximal phase change is obtained
fora = 0 = ¢ = n/4. The main refractive indices and the relative phase shift are
plotted in figure 2.6 as a function of the angle « between the electric vector Ety, of the
THz field and the X-axis. The larger index corresponds to a slower speed of the light,
the smaller index to a faster speed. Hence, it is customary to designate the refractive
indices also by ng = ny, ny = n,.
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2.3. Wave propagation in anisotropic crystals

Figure 2.5.: The refractive index ellipsoid projected into the (110) plane of the EO
crystal. The electric field vector Ety, encloses an angle a with the
X=[-110]-axis of the crystal while the angle between the long half axis
of the ellipse and the X axis is given by ¥(«). Both the THz radiation and
laser pulse impinge along the normal to the (110) plane, given by the unit
vector Us = (—=1/V2,-1/V2,0).

0.35
0.3
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Figure 2.6.: The angle ¢ between the first principal axis of the refractive index ellipsoid

and the X axis as a function of the angle « between the electric vector
E1y, of the THz field and the X axis (a). The retardation parameter T,
1.e. the relative phase shift between the two orthogonal components of the
laser field E),, plotted as a function of @ (b). The curve is computed
for a ZnTe crystal of d=500 um thickness and a THz field E, = 10° V/m.
From [CSS*05a].
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3. Experimental methods in
electro-optic measurements of
THz pulses

3.1. Electro-optic detection schemes

The transverse electric field of a relativistic electron bunch (cf. 2.1) passing with the
speed ¢ at a close distance from the EO crystal corresponds to a transient THz pulse
traveling through the crystal. The transverse electric field of the bunch has a radial
polarisation, but at the position of the laser beam at a difference r from the electron
beam, the field can be approximated as a linearly polarized field Ety,. The linearly
polarized THz pulse induces birefringence in the EO crystal with an orientation of the
optical axes, which depends on the angle a between the electric field vector of the
THz radiation Ety, and the [-1,1,0] axis of the EO crystal. If a linear polarized optical
probe pulse Ej.s; passes through the crystal, the different refractive indices ng and n¢
(Eq. (2.74)) will lead to a phase retardation between the two components of the electric
field of the probe pulse parallel to the optical axes.

The relative phase retardation between the two components is given by equa-
tion (2.74). The phase shift reaches a maximum at @ = 0, when the field vector of
the THz radiation is parallel to the X-axis of the EO crystal (Fig. 2.6):

nér 41 Bt

=—d 3.1)
C

max

The effect of the phase retardation on the polarization of the probe laser pulse de-
pends on the direction of polarization relative to the optical axes of the EO crystal.
This can be understood by assuming a laser pulse polarized parallel to one of the op-
tical axes. In this case, the state of polarization remains unchanged, and there is no
measurable signal on a detector. At any other orientation the phase retardation leads
to an elliptical polarization. A polarization of the laser pulse, which is rotated by 45°
relative to the optical axes of the crystal has two components parallel to the optical
axes that are of equal amplitude. This leads to the maximum effect of the induced
birefringence on the polarization of the laser (Fig. 3.1).

38



3.1. Electro-optic detection schemes

Y=[0,0,1]

EO crystal

Elaser (1,1,0)-plane

/
/
’

> X=[-1,1,0]

Figure 3.1.: Geometry leading to the largest electro-optical effect. The THz field is
incident perpendicular to the (110) plane and is linearly polarized parallel
to the [-110] axis. The probe pulse is incident perpendicular to the (110)
plane as well and is linearly polarized parallel to the [-110] axis.

3.1.1. Principles of signal detection

The Ti:Sa laser beam with electric vector Ej,, impinges along the normal to the XY-
plane (cf. 2.3.4) coinciding with the principal axis U;. The propagation of a polarized
light ray can be described using the Jones calculus, see e.g. [YY84]. Laser light with
a horizontal or vertical polarization is represented by the vectors

1

0

Eh = Elaser( 1

) or E,= Elaser( 0 ) (32)

The rotation of the polarization plane can be described by the matrix

cos¢ —sing
R(¢) = )
2 ( sing cos¢ ) 3-3)
The Jones matrix of a quarter-wave plate is:
) 1 0
Q = exp(+in/4) - ( 0 - ) (3.4)
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Experimental methods in electro-optic measurements of THz pulses

To describe the birefringent EO crystal with the indices ny(@) = ny(@), ni(@) = ny(a)
and thickness d in the principal axis coordinate system the following matrix is used:

(3.5)

EO() = ( exp(—ins(a@)wd/c) 0 )

0 exp(—ing(@)wd/c)

This matrix can be rewritten by separating out the average phase change ¢ = (ng +
ne) wd/c:

EO(a) = ( e (3.6)

exp(—il'(@)/2) 0 .
0 exp(+il'(@)/2)

Here, I'(@) is given by equation (2.74). As only intensities are calculated, the overall
phase factor exp(—i¢) can be omitted in the following.

To calculate the electric field strength after the EO crystal the field of the laser beam
E,,., is rotated into the principle axis system of the EO crystal, then passed through
the crystal, and finally rotated back to the laboratory (X,Y) system. Mathematically
this results in the following product of matrices:

R(—y(a)) - EO(@) - R(Y(@)) * Ejaser
_ [ €™ cos () + €M sin*(y)  (e7T/2 = €M) sin(y) cos() |
T\ (@72 = ™) sin(y) cos() e T2 sin®(y) + /2 cos?(y) faser
cos(I'/2) — isin(I'/2) cos(2¥) —isin(I'/2) sin(2y) _
—i sin(I"'/2) sin(2y) cos(I'/2) + i sin(I'/2) cos(2y)) faser
cos(2y)  sin(2y)
sin(2y) —cos(2y))

= (1) (1) )COS(F/Z) - i( )SIH(F/Z) - Ejaser (3.7)

The angle ¥(«) is the angle between the principal axis of the index ellipsoid and the
X-axis (Fig. 2.5) and can be calculated from equation (2.72) to:

U= ! arccos( sina ) (3.8)
2 V1 + 3cos?a .

3.1.2. Crossed polarizer setup

In the simplest electro-optical detection setup, usually referred to as the crossed polar-
izer setup, a horizontally polarized laser beam is passed through the EO crystal and a
vertical polarizer in front of the detector.

To calculate the electric field strength Eq, at the detector, the electric field vector of
the horizontally polarized laser beam Ej is multiplied with the rotated matrix of the
EO crystal (Eq. (3.7)), and the vertical polarized component is selected by multiplying
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3.1. Electro-optic detection schemes

itwith( 0 1 ):

1
Ew = (0 1)-R(—w)-E0<a>-R<w)-Elaser(0)

—iE\yser SINY(@)) sm( (@ )) 3.9

The phase factor —i = e~*/> drops out when intensities are calculated. At the detector
the intensity /4 is given by:

lial@) = B = B sin’Qy(@) sin ( (“)) (3.10)

For @ = 0 — ¢ = n/4, which is the setting with the maximum EO effect, it is:

Lo = C;" B2 sin? (g) C;" B2 sin? (“z’—fnngTHZ) (3.11)
For I' < 1 the intensity is proportional to E%, . The residual birefringence of the
EO crystal caused by imperfections and mechanical stress can be compensated by a
quarter-wave plate between the EO crystal and the analyzer.

Due to imperfect polarization of the input beam, uncompensated residual birefrin-
gence, scattering in the crystal, and imperfect polarization in the analyzer, the intensity
at the detector in the absence of a THz pulse cannot be eliminated completely. This

ce 2

leads to a background signal spg/jser proportional to the laser intensity ligser = 52 Ej
which has to be added to /4:

Idet =—E

) det + sbgllaser (3 1 2)

3.1.3. Balanced detection

Inserting a quarter-wave plate between the EO crystal and the polarizer which optical
axis is oriented 45° relative to the polarization direction of the incoming laser beam
the electric field at the detector becomes:

1
Egery = Engser 0 1)-R(—n/4>-Q-R(n/4>-R(—¢>-E0<a>-R<w>-(O) (3.13)

If no THz field is present this setup will lead to a circularly polarized laser pulse
after the quarter-wave plate and the field at the detector becomes Egey = \/EElaser.
Assuming again an angle @« = 0 — ¢ = n/4, the field and the intensity at a detector
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Experimental methods in electro-optic measurements of THz pulses

(e.g. a photodiode) with a THz field present becomes:

E aser .
Ejery = l/i (cos(I'/2) — sin(I/2)) (3.14)
C&Y
Idet,v = TEV + Sbgllaser
ceo E12
= 7% lcos(I'/2) — sin(T/2)* + Spgliaser
Ia%er .
= 12 (1 = sinT) + Spgljager (3.15)

For I' < 1 the intensity /g is proportional to Ety, but on a large background (E%HZ /2).

Using a polarizing beamsplitter like a Wollaston prism or a beamsplitter cube with
access to both polarizations the horizontal component can simultaneously be mea-
sured:

1
Egan = Buer( 1 o)-R(—n/4)-Q-R(n/4)-R(—w)-EO(a)-Rw)-(0)

= EL\/?(COS(F/Z) + sin(I'/2)) (3.16)

Iaser .
Ljwn = 12 lcos(I'/2) + sin(C/2)P + Sugiaser

I laser

= 2 (1 + sin F) + Sbgllaser (317)

which makes a balanced detector setup possible.
The intensity difference seen by the balanced detector is:

Idet,h - Idet,v = Ilaser sinl’ (3 18)

For reasonable THz fields of up to 10’ %, the phase retardation I' is < 1. Since the bal-
anced detector signal is linear in the electric field Ety, of the THz pulse, it is therefore
much larger than the signal of the crossed-polarizer setup which is proportional to I'?.
However, to use the advantage of this higher signal, a detector is needed, which does
not saturate at half of the laser power transmitted through the EO crystal.

3.1.4. Measuring near crossed polarization

Balanced detection is not always possible, particularly in the single shot detection
schemes discussed later. At crossed polarization, however, the electro-optic signal de-
pends quadratic on the electric field of the THz pulse and a small residual birefringence
of the EO crystal or slight misalignments of the wave plate or the polarizers can result
in large errors in the acquired field strength. Therefore, an extended version of the

42



3.1. Electro-optic detection schemes

crossed polarizer setup is studied here, where a half-wave plate is introduced between
the quarter-wave plate and the analyzer.
The matrix of a half-wave plate is:

H = Q% = exp(+in/2) - ( (1) 01 ) (3.19)
For a horizontally polarized laser field E}, going through the setup consisting of the
EO crystal (EO) rotated by an angle « relative to the vertical plane, a quarter-wave
plate (Q) rotated by ¢, a half-wave plate (H) rotated by 6 and a vertical polarizer
the output laser field can be calculated by multiplication of the corresponding Jones
matrices:

Eq(6,4,T) = (0 1)-R(0)-H-R(®) R(-¢)-Q - R(®)-

1
R(—lﬂ) : EO(Q') : R(lﬁ) ' ( 0 )Elaser

Assuming again an angle @« = 0 — ¢ = n/4, the field and the intensity at a detector
(e.g. a photodiode) with a THz field present becomes':

Euet(0,0,1) Efgr [cos(20) sin(I'/2) — sin(2¢ — 26) cos(I'/2)

—i (sin(26) cos(I'/2) + cos(2¢ — 26) sin(T'/2))] (3.20)
ce
Idet(g’ ¢, r) = 70|Edet,v|2 + sbgllaser
Iaser .
= 12 [1 — cos(I" — 2¢ + 46) cos® ¢ + cos(I" + 2¢ — 46) sin’ qb]
+Sbg11aser (321)

For the two special cases ¢ = 0 or 8 = 0 this results in:

14(6,0,T) = Buaser | _ cos(I" + 40)] + Spgliaser (3.22)
and
Liet(0,,T) = Ik‘zs“ |1 = cos(T" = 26) cos ¢ + cos(I" + 2¢) sin” ¢ |
+ Spg laser (3.23)

The normalized signal intensity as a function of the phase retardation I' is plotted
in figure 3.2. For rotation angles of the quarter-wave plate which are not multiples of
n/4, the amplitude of the cos?-oscillation is slightly lower than 1, reaching a minimum
of about 0.85 for ¢ = /8 or odd multiples thereof. A rotation of the half-wave plate

Calculated with Mathematica 5.0, Wolfram Research
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(@) ¢ = —n/8 = -22.5° = =393 mrad, § = 0 (b) ¢ = —2.9° = —50 mrad, 8 = 0 (dashed line);
(dashed line); ¢ = 0, § = 15° = 262 mrad (solid ¢ =0, 0 = 2° = 35 mrad (solid line); ¢ = 0,6 =0
line); ¢ = 0, 8 = 0 (dotted line) (dotted line)

Figure 3.2.: Normalized signal intensity as a function of the phase retardation I' for
different settings of the wave plates (spg = 0).

alone shifts the cos?-oscillation of the signal intensity in I" but the amplitude of the
oscillation remains 1. Since I' <« 1 for most EO measurements, a steep slope of
L4 (0, 0,T) at I' = O is preferable. The steepest slope is achieved for ¢ = /4 as used
in the balanced detection setup or for 6 = x/8, respectively. However, these settings
lead to a background signal for I' = O of /j,s,/2, which is only acceptable for balanced
detectors. If a balanced detection in not possible, the background signal 14¢,(6, ¢, 0) will
need to be small enough to not saturate the detector. Figure 3.2 shows the calculated
EO signal intensity as a function of the phase retardation for two settings of the wave
plates that lead to the same background of 0.005 - I;,.;. For one of these settings only
the quarter-wave plate is rotated, for the other one only the half-wave plate. The slope
of I4(0, ¢,T) is steeper for the later one, which is also true for any other choice of the
background value between 0 < [j,gr < 1.

A small rotation of the half-wave plate also leads to an almost linear dependence
of the intensity change on the phase retardation for small I'. Expanding equation 3.22
into a Taylor series for I' = O limited to the second order of I results in:

8

Ié].SCI‘ . 1
I(6,0,T) =~ 12 [1 ~ cos(40) + Sin(46)T" + = oSO | + St e

Q

r 2
Laser 29r(1 + @) + (49 + sbg) Lo for 40<1

laser 20T + (467 + Sug) fiser  for T << 86 (3.24)

Q
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Figure 3.3.: Modulation depth 1 vs. the angle 6 of the half-wave plate (a) and ¢ of the
quarter-wave plate (b) for I' = 0.1 and s, = 0.005.

Defining a modulation depth 7 of the signal [JSCZ99]:

n(6.6.T) = ;det(e’ ¢, 1) — L6, ¢, 0) (3.25)
det(6, 8, 1) + Lgei(6, ¢, 0)

settings that maximize the modulation depth and therefore optimize the signal to noise
ratio can be found. Figure 3.3 shows the modulation depth n vs. the angle 6 of the
half-wave plate and the angle ¢ of the quarter-wave plate, respectively, for I' = 0.1 and
spe = 0.005, which are reasonable (worst case) assumptions for the EO measurements
at crossed polarization described in this thesis. The modulation depth assumes its
largest value of = 0.33 for a rotation of the half-wave plate of 8 ~ 25 mrad ~ 1.4°. For
small I' (I' < 2 4/spg), the optimum value of 6 is determined mostly by sy, and varies
only slowly with I'. It has to be kept in mind that the part of the background caused
by the detector noise does not scale with the laser intensity. This leads to a smaller

relative noise for larger signal intensities.

It can be concluded that the quarter-wave plate should be used exclusively to com-
pensate for a residual birefringence of the EO crystal while the half-wave plate is used
to choose the proper background value and slope of I(I').
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Experimental methods in electro-optic measurements of THz pulses

3.2. Electro-optic techniques used in electron
accelerators

Bunch diagnostics by electro-optic sampling can be done by using either the Coulomb
field of the electron bunch or the coherent transition radiation (CTR) produced by the
electron bunch passing through a screen. The following section gives an overview over
the techniques used to sample the time structure of the Coulomb field and transfer it
to a measurable signal. For a detailed description of a setup that uses CTR refer to
[Win04].

3.2.1. Electro-optic sampling using a variable delay

‘ scanning ‘ | photo

fs laser delay | P A diode

Figure 3.4.: Schematic drawing of an electro-optic sampling setup using a crossed po-
larizer setup. The laser pulse passes through the polarizer P and the EO
crystal in the beampipe, where the polarization becomes elliptical in the
presence of an electrical field. The analyzer A turns the elliptical polar-
ization into an intensity change which is detected by the photo diode. The
analyzer A may be a polarizer or a combination of a quarter wave plate
to compensate the residual birefringence of the crystal and a polarizer.
Changing the delay of the laser pulse, a different position along the lon-
gitudinal position of the Coulomb field can be probed for each electron
bunch.

The conceptually simplest way to measure the transient Coulomb field of an electron
bunch passing by the electro-optic crystal is to sample the induced birefringence with
an ultra short laser pulse and change the temporal offset between the electron bunch
and the laser pulse for consecutive data points (Fig. 3.4). The EO crystal is mounted
in the beam pipe of an accelerator with the surface perpendicular to the electron beam
axis and the edge of the crystal a few millimeters away from it. When the electron
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3.2. Electro-optic techniques used in electron accelerators

bunch passes by the crystal, the Coulomb field enters the crystal and travels through it
inducing birefringence. Due to this birefringence, a laser pulse acquires a polarization
change that can be measured. By changing the optical delay for each electron bunch a
different position along the longitudinal position of the Coulomb field can be probed
by the laser. This setup is usually referred to as Electro-Optic Sampling (EOS).

The detection of the signal can be done either by a crossed polarizer setup or by a
balanced detector. Since the full energy of a laser pulse is used to probe a narrow slice
of the charge distribution, only a low pulse energy of few nJ or less is needed.

Electro-optic sampling is frequently used to measure THz pulses from laser driven
THz sources [WZ95, WZ97, LHS*99]. These sources deliver THz pulses at a high
repetition rate (kHz to MHz). Laser and THz pulses are intrinsically synchronized
since the laser pulses are split and one part drives the THz pulse and the other part is
used to sample it. Here the temporal resolution is limited by the length of the laser
pulse and the material properties of the electro-optic crystal, which will be discussed
in section 4.4.

It was first applied to measure the transient Coulomb field of an electron bunch in
an accelerator at FELIX [OKY 99, YMG™00]. For bunch length diagnostics the main
limit in temporal resolution is the arrival time jitter between the electron bunches and
the laser pulses at the electro-optic crystal. Since this technique probes only a single
slice of the charge distribution per electron bunch it relies on a charge distribution that
is stable in its shape and arrival time over many bunches.

3.2.2. Spectrally resolved electro-optic detection

Spectrally encoded electro-optic detection (EOTD) can be used to measure the longi-
tudinal charge distribution of an electron bunch in a single shot. Instead of passing
the short laser pulse directly through the electro-optic crystal, the pulse is stretched in
a dispersive material (or a grating stretcher) before it is sent to the crystal to a length
significantly longer than the electron bunch. In the dispersive material the pulse ac-
quires a frequency chirp due to the frequency dependent refractive index n(w). The
instantaneous frequency of the resulting chirped pulse is now lower than the central
frequency in the leading part and higher in the tailing part. To a first approximation
the instantaneous frequency varies linearly in time, so that a modulation of the laser
pulse in time will cause the same modulation in the spectrum and the frequency-time
correlation can be calculated according to equation (2.46).

Traveling through the EO crystal in parallel with the THz pulse of the Coulomb field
the laser pulse acquires a modulation of the polarization state, which can be transferred
into an intensity modulation by a polarizer. This intensity modulation can be retrieved
measuring the spectrum of the laser pulse using a spectrometer with an attached CCD
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Figure 3.5.: Schematic drawing of a spectrally encoded electro-optic detection setup.
The chirped laser pulse passes through the polarizer P and the EO crystal
in the beampipe, where the polarization becomes elliptical. The elliptic-
ity of the polarization is proportional to the electric field of the electron
bunch and has the same temporal structure. The analyzer A turns the el-
liptical polarization into an intensity modulation. The longitudinal charge
distribution gets encoded in the spectrum of the laser pulse, which can be
detected using a spectrometer. The analyzer A may be a polarizer or a
combination of wave plates and a polarizer, depending on the detection
scheme.

camera (Fig. 3.5).

Since the laser pulse energy is now spread over several hundred pixels of the CCD
camera either a higher laser pulse energy or an intensified CCD camera is needed.

A severe drawback of the spectrally encoded electro-optic detection is the sig-
nal distortion due to frequency mixing. A part of the laser spectrum experiences a
frequency shift due to frequency mixing with the spectral components of the THz
pulse [JBM*06]. Very short electron bunches or very short structures in the charge
distribution lead to contributions at high frequencies in the Fourier transform of the
resulting THz pulse. The resulting shifts in the laser spectrum can lead to a significant
change in the frequency-time correlation of the laser pulse (Equ. 2.46), if the chirp
of the laser pulse is large. In the measured spectrum the shifted spectral components
cannot be distinguished from the original spectrum. Therefore the transformation from
the spectral to the temporal distribution of the modulated laser pulse using the calcu-
lated frequency-time correlation leads to an artificial broadening of the signal and to
distortions in its shape. For Gaussian bunch shapes the shortest THz pulse duration
T'in that can be measured without significant distortion is about [JBM*06]

Tlim ~ 2.6 \ T()Tc (326)

where 7. is the FWHM of the chirped probe pulse duration and 7T is the FWHM of
the duration of the unchirped probe pulse.
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3.2. Electro-optic techniques used in electron accelerators

These unwanted artifacts in the case of short bunches can be avoided by choosing
the chirp low enough to measure the fastest modulations without distortion, which are
allowed by the material properties of the EO crystal. For a detailed numerical study of
this effect see section 4.4.

Single-shot electro-optic measurements with a chirped laser pulse (spectrally re-
solved EO detection) were first demonstrated at laser driven THz sources [JZ98,
SJZ98] and later applied for direct electron bunch measurements at FELIX [Wil02]
with a temporal resolution of about 400 fs and measured EO signals of 1.7 ps.

3.2.3. Temporally resolved electro-optic detection

fs laser

To
fixed
_[ delay

optical
stretcher

Figure 3.6.: Schematic drawing of a temporally encoded electro-optic detection setup.
The short laser pulse is split into two parts: One part is stretched to several
ps and sent through the polarizer P and the EO crystal in parallel with the
Coulomb field of the electron bunch. The second part remains unstretched.
In the EO crystal the stretched laser pulse acquires an elliptic polarization
with an ellipticity which is proportional to the electric field of the electron
bunch and has the same temporal structure. The analyzer A turns the el-
liptical polarization into an intensity modulation, which is then sampled
by the short pulse in a single-shot cross-correlator.

One possibility to avoid the risk of distortion of the EO signal is not to mea-
sure the spectrum of the modulated laser pulse but to measure its time structure di-
rectly [JSM*03]. For the temporally encoded electro-optic detection the short laser
pulse is split into two parts, where one part, called the EO beam, is stretched and
sent through the EO crystal and the analyzing polarizer to a cross-correlator. The sec-
ond part of the pulse, the gate beam, is used to sample the EO beam in the correlator
(Fig. 3.6).
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EO pulse BBO crystal
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(a) The several ps long, modulated EO pulse (b) Since the two beams are expanded and they
and the short gate pulse are crossed in the BBO  cross under a crossing angle of 2®, the short gate
crystal under an angle of 2®. The SHG light pulse overlaps with different temporal slices of the
originating from the overlap of both beams EO pulse at different spatial positions of the BBO
leaves the crystal along the bisecting line be-  crystal. Thus the temporal modulation of the EO
tween the two beam paths and is therefore sep-  pulse is transfered to spatial distribution of the SHG
arated from the SHG light generated from each  light which can by imaged to a camera.

of the two beams individually.

Figure 3.7.: Schematic drawing of a single shot optical cross-correlator

The cross-correlator uses the technique of non-collinear second-harmonic genera-
tion (SHG) with expanded beam profiles [SGRB87]. The two beams are expanded
to about 10 mm diameter and crossed in a SHG crystal with a crossing angle of 2@
(Fig. 3.7(a)). When the pulses overlap spatially and temporally in the SHG crystal, a
part of the pulse energy is converted into light of the double frequency of the incom-
ing light. This light leaves the crystal along the bisecting line between the two beam
paths and its intensity Isyg is proportional to the product of the intensities of the two

incoming pulses /gy and Igo:
Ispg o« Igyelro (3.27)

The SHG light generated from each individual beam leaves the crystal collinear with
the original beam and is proportional to the square of its intensity Iéate or I7,.

Since the beams are expanded and they cross in an angle, different longitudinal (tem-
poral) slices of the long pulse from the EO beam overlap at different positions along
the horizontal dimension of the SHG crystal with the short gate pulse (Fig. 3.7(b)). The
spatial distribution of the SHG light intensity /syg(x) from the crystal is proportional
to a convolution of the intensities of the two beams

+00

Ton(x) o f Tuolt + et = Tt (3.28)

—00

can be imaged to an ICCD camera [SGRB87] The temporal resolution of this detection
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scheme depends on the duration of the gate beam, the thickness of the SHG crystal, the
spatial resolution of the imaging system, and the camera. Using a Ti:Sa laser pulse of
30 fs FWHM duration and a 300 um thick S-barium borate (BBO) crystal a resolution
of better than 100 fs can be reached. Due to the low efficiency of the SHG process a
pulse energy of several 100 uJ is needed, which requires an amplified laser system.

Temporally resolved electro.optic detection (EOTD) has been first demonstrated at
FELIX, reaching a signal width of 330 fs [BIM*04].

3.2.4. Spatially resolved electro-optic detection

A third electro-optical technique to measure longitudinal charge distribution of an elec-
tron bunch in a single shot encodes the charge distribution in the transverse profile of a
short laser pulse that is then detected with a camera. It was first demonstrated at laser
induces THz sources [SWK*00]. For accelerator applications signals widths of 270 fs
could be measured at SLAC [Cav05] and of 160 fs at DESY [ADS*06] with spatially
resolved electro-optic detection.

P
fs laser L cylindical
telescope

(O

Figure 3.8.: Schematic drawing of a spatially encoded electro-optic detection setup.
The electron bunch is traveling in a plane above the laser beam and the EO
crystal. The horizontally expanded laser pulse passes through the polarizer
P and the EO crystal in the beampipe. Since the laser hits the EO crystal
under an angle, different spatial components of the laser pass through the
crystal at different times and acquire a different elliptical polarization. The
analyzer A turns the spatial modulation of the polarization into a spatial
intensity modulation which is detected by the CCD camera.

As in the setups described above (cf. 3.2.1 - 3.2.3), the electron bunch passes by
the EO crystal perpendicular to its surface, but here the path of the laser pulses is not
parallel to the path of the electron bunches any more. Assuming the electron path is
horizontal and the EO crystal is mounted below it, the laser beam lies in a horizontal
plane through the EO crystal and encloses an angle ¥ with the vertical projection of
the electron path to this plane. The laser beam focused to a horizontal line of the width
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Ax at the crystal. Since one side of the laser pulse arrives earlier at the EO crystal than
the other by a time difference

A
Ar = 22 tan(®) (3.29)
C

and the Coulomb field enters the crystal over the whole surface simultaneously, the
time profile of the Coulomb field is encoded into the spatial profile of the laser which
can be measured by imaging the line focus at the crystal to a camera.
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4. Numerical studies

In this chapter numerical studies on the electro-optic effect in zinc telluride (ZnTe) and
gallium phosphide (GaP) are presented. Sections 4.1, 4.2 and 4.6 have been previously
published in a similar form as a TELSA report in [CSS*05b]. The frequency depen-
dence is taken into account both of the complex index of refraction in the THz and the
optical regime and of the electro-optic coeflicient. Using the available experimental
data on the refractive index n(f) and the extinction coeflicient «(f) in the THz regime,
the coupling of this ultrashort THz pulse into the EO crystal and its propagation in
the material is calculated. The frequency dependence of the complex refractive index
n(f) + ik(f) leads to a pulse broadening and to distortions of the pulse shape, which
may become severe for very short bunches. In particular high-frequency oscillations
develop in the EO crystal. The propagation and broadening of the laser pulse is also
considered. Ideally, the laser pulse and the THz pulse should move with the same
speed through the EO crystal to obtain the best time resolution and a maximum signal
in the EOS system. The group velocity mismatch constitutes a strong limitation and is
investigated in detail.

The main limitation for the shortest time structure, which can be resolved, is given
by transverse optical (TO) lattice oscillations. The lowest TO frequency amounts to
5.3 THz for ZnTe and 11 THz for GaP. Near a resonance the refractive index is rapidly
changing with frequency and it is therefore basically impossible to achieve equal group
velocities of the THz and the laser pulse. Obviously, GaP is better suited to mea-
sure very short pulses owing to its higher TO frequency. The disadvantage is that the
electro-optic coeflicient of GaP is about a factor of eight lower than that of ZnTe.

4.1. Electro-Optic Properties of ZnTe and GaP

4.1.1. Refractive index
4.1.1.1. Visible and infrared light

The index of refraction for visible and infrared light has been measured both for
ZnTe [Mar64, War91] and GaP [PPY76, AS83, SVC85]. A useful parametrization
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Figure 4.1.: The refractive index of ZnTe for visible and infrared light. Squares: exper-
imental data [War91], triangles: experimental data [Mar64], solid curve:
fit according to equation (4.1).

for ZnTe is [Mar64]

3.0122
) =1/427T+ 0——=
) \/ 20142
where A is the photon wavelength in pum. The optical refractive index of GaP is de-
scribed by a similar expression derived from the data of [AS83, SVC85]!

4.1)

6.4042
A2 —0.0903279

The refractive indices of ZnTe and GaP are respectively plotted in Fig. 4.1 and Fig. 4.2

n(d) = \/2.680 + 4.2)

as a function of the wavelength in um.

4.1.1.2. THz range

For frequencies far below the optical regime the complex dielectric function &(f) of a
non-conducting crystal can be written in the form [Bar64]:

&(f) =ea+ ) - (4.3)
— f2 - f2-IT;f

' A parametrization in terms of the photon energy has been published by Pikhtin et al. [PPY76].
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Figure 4.2.: Refractive index of GaP for visible and infrared light. The experimental
data are indicated by squares [SVC85] resp. triangles [AS83], solid curve:
fit according to equation (4.2).

where the first term is the contribution from the bound electrons and the second term
is the contribution from lattice oscillations, which are treated as damped harmonic
oscillators. The coefficient g,; is constant in the THz frequency range. The sum extends
over all lattice oscillations, which couple to the electromagnetic field. The quantities
fj, I'j and §; are the eigenfrequency, damping constant and oscillator strength of the
lattice oscillation j. For the electro-optic crystals ZnTe and GaP, a good description
of &(f) in the THz regime is obtained by restricting the sum to the lowest transverse-
optical (TO) lattice oscillation:

Sofy
ef)=6a+ F—F0 7 (4.4)
fo =2 =ilof
The complex index of refraction is given by taking the square root:
n(f) +ik(f) = ve(f) (4.5)

In figures 4.3 and 4.4 the published experimental data for ZnTe and GaP on the real
and imaginary part of the refractive index are plotted as a function of frequency. For
ZnTe a variation can be observed up to 25% between the data from Ref. [GZM*99]
and those from Ref. [War91]. Thus, two different sets of fitting parameters were used.
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Figure 4.3.: Real part n(f) (a) and imaginary part «(f) (b) of the refractive index of
ZnTe in the THz range. The resonance at 5.3 THz is due to the excita-
tion of a transverse optical (TO) lattice oscillation. The square symbols
O are experimental data taken from Ref. [GZM*99], the triangles A from
Ref. [War91], the diamonds ¢ from Ref. [HHMT73] and the circles o from
Ref. [SWIJO1]. The curves are fits of the experimental data using the for-
mulas and the parameters shown in the text.

For Ref. [GZM™*99] the parameters:

ZnTe: g, =74, fo=53THz, So=2.7, TI,=0.09THz (4.6)
were used, while for Ref. [War91] they were:

ZnTe: ¢,=65, fy=535THz, S;(=2.0, I,=0.09THz 4.7)

For the simulations in the following sections we consider the first set of parameters.
The corresponding parameters used for GaP are:

GaP: g, =87, fo=1098THz, So,=1.8, Iy,=0.02THz (4.8)

A second parameterization for the refractive index is given by [LHS*99]:

— szo — szo
"= \/861 . [1 " fro = f*—ilof )
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Figure 4.4.: n(f) (a) and «(f) (b) for GaP. Here the lowest transverse optical (TO)
lattice resonance is at 11 THz. The triangles A are experimental data taken
from Ref. [KS60], the squares O from Ref. [WZ97]. The curves are fits of
the experimental data using the formulas and the parameters shown in the
text.

where fro and fio are the frequencies of the first transverse and longitudinal lattice
oscillations with the following parameters for ZnTe and GaP:

ZnTe: g,=6.7, fro=531THz, fio=6.18THz, I(=0.09THz and
(4.10)
GaP: ¢,=9.075, fro=11.02THz, fioc=12.09THz, T, =0.129 THz
4.11)
However, the resulting deviations are small and for the simulations presented here
only the parameters given in (4.6) and (4.8) are used.

4.1.2. Electro-optic coefficient

The electro-optic coeflicient r4; is also influenced by lattice oscillations. It can be
written as a function of frequency in the form [FH66]

Cf2 )

0 4.12
fo— A -ibof 12

ra(f) = dE(l +

with the following parameters for ZnTe:

ZnTe : dp =4.25-10"" m/V, C=-0.07, fy=5.3THz, I, =0.09 THz (4.13)
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The value of C has been taken from Ref. [LHS™99]. Figure 4.5 shows the frequency
dependence of r4; of ZnTe given by equation (4.12). The very small value of ry;
at 30 THz, reported in Ref. [Kam68], is in gross disagreement with other data [TA71]
and the values found in the visible range [SJ66]. A possible reason for this discrepancy
might be the low resistivity value of p ~ 10° Q m of the sample of Ref. [Kam68]
comared with p ~ 4 x 10° Q m in Ref. [SJ66] and of p ~ 10" Q m in Ref. [TA71]. For
this reason the data point from Ref. [Kam68]is disregarded. The experimental data
are too scarce and imprecise to derive a frequency dependence of r4;. On the other
hand, due to the low piezoelectric constant of ZnTe [BJS63, SJ66], the value of the
constant C is expected to be small, so that the high frequency value r4;(c0) should not
differ appreciably from the low frequency value r4;(0). For the simulations therefore a
constant value of r4;(f) = 4.0-107'2 m/V is assumed. It was verified that no significant
change in the simulated EO signal is observed if instead of a constant 74, the frequency
dependence given by equation (4.12) is used.

The literature values on ry; for GaP are collected in figure 4.6. In the following
sections we use for GaP the frequency dependence given in equation (4.12) with the
following parameters:

GaP: dg=1-10"m/V, C =-0.53, f, =1098 THz, I, =0.02 THz (4.14)

Leitenstorfer et al. [LHS*99] suggests C = —0.53, fy = fro = 11.02 THz and [y =
0.129 THz.?

2Note however, that in Ref. [LHS*99] equation (4.12) is incorrectly cited from Ref. [FH66] with the
imaginary part having the opposite sign.
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Figure 4.5.: Real part of the EO coeflicient r4,(f) of ZnTe. The square symbols O are
experimental data taken from Ref. [SJ66] (p ~ 4 x 10°Q m), the circles o
from Ref. [TA71] (p ~ 10’Q m), the triangle A from Ref. [Kam68] (o ~
10°Q m). The curve is obtained using equation (4.12) with the parameters
shown in the text.
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Figure 4.6.: Real part of the EO coeflicient r4;(f) for GaP. The square symbols O
are experimental data taken from Ref. [FH66], the triangles A from
Ref. [NT68]. The curve is a fit of the experimental data using equa-
tion (4.12) with the parameters shown in the text.
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4.2. Propagation of the THz and Laser Pulses

4.2.1. Phase and group velocities

The refractive indices n of ZnTe and GaP decrease with increasing wavelength in the
optical regime. In the THz region below the lowest TO lattice resonance n increases
with the frequency. The short THz and Ti:Sa laser pulses propagate with the group
velocity

b

af

which is in both cases lower than the phase velocity of the contributing harmonic
waves. The phase and group velocities of ZnTe and GaP are shown in figure 4.7 as a
functions of frequency. For comparison also the optical group velocity at 4 = 0.8 um
is plotted (v, = 0.309 ¢ for ZnTe and v, = 0.280 ¢ for GaP). While at low frequency
the THz pulse propagates with a somewhat higher speed than the laser pulse, there
is a growing mismatch in the velocities when one approaches the lattice resonance of
5.3 THz in ZnTe and 11 THz in GaP.

4.2.2. Electro-optic response function

For ideal electro-optic sampling conditions the THz pulse and the laser pulse should
propagate at the same speed. The difference in speed leads to a reduced time resolution.

v/c
v/c

f[THz]

Figure 4.7.: Phase velocity and group velocity of ZnTe (a) and GaP (b) in the THz
range. The velocities have been divided by c. The group velocity of optical
radiation at 0.8 um is shown as a dotted line.
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Figure 4.8.: EO response function of ZnTe for crystal thickness of 100 um, 300 pm
and 1000 pm.

It is customary to characterize the electro-optic efficiency by a response function which
depends on the THz frequency f and the crystal thickness d:

2 1 0 .
G(f,d) = T+ 1) + i) y fod Im expli(kz — 2rf t]6(z — vgt) dt dz

2 1 . 1 1
Trn(f)+ix() d j: o [’ i Z(vphm i i)] “© o 0o

where v,n(f) 1s the phase velocity at the THz frequency f and v, is the optical group
velocity at the laser wavelength. The factor

2

Arrans(f) = T4 (/) + k() (4.17)

is the frequency-dependent transmission coeflicient for the transition of the THz elec-
tric field from vacuum into the EO crystal’. The EO response function of ZnTe is

shown in Fig. 4.8 for different crystal thicknesses from 100 um to 1 mm. The minima
in the response function result from the fact that the phase slippage between the laser
pulse and THz waves of these frequencies over the full crystal thickness is a multiple
of 2rr. Therefore, the phase retardation I' caused by the positive half cycle of the THz
waves is compensated by the phase retardation of equal amplitude but of opposite sign
caused by the negative half cycle. It is obvious that high THz frequencies can only be
reached in sufficiently thin crystals. The lattice resonance sets an upper limit of about
4.5 THz to the accessible frequency range.

3Some authors include the EO coefficient 74 (f) in the definition of the response function, given then
by G(f,d) - r41(f). This function is referred to as the effective response function in this thesis.
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Gallium phosphide permits to increase the frequency range. A fairly thin crystal
(d < 100 um) should be used to exploit this capability (Fig. 4.9). At too large thick-
ness, for example d = 300 um, GaP reaches only about 3 THz and is therefore inferior
to ZnTe with its much larger EO coeflicient r4;. The figures 4.8 and 4.9 suggest to use
a ZnTe crystal thickness d =~ 200 — 300 um as a compromise between high-frequency
response and signal amplitude. For GaP the thickness should be about 100 um to de-
tect signals with frequencies up to 7.5 THz, where |r4;(f)| of GaP approaches zero.
For crystals thicker than about 200 um the absolute value of the response function ap-
proaches zero due to the velocity mismatch at frequencies lower than 7.5 THz. The
small EO signal amplitude is then an unavoidable consequence. The simulations dis-
cussed below are therefore mainly based on a ZnTe crystal of 300 um and a GaP crystal
of 100 wm thickness.

GaP GaP
‘ : 0.25 ‘ ‘
£ 0.2
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o
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Figure 4.9.: (a) EO response function of GaP for a crystal thickness of 50 um, 100 pm,
200 wm and 300 pm. (b) The effective response function G - 7y4;.

4.2.3. Propagation and distortion of a Gaussian THz pulse in
the EO crystal

Instead of using the EO response function a more physical approach is used in this and
the next section in which both the THz pulse and the optical laser pulse are propagated
as wave packets through the EO crystal. This also allows to study the influence of the
broadening of the laser pulse within the EO crystal on the detected signal. The best in-
sight into the physics of electro-optic sampling is provided by studying Gaussian THz
pulses of well-defined width such as Gaussian electron bunches at relativistic energies
(y > 1000). Realistic bunch shapes for the FLASH accelerator will be discussed in
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section 4.4.3.

A cylindrical coordinate system (r = +/x* + y?, @, z) with the relativistic beam mov-
ing in the z direction is. The longitudinal charge distribution in the electron bunch of
charge Q, is described by a Gaussian of variance o, = co ;. The line charge density is

then
Qo exp (_(Z - 01)2)
\2no, 202
For highly relativistic electrons with a Lorentz factor y > 1000 the electric field of the
bunch is concentrated in a flat disk perpendicular to the direction of motion (cf. 2.1).
The field has mainly a radial component and can be approximated as

p(z,1) = (4.18)

Pz, 1)
2negr

E\(r,z,1) = (4.19)
Let the EO crystal be located at z = 0 at a distance ry from the beam axis. The electric
field at the position of the crystal has the time dependence

2
E.(t) = Eyexp (_Trz) with Ej = S (4.20)

; 21Eoto @CO’,
Fg(f) is the Fourier transform of the electric field pulse, which in this special case
can be computed analytically, or for more complicated charge distributions, by an FFT
(Fast Fourier Transform) algorithm. At the interface between the accelerator vacuum
and the EO crystal, some fraction of the incident wave is reflected, and the remaining
part is transmitted into the dielectric crystal. The amplitude transmission coefficient
depends on frequency and is given by the expression

2
Apans(f) = : 4.21
sl D + 1 #2h
The Fourier component of the transmitted electric field pulse is
Frandf) = Fi(f)—— (422)
trans —1FE l’l(f)+lK(f)+1 .

To propagate the THz pulse inside the EO material we subdivide the crystal into ten
thin slices of thickness 6 = d/10. The Fourier component at slice j is given by

2 2
Fuce j(f) = Fuaans(f) €Xp (z‘ %f n(f)d; - %f K(f>dj) (4.23)

where d; = (j + 0.5)¢ is the depth of slice j. The phase propagation is determined by
the refractive index n(f), and the attenuation by the extinction coefficient x(f). The
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Figure 4.10.: (a) The propagation of a Gaussian THz pulse with initial variance of
o, = 67 fs (o; = 20 um) in a 300 pm thick ZnTe crystal. The time
profiles are plotted in the ten 30 wm thick slices of the crystal. (b) The
propagation of a Gaussian THz pulse and of a Gaussian Ti:Sa laser pulse
in a 300 um thick ZnTe crystal. The time profiles are plotted at selected
positions in the crystal.

time profile of the pulse at slice j is then simply obtained by applying the inverse FFT
to equation (4.23):

E}HZ(I) = 77_1 {Ftrans(f) €Xp (l ? n(f)dj - ? K(f)dj)} (424)

The time profile of the THz pulse at 10 positions inside a 300 um thick ZnTe crystal
is illustrated in figure 4.10. The pulse width increases with increasing depth in the
crystal, and the oscillations gradually develop. These high frequency oscillations lag
behind the main pulse since the THz refractive index grows approaching the lattice
resonance at 5.3 THz (Fig. 4.3).
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Also the Ti:Sa laser pulse changes its shape when it traverses the EO crystal, because
the optical refractive index has a nonlinear dependence on the wavelength (Figs. 4.1
and 4.2). Assuming a Gaussian distribution for the intensity

2
Ilaser(t) o CXp (__2) (425)
207
with a bandwidth-limited FWHM duration of Ar = 2 V21n20 = 15 fs for the Ti:Sa

laser used in the EO experiment a growth of the variance is expected with increasing
depth in the EO crystal [Mes04]

2
o) = o9 |1 + ( < ) (4.26)
Lchar
with a characteristic length
Ar?
char = d 4.27)
41n24-(v,")

which is Ly, = 30 um in ZnTe and L., = 42 um in GaP. Figure 4.10 shows the THz
and laser pulses at selected positions inside the 300 um thick ZnTe crystal. The laser
pulse moves at a lower speed than the THz pulse* and due to the nonlinear dispersion
its width increases.

The detrimental effects of group velocity mismatch and pulse distortion are of course
reduced by choosing a thinner crystal, but at the price of a lower detector signal.

4.2.4. Phase retardation and balanced detector signal
4.2.4.1. Without laser pulse broadening

In the previous section the shape of the THz pulse was computed in the 10 thin slices of
the EO crystal and the relative timing with respect to the laser pulse’. Equation (2.74)
will now be applied to calculate the retardation parameter I" for each slice. The angle
between the electric vector of the THz field and the crystallographic axis [-1,1,0] is
chosen as @ = 0. To be accurate, also the frequency dependence of the EO coefficient
r4; must be considered. This is done by multiplying the Fourier component of the
propagated THz pulse (Eq. (4.23)) with r4;(f), and by applying then the inverse FFT.

4The frequency components of a THz pulse with o; = 67 um are predominantly below 2 THz. Ac-
cording to Fig. 4.7 the THz pulse has therefore a higher group velocity than the laser pulse.

The slice thickness has to be chosen small enough, so that the shift between THz and laser pulse
within a slice can be neglected. Increasing the number of slices from 10 to 20 has a negligible effect
on the computed EO signal.
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Figure 4.11.: (a) The propagation of a Gaussian THz pulse (variance o, = 33 fs) in
a 100 um thick GaP crystal at selected positions. (b) Same as in (a)
but the frequency dependence of r4; is taken into account according to
equation (4.28). The broadening of a Gaussian Ti:Sa laser pulse is also
shown.

The effective electric THz pulse in slice j is therefore given by:

2 f 2 f
C

% n(f)d; — =L K(f)dj) : 7’41(f)} (4.28)

ES(r) = 7! {mes(f) exp (z‘
Since for ZnTe the frequency dependence of r4; is disregarded, these pulses have the
same shapes as shown in figure 4.10. For a GaP crystal the propagation of an effective
Gaussian THz pulse (Eq.(4.28)) with initial variance of o, = 33 fs in a 100 um thick
crystal is shown in figure 4.11.
Approximating for the time being the laser pulse by a delta function, the phase re-
tardation I'; generated in slice j is proportional to the electric field amplitude E(; 45er)
at the arrival time of the laser pulse in slice j:

2 )
rj = = ”(3) 6 Eqﬂ(tj,laser) (4.29)
1 j
This time is
tj,laser = dj/Ug +T (430)

where a variable time delay 7 is allowed between THz and laser pulse. The total
phase retardation accumulated in the EO crystal can be computed as a sum over the

66



4.2. Propagation of the THz and Laser Pulses

contributions of each slice:

I(r) = Z (1) = no s Z ES (d;/vg +7) (4.31)
In the actual EOS experiment the delay 7 is varied in small steps to scan the THz pulse.

4.2.4.2. With laser pulse broadening

The next refinement is to incorporate the laser pulse broadening. According to equa-
tion (4.26) the rms width of the laser pulse in slice j is:

d; \*
oi=0 1+(L’ ) (4.32)
char

The overlap of the THz and laser pulses in each slice is computed by a convolution
integral:

I(t) = 2—" ng P Z

1
f ES"(d;/vg + 1) o

2r o

exp[ (Z_T)z) dt] (4.33)
2072 ;
The signal in the balanced diode detector is proportional to sin(I'(r)) (Eq. (3.18)).
Figure 4.12 shows the expected balanced diode detector signal as a function of the
relative delay T between the THz and the laser pulse. The computations have been
made for a 500 um thick ZnTe crystal and a THz pulse with o, = 67 fs. The influence
of laser pulse broadening in the rather thick EO crystal is visible but not significant.
For thinner crystals it can be neglected so it is legitimate to use equation (4.31) to
compute the phase retardation parameter I'.

The total phase retardation can also be computed from the EO response function
(Figs. 4.8 and 4.9) in the following way:

2
I(r) = ﬂ—: nd - FUF (NG dra ()} (4.34)

When the number of slices inequation (4.31) tends to infinity, the sum goes over into
an integral. Then the pulse propagation method is mathematically equivalent to the
response function method. A comparison with the pulse propagation method is made
in figures 4.13. There is a well agreement at small crystal thickness. Differences are
only visible for thick crystals and are mainly caused by the laser pulse broadening,
which is not taken into account in the response function method.
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Figure 4.12.:
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Signal in the balanced diode detector for a 500 um thick ZnTe crystal,
which is placed at a distance ry = 14 mm from the electron beam. Bunch
charge Q = 0.2 nC, rms bunch length o, = 67 fs. sinI'(7) is plotted as a
function of the relative delay 7 between the THz and the laser pulse. Con-
tinuous blue curve: delta-function like laser pulse (Eq. (4.31)). Crosses:
laser pulse broadening taken into consideration (Eq. (4.33)).
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Figure 4.13.: The balanced detector signal of ZnTe computed with the pulse propaga-
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tion method (squares), taking into account the laser pulse broadening, in
comparison with the response function method (crosses). Bunch charge
Qo = 0.2 nC, rms bunch length o, = 67 fs. (a): Crystal thickness of 100
um. (b): Crystal thickness of 800 um.



4.3. Quality of Gaussian bunch shape determination by EO sampling

4.3. Quality of Gaussian bunch shape determination
by EO sampling

Although the electron bunches at the FLASH accelerator are usually not of Gaussian
shape, Gaussian electron pulses of various width are well suited to study the broaden-
ing and distortion of the THz pulse due to the frequency dependencies of the transfer
function G and the electro-optic coeflicient r4; because it is easy to recognize distortion
of the shape and calculate the amount of the broadening.

For the calculations in this and the following sections equation (4.34) is used to
calculate the phase retardation. To prevent a significant pulse broadening due to the
opening angle of the field of relativistic electrons the distance between the electron
beam and the laser spot on the EO crystal is chosen as rp = 1 mm and the Lorenz
factor is taken as y = 1000. This leads to an rms pulse length for a single electron of
o, = 2 fs. The bunch charge is chosen Qy = 10 pC to prevent a phase retardation of
I' > n. All calculations are done for a balanced detector setup. From the EO signal
(proportional to sin(I")) the phase retardation I'(¢) is calculated, which is independent
of the used detection setup. However, it has to be kept in mind that for the crossed
polarizer setup the sign of I' cannot be resolved since here the signal is proportional
to sin*(T"/2). For convenience the bunch charge is chosen positive leading to positive
field in the THz pulse and positive I'. For an (electron) bunch with negative charge the
electric field and therefore I' would change its sign.

Note that in the calculations any time jitter between the electron bunch and the laser
pulse is neglected.

4.3.1. Pulse broadening and distortion

Figure 4.14 shows the predicted phase retardation determined with EO sampling with
a 300 um thick ZnTe crystal induced by the field of a Gaussian electron bunch with
a variance of o, = 150fs and o, = 50fs, respectively. For a better comparison the
expected phase retardation I'j4, for a frequency independent response function Gigea =
G(0) - r41(0) 1s plotted as well. T'jge, 1s proportional to the original THz pulse and is
not broadened or distorted. The field of the 150 fs long bunch is well reproduced
without any pulse broadening and almost any distortion. However, the field of the
short bunch is broadened by a factor of about 1.7 and shows a shape distortion in the
form of strong oscillations following the main peak. The frequency spectrum of these
oscillations peaks around 3.8 THz, i.e. in the region where the refractive index exhibits
a strong rise towards the lattice resonance at 5.3 THz. This rise of the refractive index
leads to a large phase mismatch between the laser light and the field components above
3.5 THz. In a 300 wm thick ZnTe crystal this phase mismatch leads to small value of
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Figure 4.14.: Predicted phase retardation I' as determined with EO sampling with a

300 um thick ZnTe crystal for a long THz pulse Ety, (o, = 150fs, a) and
a short THz pulse (o, = 50fs, b).
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Figure 4.15.: Predicted phase retardation I" for EO sampling with a 100 pm thick GaP
crystal for a long THz pulse Ety, (0, = 75fs, a) and a short THz pulse
(o, = 251s, b).

the response function at 3.6 THz (Fig. 4.8) and hence to a small electro optic signal.
At 3.9 THz the phase mismatch sums up a 1.5 wavelengths leading to a better electro-
optic effect and a small peak in the response function.

Since the lowest TO lattice resonance of GaP is at 11 THz, this material should
support the measurement of shorter bunches. Figure 4.15 shows the predicted phase
retardation for EO sampling with a 100 um thick GaP crystal induced by two Gaussian
electron bunches with a rms length of o, = 75 fs and o, = 25 {5, respectively. The 75 fs
long bunch is well reproduced without significant broadening or distortions. A 25 fs
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Figure 4.16.: Pulse broadening in a 300 um thick ZnTe crystal as predicted for EO
sampling. Length of the EO signal (a) and pulse broadening factor (b) as
a function of the electron bunch length.

long bunch results in a broadened peak followed again by strong oscillations, here at a
frequency of 8.8 THz. This results from a peak in the effective response function G-ry41,
which is located between 7.5 THz where the electro-optic coefficient r4; approaches
zero and 9.3 THz where the phase mismatch leads to a vanishing response function.

4.3.2. Limits on the measurable electron bunch length and time
resolution

To distinguish between pulse broadening and other shape distortions the length of the
resulting phase retardation signal is determined in two different ways. Firstly, a Gaus-
sian of a variance o is fitted to I'(r). Secondly, the variance of the entire I'(r) signal
is calculated as:

()2 12 T(1)?
0’2=‘/§'¢f (1) TdT_f (7)? rdr 435)

[Tdr [T(n)dr
For a Gaussian I'(7) pulse both variances agree: oy = 0. A pulse broadening results
in a oy = 0, greater than o, of the input electron bunch. Any distortion of the pulse
shape leads to an increase of o, compared to oy: 0, > 01 > 0.

Figure 4.16a shows the resulting pulse length o~y and o, as a function of the electron
bunch length o, for a 300 um thick ZnTe crystal. For long bunches o, > 150 fs, there
is no significant deviation between o and 0. For bunches shorter than 125 fs o
rises rapidly to o, = 2.8 o) at o, = 5 fs. The length determined by a fitted Gaussian
o decreases for shorter bunch lengths, reaching oy ~ 75 fs for o, < 30 fs. The

variance o, decreases for shorter bunch lengths reaching a minimum of o, = 128 fs at
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Figure 4.17.: Pulse broadening in a 100 wm thick GaP crystal as predicted for EO
sampling. Length of the EO signal (a) and pulse broadening factor (b) as
a function of the electron bunch length.

o, = 100 fs and rises again for shorter bunch length to o, = 208 fs at o, = 5 fs. The
pulse broadening factor (o7 /o) is smaller than 1.2 for bunches longer than o, = 80 fs
(Fig. 4.16b). Note however, that at pulse length o, < 150 fs already a significant
distortion of the pulse shape takes place.

For a 100 um thick GaP crystal the variances oy and o, agree well for bunches
with o, > 50 fs (Fig 4.17). For bunches with o, < 50 fs the variance of I'(7) rises
very rapidly with decreasing pulse length o, to o, > 200 fs for o, < 20 fs, while o
decreases to o; > 40 fs for o, < 10 fs. The pulse broadening factor (o /o) is below
1.2 for bunch length o, > 60 fs.

From this data it can be concluded that a 300 wm thick ZnTe crystal allows the
measurement of bunches with o, > 100 fs with reasonably small distortions and pulse
broadening. Using a 100 um thick GaP crystal the measurement of bunches with
o; > 50 fs can be expected without distortions except some pulse broadening for
pulsed shorter than 100 fs. For bunches shorter than 100 fs for ZnTe and 50 fs for
GaP strong oscillations are expected due to a resonant amplification of the Fourier
components of the bunch in the vicinity of the TO crystal lattice oscillation frequency.

Theoretically the distortions in the phase retardation signal can be corrected by a
division of the Fourier spectrum of the phase retardation signal I'(t) by the effective
response function to reconstruct the THz field:

(4.36)

- d<r)oc¢-1{—ﬂr(”} }

G(f) - ra(f)

However, this requires a very good knowledge of the effective response function G(f)-
r41(f) and particularly a very good signal-to-noise ratio of the measured signal. The
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Figure 4.18.: Dependence of the maximal detected phase retardation (a+b) and the
length of the output signal o-; (c+d) for different crystal thicknesses for
ZnTe (a+c) and GaP (b+d). The length of the incident electron bunches
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division is impossible for frequencies where G(f) or r4; approach zero, and therefore
the reconstruction of the field will become incorrect for THz pulses with non-vanishing

Fourier components at these frequencies. The required signal-to-noise ratio has not
been reached for EO measurements of short electron bunches at accelerators, but the

reconstruction of the THz pulse for frequencies above the lattice resonance has been
done in pump-probe experiments with very thin (= 10 um) crystals [LHS*99].
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4.3.3. Dependence of the EO signal on the crystal thickness

Ideally, the phase retardation I'(7) should be directly proportional to the thickness d of
the EO crystal. In reality this is true for slowly varying fields or very thin crystals. For
short pulses the strong dispersion of the EO crystal for frequencies close to the lattice
resonances and the phase mismatch between laser pulse and the THz components of
the electric field pulse lead to a slower than linear rise of the phase retardation with
d and eventually to a saturation (Fig. 4.18). For ZnTe the saturation is reached at a
crystal thickness of about 4 mm, for GaP already at 150 um to 300 um as a function of
the electron bunch length o,.

Due to the dispersion the length of the phase retardation signal grows considerably
towards larger thickness. To preserve a good time resolution the GaP crystal thickness
should therefore not exceed d = 100 um by a large amount. However, going to d =
50 wm or less does not really improve the resolution but only leads to much smaller
signals.

4.4. Simulation of temporally and spectrally
resolved EO detection with chirped laser pulses

The code used to simulate the temporally and spectrally resolved EO detection with
chirped laser pulses consists of three main parts. The first part calculates the field of
the (horizontally polarized) chirped laser pulse E. ;- The second part calculates the
radial electric field Ety,(Q(?), ro,y) of a electron bunch of an arbitrary longitudinal
electron distribution Q(r) at distance r( to the bunch path and the resulting phase re-
tardation I'(7) for a given EO crystal. The third part than calculates the electric field
E o 1aser Of the laser pulse after the EO crystal and a quarter- and a half-wave plate. The
rotation angles ¢ of the quarter-wave plate and 6 of the half-wave plate can be set to ar-
bitrary values. From the vertically polarized component of this field the temporal and
spectral intensity is calculated. For the reason of simplicity the orientation of the THz
field to the EO crystal is assumed to be @ = 0. Note that the simulations presented here
do not include any resolution limits, noise of the detectors, or residual birefringence of
the EO crystal.

The code uses equation (2.17) and (2.13) to calculate the field of a Fourier limited
Gaussian laser pulse with a duration of 7, = 15 fs. This pulse is then propagated
through a dispersive medium (cf. 2.2.3). Unless otherwise explicitly stated,the disper-
sive medium consists of 100 mm of strongly dispersive glass type SF11 and 15 mm of
glass type BK7 accounting for the vacuum windows and the lenses used in the transfer
line (cf. 5.2.3). This results in a chirped laser pulse of a duration of 7. = 3.63 ps
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(FWHM of the intensity). To find the proper time scale for the spectrally resolved de-
tection, the instantaneous frequency w;(t) is determined by fitting sinusoidal functions
locally to Ejaser- To the resulting values of w;(#) a second order polynomial is fitted,
thereby also nonlinear dispersion is accounted for.

Equations (2.5) and (2.8) are used to calculate the radial electric field
Eth,(Q(1), r9,y) of a electron bunch of an arbitrary longitudinal electron distribution
0 and electron energy at distance r to the bunch path. The resulting phase retardation
I'(¢) for a given EO crystal is then calculated using equations (4.16) and (4.34) with the
parameters given in section 4.1. In equation (4.34) the variable delay 7 between laser
and THz pulse is replaced by the absolute time .

The vertically polarized component of E, 1.sr(f) can now be calculated using equa-
tion (3.20) with E;jaser(?) and I'(7). Eouetaser(w) 1s the Fourier transform of Eqye jaser(?)
according to equation (2.11). The resulting temporal intensity /(¢) and spectral inten-
sity S (w) is calculated using equations (2.15) and (2.16).

The retrieved phase retardation I'eyievea Can now be calculated using the inversion of
equation (3.20) restricted to 2¢ —48 < I' < m+2¢ —46 and compared to expected phase
retardation from an ideal EO crystal with a frequency independent effective response
function where I' «« Etp,.

4.4.1. Quality of bunch shape determination by temporally and
spectrally resolved detection

In this section various longitudinal profiles for the electron bunches are assumed
(Gaussian, Gaussian with exponential tail, a theoretically predicted longitudinal bunch
profile in FLASH and a profile measured with the transverse deflecting structure). It is
studied how well the electric field profile of the charge distributions can be recovered
by temporally and spectrally resolved EO detection.

For the calculations with Gaussian bunch shapes the same parameters as in sec-
tion 4.3 are used (rp = 1 mm, y = 1000, Qp = 10 pC). For the calculations with
other bunch shapes a bunch charge of Oy = 0.5 nC, an electron energy of ~ 450 MeV
(y = 900) and a distance between the electron beam and the laser spot on the EO
crystal of ry = 5 mm is chosen, which are typical parameters for EO measurements at
FLASH.

4.4.2. Gaussian bunch shape

Figures 4.19 and 4.20 show the predicted phase retardation for temporally and spec-
trally resolved detection for a 150 fs and a 50 fs long bunch using a 300 wm thick ZnTe
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Figure 4.19.: Expected phase retardation signal I'egievea fOr temporally and spectrally
resolved detection with a 300 wm thick ZnTe crystal for a long THz pulse
Ety, (0, = 150fs, a) and a short THz pulse (o, = 50 fs, b).
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Figure 4.20.: Expected phase retardation signal I'regievea fOr temporally and spectrally
resolved detection with a 100 um thick GaP crystal for a long THz pulse
Ety, (0, = 751s, a) and a short THz pulse (o, = 25fs, b).

crystal and for a 75 fs and a 25 fs long bunch using a 100 pm thick GaP crystal, respec-
tively. The phase retardation signal expected for temporally resolved detection is iden-
tically to the phase retardation expected for the EO sampling technique (Figs. 4.14 and
4.15) except a negligible broadening in the case of the EO sampling due to the length
of the laser pulse. The simulated data for the spectrally decoded data show strong ad-
ditional shape distortions and pulse broadening due to frequency mixing between the
frequency components of the laser pulse E .;(w) and the frequency components of
effective THz pulse (see section 3.2.2).
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Figure 4.21.: Pulse broadening at spectrally resolved EO detection due to frequency
mixing: predicted width of the output pulse as function of 7. for a 200 fs
long (a) and a 100 fs long (b) THz pulse for a 100 wm tick GaP crystal
(Ty = 15 fs). The black line shows the pulse length o predicted for
temporally resolved detection for comparison.

The shortest THz pulse, which is reproduced with moderate shape distortions and
pulse broadening due to frequency mixing depends on the chirp of the laser pulse. For
the used chirped laser pulse with 7, = 3.6 ps the shortest THz pulse, which correctly
reproduced is about o i, = 250 fs. The following equation published by Jamison et
al. [JBM*06] is supported by this simulations:

Tlim = 2V2In 20—lim ~ 2.6 Ay, T()Tc
= Otlim ~ 1.1 ToT. (437)

A comparison of the pulse length o and o, predicted for different input pulse length
o, as a function of T is shown in figure 4.21. A 200 fs long bunch is reproduced with
a small pulse broadening (< 10%) using a laser pulse with T = 15 fs chirped to 4 ps,
while 7. needs to be smaller than 1 ps to reproduce a 100 fs bunch.

4.4.3. Other bunch shapes

Theoretical studies of the present bunch compression scheme at the FLASH linac
predict a longitudinal bunch shape consisting of a Gaussian with an exponential
tail [Li01, GSSYO04]. Figure 4.22 shows the expected phase retardation from a 300 pm
thick ZnTe and a 100 um thick GaP crystal for a bunch shape with the following
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Figure 4.22.: Expected phase retardation signal I'ieyieveq fOr temporally and spectrally
resolved detection of a Gaussian bunch with exponential tail according
to equation (4.38) with a 300 um thick ZnTe crystal (a) and a 100 um

thick GaP crystal (b).
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Figure 4.23.: Expected phase retardation signal I'yeyieveq fOr temporally and spectrally
resolved detection of a simulated charge distribution of a bunch at
FLASH [Doh0O6a] with a 300 um thick ZnTe crystal (a) and a 100 um
thick GaP crystal (b).
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Figure 4.24.: Expected phase retardation signal I'ieyieveq fOr temporally and spectrally
resolved detection using a 300 um thick ZnTe crystal (a) and a 100 um
thick GaP crystal (b) of a charge distribution of a bunch measured at
FLASH with the transverse deflecting structure [R6h06].

electron distribution:

ex (—i) fort <t

o =1 D2 1 (4.38)
Aexp(=t/T1) fort >t
V(t+1p) /71 or 1

where the following parameters are used:
A=047, o0,=66.71s, t;, =89fs, 7, =500 fs, 7, = 100 fs (4.39)

A second study uses the programs ASTRA [FI604] and elegant [Bor00] for the gen-
eration and transport of the electron distribution through the linac [DFK*04, Doh06b].
The resulting longitudinal electron distribution and THz pulse of a 450 MeV bunch at
FLASH after the last accelerating module is shown in figure 2.1, the expected phase
retardation in figure 4.23 [Doh0O6a].

The THz pulse shown in figure 4.24 is calculated for a bunch distribution measured
with the transverse deflecting structure (TDS, see section 5.3.1).

The predicted phase retardation signal for temporally resolved detection using a
100 wm thick GaP crystal reproduces well the THz pulse for all three charge distribu-
tions. Only a moderate broadening of the leading peak can be observed and some small
oscillations following the peak in cases of the later two charge distributions. For spec-
trally resolved detection using a 15 fs laser pulse chirped to 7. = 3.6 ps, frequency
mixing of the frequency components of the laser pulse E. .(w) and the frequency
components of effective THz pulse leads to a strong broadening and distortion of the
leading peak. It is not possible to determine a pulse length from this data, but a po-
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sition (arrival time) of the peak can still be determined. Only for laser pulses with
T, < 500 fs the SD signal can reproduce the THz pulse without strong distortions.

For temporally resolved detection using a 300 um thick ZnTe crystal the predicted
phase retardation signal shows a large broadening and additional distortions for all
three charge distributions. Frequency mixing leads to additional distortions for spec-
trally resolved detection. However, they are less severe as in the case of temporally
resolved detection because the length of the effective THz pulse is longer in the ZnTe
crystal than in GaP.

4.5. Additional sources of signal broadening

Apart from the resolution limitations due to the material properties of the electro-
optical material (cf. 4.2.2) and the intrinsic limits of the detection technique (cf. 4.4),
other sources of signal broadening described in this section have to be taken into ac-
count.

While the THz pulse travels perpendicular to the surface through the crystal, the
laser beam is inclined by 6° (cf. 5.2.4 and Fig. 5.11). The right part of the laser (seen
in the direction of the laser beam) arrives earlier at the crystal surface than the left part.
Therefore the phase retardation resulting from the interaction of the THz pulse laser
field in the crystal is not distributed perpendicular to the direction of travel of the laser
but tilted by 6°. When the laser is focused again, this tilt leads to a broadening of the
signal by o angle = tan(6°) oy jaser/¢ = 350 fs/mm/ 0y jaser, Where o7y jaser 18 the transverse
variance of the laser beam in the direction of the tilt. The effect can be included in the
simulations by a convolution of the calculated phase retardation (in time domain) with
a Gaussian of variance o ,nge. The resulting effective phase retardation parameter e
is then used in equation (3.20) instead of I" (Fig. 4.25(a)).

A second effect, which leads to a broadening of the signal in temporally resolved
detection is the dispersion of the laser pulse in dispersive material the laser passes after
the EO crystal. For the EO setup at FLASH this is the vacuum window where the laser
leaves the beam pipe, two wave plates, thin film polarizers and the cylindrical lens
which focuses the laser to the BBO crystal (cf. 5.2.4). This effect can be calculated as
described in section 2.2.3 (Fig. 4.25(b)).

Finally the detector resolution has to be taken into account. For temporally resolved
detection the resolution of the cross-correlator is determined by the length of the gate
laser pulse, the phase matching properties and the thickness of the BBO crystal and
the optical resolution of the imaging system and the camera. The total resolution of
the cross-correlator is o, =~ 35 fs. For spectrally resolved detection the resolution
of the spectrometer with the used camera is 0, = 0.3 nm (cf. 5.2.4). For the used
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Figure 4.25.: Charge distribution of an electron bunch, the field and the phase retar-
dation signal for temporally and spectrally resolved detection using a
100 wm thick GaP crystal as expected for a measurement near zero opti-
cal transition (¢ = 0, 8 = 4°). As the input for the simulation a charge
distribution measured with the transverse deflecting structure [R6h06]
was used.

(a): The measured charge distribution, the resulting field in 5 mm dis-
tance, the phase retardation parameter due to the GaP material properties
and the effective phase retardation I'. broadened due to the inclination
angle of 6°.

(b): The background subtracted and normalized temporally resolved de-
tection signal (TD) as expected directly after the EO crystal, at the posi-
tion of the BBO crystal broadened due to dispersive optical elements and
including the resolution of the cross-correlator.

(c): I'eg and the background subtracted and normalized spectrally re-
solved detection (SD) signal with and without taking a limited spectrom-
eter resolution into account. The effective phase retardation is shown for

comparison.
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laser beam chirped to 7. = 3.6 ps this is equivalent to o4 & 30 fs. The effect of the
detector resolution can be calculated by convolving the temporal or spectral intensity
at the detector with a Gaussian of variance o4 (Fig. 4.25(c)).

4.6. Multiple reflections in the EO crystal

The THz pulse can undergo a reflection at the exit surface of the crystal, move back,
and after a second reflection at the front surface, move again through the crystal in
forward direction. This is sometimes referred to as the Fabry-Perot effect. The double-
reflected pulse will be scanned by the laser if the laser pulse is delayed by the travel
time 2d/vry,. The Fourier transform of the double-reflected THz pulse, just behind the
front surface of the EO crystal, is given by

Faouwte(f) = Fuuans(f)A%; €xp (iz%(n(f ) (2d) - 2%fk(f ) (Zd)) (4.40)
where Aer = [1 —n(f) —ik(f)]/[1 +n(f)+ik(f)] is the amplitude reflection coefficient.
These Fourier components are propagated through the crystal in the same manner as
was applied for the direct THz pulse (cf. 4.1). The phase retardation signal in Fig. 4.26
shows the direct signal, and after the delay of 2d/vry,, the signal from the double-
reflected THz pulse. This second signal has an amplitude of about 25% of the first
peak, mainly due to the reflection coefficient, which enters quadratically. The next
reflection will produce a pulse at twice the delay but with a signal amplitude of only
a few per cent of the main peak. This and even higher-order reflections will be lost in
the noise, so it is not necessary to sum up the Fabry-Perot effect in a geometric series.

0.3}

0.2}

0.1}

-05 0 0.5 1 15 2 25 3
time in ps

Figure 4.26.: The balanced detector signal of a Gaussian THz pulse with o, = 50 fs,
Qo = 0.1 nC in a 100 pm thick GaP crystal. Both the direct and the
double-reflected pulse are shown.
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Also the laser pulse will undergo multiple reflections in the EO crystal. A coin-
cidence of the double-reflected laser pulse with the direct THz pulse leads to a signal
appearing artificially earlier than the THz pulse in EO sampling and spectrally resolved
detection. In temporally resolved detection the double-reflected laser pulse contributes
to the signal from the unreflected laser pulse with some attenuation due to the double
reflection. If the double-reflected laser pulse coincides with the double-reflected THz
pulse a contribution to the detector signal is found at the position of the first main
peak. This contribution is small since not only the THz pulse but also the laser pulse is
attenuated by the double reflection broadened due to the dispersion in the crystal. The
effects can be avoided altogether if a wedge-shaped EO crystal is used. The EO crystal
then acts like a prism and deflects the direct laser beam by an angle of (n — 1)@, where
a is the wedge angle and n the refractive index for laser light. The double-reflected
laser beam will leave the EO crystal at a deflection angle of (3n—1)a and can therefore
be easily separated from the direct laser beam. However, that the wedge angle does
not eliminate the multiple reflections of the THz pulse. The reason is that the electric
field carried by the electron bunch is not well collimated like the Ti:Sa laser beam, but
extends over the whole EO crystal.
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5. Experimental setup

5.1. The FLASH accelerator and free electron laser

The free electron laser in Hamburg (FLASH) has recently been upgraded to a maxi-
mum electron energy of 770 MeV allowing to cover the wavelength range from 13 to
45 nm [TES02]. The free electron laser (FEL) is based on the principle of self am-
plified spontaneous emission (SASE), which opens the way to powerful FELs in the
x-ray regime. Electron bunches of extremely high local charge density are needed to
achieve laser saturation in the undulator magnet.

The FLASH linear accelerator and free electron laser consists of three main parts:
the RF-photoinjector, the superconducting linac including the bunch compressors, and
the undulators.

This section describes the different components of FLASH with a special emphasis

Dispersive arm, dump

- OTR screen Bypass
CTR beamline| | ;- TDs U/B
F F n ‘ -] Undulator

Figure 5.1.: Schematic layout of FLASH at DESY. The beam is accelerated to a max-
imum energy of 770 MeV in five acceleration modules ACC1 to ACC5
containing eight superconducting cavities each. The two bunch compres-
sion stages are denoted by BC. The accelerator is followed by a diagnostic
section and the undulator to create the FEL radiation. Abbreviations for
the experiments in the diagnostic section are explained in the text.
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5.1. The FLASH accelerator and free electron laser

on the effects influencing the longitudinal electron bunch profile, followed by a brief
overview of the user facility for experiments with the FEL radiation. A schematic
overview of FLASH is shown in Fig. 5.1.

5.1.1. The photoinjector gun

A laser driven radio frequency (RF) photo-cathode gun is used to produce the high
current electron bunches with small transverse emittance and a small energy spread as
they are needed for the operation of a SASE-FEL [SCG*02, FP02].

A high power Nd: YLF laser generates a series of pulses at a wavelength of 1047 nm.
The pulses are twice frequency doubled in two nonlinear crystals to reach a wavelength
of 262 nm with a pulse energy of up to 50 uJ and a pulse duration of 4 ps (rms). This
beam is focused on a cesium telluride (Cs,Te) cathode, where the pulses liberate elec-
trons due to photo emission. The cathode is placed inside a lé-cell normal conducting
copper RF structure operated at 1.3 GHz with a maximal accelerating gradient of up to
42 MV/m on the cathode. The high gradient is needed to rapidly accelerate the elec-
trons to relativistic energies to reduce the emittance dilution due to internal Coulomb
forces. One solenoid coil is placed around the RF cavity to produce a longitudinal
magnetic field of 0.163 T along the axis of the cavity. A small bucking coil at the back
of the cathode is used to cancel the field at the cathode surface. This field forces the
accelerated electrons to spiraling trajectories to further reduce the effects of the inter-
nal Coulomb forces. This way it is possible to achieve a bunch charge of 0.5 to 1 nC
with a normalized transverse emittance of only a few micrometers.

The electron bunches leave the gun with an energy of about 4.5 MeV per electron
and an rms bunch length of about 4 ps and are injected into the first accelerating mod-
ule.

5.1.2. The accelerator modules

The electrons are accelerated by alternating electric fields stored in resonant RF cavi-
ties. The cavities used at the FLASH accelerator are superconducting nine cell cavities
developed for the TESLA! collider project [RSTWO1]. The cavities are made from
pure niobium and are operated at 2 K cooled with liquid helium (Fig. 5.2).

The nine-cell cavities (Fig. 5.2) are excited at 1.3 GHz at their 7-mode, where the
electric field along the cavity axis is parallel to the axis and its amplitude varies sinu-
soidal with the resonant frequency f. Since the resonant frequency f depends mainly
on the diameter of the cavity, the length of the resonating cells L = %? can be chosen
such that a relativistic particle with speed v ~ ¢ needs half a period of the resonating

Iteraelectronvolt energy superconducting linear accelerator
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Figure 5.2.: Cross section of a superconducting RF cavity installed in the FLASH linac
[Aun00]. The power coupler is connected by a wave guide to the klystron.
Higher-order mode (HOM) couplers remove resonant fields of higher or-
der, a pick-up antenna is used to measure the field.

frequency to pass the cell. An electron entering the cell at the zero crossing of the
electric field is accelerated along the full length of the cell and leaves the cell when the
electric field strength changes its sign. In multi-cell cavities excited at their 7-mode
neighboring cells have a phase offset of 7 so that an electron entering the first cell at the
zero crossing of the electric field is accelerated along the full length of the cavity. This
phase setting, where the electron has the maximum possible energy gain, is usually
referred to as on crest acceleration, for all other phases the electron gains less energy
(off crest acceleration) or even loses energy (deceleration).

The FLASH linac consists of five accelerating modules containing eight cavities
each. The applied accelerating gradients vary between 12 and 25 MV/m. The elec-
trons can be accelerated to energies of 380 to 770 MeV. The installation of a sixth
module is planned to increase the maximum energy. The photoinjector and the mod-
ules are powered by three 5 MW klystrons and one 10 MW klystron. The first 5 MW
klystron drives the gun, the second module ACC1, the third one drives modules ACC2
and ACC3 and the 10 MW klystron drives the modules ACC4 and ACCS. The am-
plitude and phase of the accelerating fields in the cavities are controlled by adjusting
amplitude and phase of the individual klystrons. Each nine-cell cavity in the modules
is equipped with a pick-up antenna to measure its field. The calculated vector sum is
used to regulate phase and amplitude of module ACC1 and the module groups ACC2-3
and ACC4-5. The phase and amplitude of the field in the normal conducting gun is
calculated from the measured input from the klystron and reflected electric field from
the gun.
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5.1. The FLASH accelerator and free electron laser
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Figure 5.3.: Schematic drawing of a bunch compressor. The off-crest acceleration in-
troduces a correlated energy spread. The phase space is sheared by the
magnetic chicane. Symbols: 6W: energy gain of a particle, n: particle en-
ergy relative to reference particle, {: relative longitudinal position inside
the bunch, p: longitudinal charge density, E: electric field.

a) The particle distribution as a function of £ and as a function of W and
{ before the acceleration. b) The particle distribution after off-crest ac-
celeration. c¢) The particle distribution behind the magnetic chicane. The
peak current is increased. The black ellipse shows linear compression, the
blue shape the effects of non-linear compression. d) The energy gain in
the accelerating cavity as a function of relative longitudinal position.
Adapted from [Isc03].

5.1.3. Bunch compression

The SASE-FEL process requires electron bunches with high peak currents of several
kA. This currents cannot be directly produced in the injector gun, because the resulting
high repulsive space change forces would lead to an unwanted emittance growth. To
reach these high peak currents the 4 ps long electron bunches from the injector gun
with peak currents of about 100 A are longitudinally compressed after further accel-
eration at energies of 125 MeV and 380 MeV. At this highly relativistic energies the
magnetic forces compensate the electric forces of the space charge. For the compres-
sion magnetic chicanes are used where electrons with different energies have different
path lengths through the chicane so that an electron bunch with an energy distribution
correlated with the longitudinal position can be compressed in length.

Shifting the phase of the first accelerating module away from the on-crest phase
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leads to a stronger acceleration of the electrons in the tail of the bunch than the elec-
trons in the head: an energy chirp is imposed on the bunch. In the following magnetic
chicane the higher energetic electrons in the tail of the bunch are less bended by the
dipole magnets and travel on a shorter trajectory through the chicane, allowing them
to catch up with the leading electrons (Fig. 5.3).

Since the bunch length covers a non-negligible part of the RF wavelength — 4 ps
corresponds to about 2° of an 1.3 GHz oscillation — and the accelerating field has a
sinusoidal time dependency, the energy chirp is not linear. This leads to a nonlinear
compression and results in a longitudinal charge distribution, which is not Gaussian
any more but has a short leading spike followed by a longer tail. To reduce these
nonlinearities and also other distorting effect like coherent synchrotron radiation, the
compression can be distributed among several bunch compressors at different energies.

At FLASH the energy chirp is imposed on the bunch by an acceleration at about 8°
off crest in the first accelerating module. The bunch with an energy of 125 MeV is then
partially compressed in a C-type magnetic chicane and further accelerated to 380 MeV
by two modules operated on crest. The second bunch compressor is a S-type magnetic
chicane further compressing the bunch to its final shape with a leading spike of about
100 fs length with a peak current of several kA and a low current tail of several ps
(Fig. 5.4).

A comprehensive description of the FLASH bunch compression system and simu-
lations of the resulting charge distributions can be found in [LPS02, FP02, Doh0O6b]

5.1.4. The diagnostic and collimation section

The last acceleration module is followed by a section holding several experiments for
bunch diagnostics to measure the longitudinal charge distribution, coherent transition
radiation (CTR), slice emittance and the bunch arrival time. This experiments include
the transverse deflecting structure (TDS), the CTR beam line, the electro-optical beam
phase monitor, and the timing electro-optical experiment (TEO), which are described
in section 5.3.

A small dispersive section with collimators is inserted to protect the following un-
dulator magnets from radiation damage. Copper apertures in front of the dispersive
section remove most of the beam halo, while apertures in the dispersive section re-
move electrons from the dark current which have a different energy than the bunch.
Otherwise these electrons would be lost in the narrow beam pipe of the undulator and
increase the radiation load of the permanent magnets.
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Figure 5.4.: Example for the expected phase space distribution, current, slice emittance
and slice energy spread along the bunch at the undulator entrance. Bunch
charge is 1 nC. Bunch head is at the right side. Note the reversed direction
of time axis. From [SSY04]

5.1.5. The undulator section

The undulator system consists of six magnets each 4.5 m long. The undulator magnets
create on the beam axis a sinusoidal field in vertical direction with a period of 27.3 mm
and a peak induction of 0.46 T, leading to a horizontal oscillation of the electron beam
(Fig. 5.5).

Between the segments quadrupole magnets are installed to focus the beam as well as
diagnostic tools, such as beam position monitors (BPM) and wire scanners to measure
position and transverse shape of the electron beam. Achieving a perfect overlap of
the electron beam with the radiation field generated inside the undulator is mandatory
for the FEL process. Therefore, the utmost care has been taken in aligning all the
elements. An excellent field quality has been achieved in the undulator modules so
that the expected rms deviations of the electrons from the ideal orbit should be less

&9



Experimental setup
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Figure 5.5.: Arrangement of the magnets in the undulator that creates a sinusoidal field
on the beam axis [FP99]. The electron beam oscillation is not to scale.

than 10 ym [Ayv06].

Following the undulators a dipole magnet bends the electron beam to an under-
ground beam dump while the FEL radiation continues through a section with photon
diagnostic to the experimental hall with the user beam lines.

5.1.6. The FLASH experimental area

The FLASH experimental hall provides five beam lines for user experiments. Two
beam lines are equipped with monochromators for measurements with different spec-
tral components of the FEL beam. For pump-probe experiments pulses from an optical
laser synchronized to the FEL radiation pulses can be distributed to the end station of
all beam lines. Either 50 fs long pulses with 3 nJ pulse energy at 800 nm from a
Ti:Sa oscillator or 120 fs long pulses with 20 uJ at 800 nm from an optical parametric
amplifier are available.
The properties of the FEL pulses are listed in table 5.1.

5.1.7. Synchronization and timing

The various timing signals for FLASH are derived from a master oscillator frequency
of f = 9.027775 MHz, which is the 144th sub-harmonic of the RF field of the ac-
celerating cavities of 1.2999996 GHz. For special devices like the injector laser, the
laser for the electro-optic experiment or the pump-probe laser in the FEL experimental
hall, other harmonics of 9.03 MHz are generated by the master oscillator as well and
distributed to the experiments, namely 108.33 MHz and 81.25 MHz.
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Figure 5.6.: The FLASH experiment hall. From [HASO06].

Due to the design of the accelerating modules, the cryogenic cooling system and the
RF power generation, the accelerator is run in a pulsed mode with a usable accelerating
period of 800 us and a repetition frequency of 2, 5 or 10 Hz. During the accelerating
period a train of up to 800 electron bunches with a spacing of 1 us or multiples thereof
can be accelerated. These bunch trains are also referred to as macropulses.

An overview of the bunch timing at FLASH is given in figure 5.7.
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Table 5.1.: Properties of the FEL pulses

Parameter

Measured value

wavelength (1st harmonic)
pulse length

pulse energy

peak power

spectral width

intensity in 3rd harmonic

peak brilliance

angular divergence

beam diameter at experiments
pulses per macropulse

13...47nm
10...50fs
5...200J
up to SGW

0.5...1% (FWHM)
0.5 % of fundamental
102 .. 0% —_Photons

s-mm?-mrad?-0.1%AA1

300 prad
0.01 ...5mm
1...800




5.1. The FLASH accelerator and free electron laser
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Figure 5.7.: Timing in the FLASH linac. a) The macropulses are separated by 100 to
500 ms. b) Detailed view of a macropulse: the envelope of the accelerating
field has a flat top of up to 800 us. The electron bunches are spaced by
multiples of 1 us. ¢) The accelerating RF field has a frequency of 1.3 GHz,
corresponding to a period of 769 ps. d) An electron bunch with a length of
5 ps FWHM is shown. Drawings are not to scale. From [Isc03].

93



Experimental setup

5.2. The setup of the electro-optic experiment

The electro-optic experiment at FLASH consists of a 18 m? laser laboratory outside
the accelerator tunnel, a laser transfer line to the tunnel and an optical table inside the
tunnel (Fig. 5.8). The laser laboratory is temperature stabilized to 20 +1°C and holds
the optical table with the laser systems (cf. 5.2.1) and laser diagnostic equipment, the
synchronization electronics for the lasers (cf. 5.2.2) and the electronics and computers
to control motorized optics, the synchronization electronics, data acquisition devices
and accelerator settings. From the optical table in the laboratory the laser beam is
sent trough a 17 m long, evacuated transfer line (cf. 5.2.3) into the accelerator tunnel.
There a second optical table holds the vacuum chamber (cf. 5.2.4) with the electro-
optic crystals (cf. 5.2.6) and the optics for the detection setup.

The following section gives a description of the parts of the experiment including
information of the used components and materials.

5.2.1. Laser systems

The laser used for electro-optic sampling and spectrally encoded EO detection is a
FemtoSource Compact20 titanium-sapphire (Ti:Sa) oscillator from Femtolasers, Vi-
enna, Austria. It is pumped with 3.5 W cw laser beam at 532 nm from a diode pumped,
frequency doubled Nd:YVO, laser (Verdi-V5 from Coherent Inc., Santa Clara, Cali-
fornia). The oscillator delivers 15 fs (FWHM) long pulses of up to 4 nJ pulse energy
at a repetition frequency of 81.25 Hz. The emitted bandwidth is up to 65 nm (FWHM)
with a center wavelength of 803 nm.

accelerator laser laboratory
tunnel
electron optical table
beam pipe f
optical table 1S
o
lens (f=4 m) N
laser beam pipe
N
mirror 265m 8.5 m "1m mirror

Figure 5.8.: Schematic cross section off the EO laser laboratory and the FLASH accel-
erator tunnel
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Figure 5.9.: Schematics of the setup used to synchronize the TiSa oscillator to the RF.
The laser repetition frequency is 81 MHz. The 16" harmonic of the laser
frequency is phase-locked to the 1.3 GHz radio frequency of the linac.

The second laser system, used especially for the temporally encoded EO detection,
is a Ti:Sa seed oscillator (FemtoSource Pro HP, Femtolasers) and amplifier (Omega
Pro, Femtolasers) borrowed from FOM Institute for Plasma Physics ’Rijnhuizen’,
Nieuwegein, The Netherlands. The amplifier delivers 30 fs (FWHM) long pulses of
1 mJ pulse energy at a repetition frequency of 1 kHz. The emitted bandwidth is 30 nm
(FWHM) with a center wavelength of 795 nm.

5.2.2. The synchronization of the lasers to the linac RF

All EO detection techniques require a precise synchronization between the used laser
and the accelerator RF. The accuracy of the synchronization sets an upper limit on
the possible resolution of the EO sampling technique as well as the resolution of the
electron bunch arrival time measurements with other EO techniques.

The repetition frequencies of both Ti:Sa oscillators are locked to the 1.3 GHz master
frequency of the accelerator using a single-loop phase-locked-loop (PLL). A beam
splitter directs a part of laser pulses to a 10 GHz photo diode (EOT-4000, EOT, USA).
The 16th harmonic of the narrow photo diode signals is selected by a eighth-order
bandpass filter (Integrated Microwave Inc., USA), amplified and fed to one port of a
1.3 GHz phase detector (HMC-439, Hittite, USA). The other port of the phase detector
is connected to the 1.3 GHz signal from the master oscillator. The error signal of the
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Figure 5.10.: Phase noise of the 1.3 GHz reference signal, the free running oscillator
and the oscillator locked to the reference. From [WIK*05]

1.3 GHz phase detector is then fed back to the piezo-controlled end mirror of the laser
resonator. The regulation of the laser repetition rate is done via a PI controller. The
phase shift of the laser pulses with respect to the linac RF is accomplished by a vector
modulator (HMC497LP4, Hittite, USA), shifting the phase of the linac RF before
the phase detector in programmable steps. The synchronization scheme is shown in
figure 5.9.

A frequency analysis of the phase detector error signal permits to determine the
stability of the synchronization circuit. A phase noise measurement of phase detector
error signal is shown in figure 5.10. From these data a residual time jitter of 65 fs (rms)
in a bandwidth of 31 mHz up to the Nyquist frequency (40 MHz) is derived. The rela-
tive jitter between the electron bunches and the linac RF is not included. Alternatively
the remaining time jitter can be measured by an RF monitoring system independently
of the locking PLL. The phase noise measured with an independent RF monitoring
system working at 10.4 GHz leads to the same time jitter. A more comprehensive de-
scription of the synchronization scheme and the measurements of its accuracy can be
found in [WIK*05].

5.2.3. The transfer line

The laser laboratory is connected to the accelerator tunnel by a 16.7 m long evacuated
laser beam pipe to transport the laser beam into the tunnel. The optics in the transfer
line consists of two remotely controlled mirrors and two identical lenses with focal
lengths of f = 4 m. An approximate f — 2f — f imaging setup is realized to image
the exit of the optical table in the laser laboratory to the entrance of the optical table
in the accelerator tunnel in order to minimize the effect of vibrations and movement of
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Figure 5.11.: Schematic drawing of the EOS setup in the accelerator tunnel. An OTR
screen can be moved into the e-beam to adjust the relative timing between
the laser pulses and the electron bunches with = 200 ps precision.

the outer table on the beam stability at the EO setup in the tunnel. An exact f —2f — f
imaging setup is not possible due to the limited access to the 8.5 m long part of the
beam pipe passing through the radiation shielding of the accelerator (Fig. 5.8).

The laser transfer line and the imaging system has proven to be very stable. Neither
short-term nor long-term motions of the laser spot position on the electro-optic crystal
are observed.

The two vacuum windows and the two lenses contained in the transfer line add up to
6 mm Kodial and 6 mm BK?7 glass. This introduces additional dispersion to the laser
pulse, which has to compensated with SF11 prism compressors for the EO sampling
and the temporally resolved detection to reach the shortest possible laser pulse length
at the EO or the BBO crystal, respectively. For the spectrally resolved detection the
additionally introduced chirp does not need to be compensated but it has to be taken
into account when calculating the pulse length of the chirped laser pulse at the EO
crystal.

5.2.4. The optical setup in the accelerator tunnel

Inside the linac tunnel two level optical table is installed which holds on the lower level
the vacuum chamber (Fig. 5.11) and on the upper level the detector optics (Fig. 5.12).
The vacuum chamber includes the electron beam pipe with an inner diameter of
65 mm, an input port for the laser, two exit ports for laser and optical transition ra-
diation (OTR), two ports to mount the movable holders for the EO crystals, and an
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OTR screen and a viewport to survey the laser beam on the EO crystal (from above,
not seen in figure 5.11). Two EO crystals can be mounted vertically separated at the
holder. The laser beam can be steered to either of the crystals allowing measurements
with two different crystals without opening the vacuum chamber. The length of the
full chamber is 1.2 m.

The laser beam is injected into the beam pipe at an angle of 6° relative to the e-beam.
Thereby, a mirror upstream of the crystal is avoided which would disturb the Coulomb
field of the electron bunches. A spherical mirror (f = 1.5 m) is used to focus the laser
on the EO crystal. Behind the crystal a mirror reflects the laser beam to the detector
optics outside the vacuum chamber.

The OTR screen can be moved into the e-beam path to measure the relative timing
between the laser pulses and the electron bunches. The screen reflects OTR pulse
and the laser light to a photomultiplier (PM) or a fast photo diode. A simultaneous
measurement of both pulses can be used to adjust the relative timing between the pulses
with approx. 200 ps precision before starting an EO measurement.

The detection optics outside the vacuum chamber is shown in figure 5.12. For
schematic drawings of the different EO detection techniques refer to figures 3.4 to
3.6 in section 3.2.1.

5.2.4.1. Electro-optic sampling using a scanning delay

For electro-optic sampling only a small part of the setup is used (Fig. 5.12(c)). The
laser pulse coming from the transfer line is passed through a polarizer and is sent to
the EO crystal in the vacuum chamber. After the vacuum chamber the pulses pass
through a quarter- and a half-wave plate and are reflected to a Wollaston prism by a
remotely controlled flip mirror. The two orthogonal polarized beams are coupled into
multi-mode fibers leading to the laser laboratory.

The fibers are connected to a 650 MHz balanced diode detector (New Focus 1607-
AC-FC). For measurements at or near zero optical transmission (at or close to the
crossed polarizer setup, cf. 3.1.2 and 3.1.4) only one diode of the balanced diode de-
tector is used. The detector signal is measured and stored by a 1 GHz oscilloscope
(Wavemaster, LeCroy). To scan the longitudinal bunch profile, the vector modula-
tor of the laser to RF synchronization is used to vary the relative delay between the
1.3 GHz reference signal and the laser pulse in 20 fs to 100 fs steps. The EO sampling
technique samples over many successive bunches and therefore depends critically on
a low jitter in the arrival time of the bunches at the EO crystal and on a reproducible,
stable electron bunch shape. Moreover, the synchronization between the femtosecond
laser and the 1.3 GHz master oscillator of the linac RF must be very precise.
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Figure 5.12.: a) Photography of the electro-optic setup in the accelerator tunnel with
the laser beam path. b) Laser beam path for the temporally resolved
EO detection. The beam splitters of the calibration delay line can be
removed once the time calibration has been done. ¢) Laser beam path for
the spectrally resolved EO detection and EO sampling. Mirrors are not
shown in the drawing.
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5.2.4.2. Spectrally resolved electro-optic detection

For the spectrally resolved electro-optic detection the pulse is stretched by SF11 glass
blocks or by a SF11 prism stretcher in the laser lab resulting in a linearly chirped pulse
of several picoseconds length. The setup in the tunnel is the same as for EO sampling,
but the fibers are connected to a spectrometer (SpectraPro 150, Acton Research) lo-
cated outside the linac tunnel. For measurements at or near zero optical transmission
(at or close to the crossed polarizer setup) only one fiber is used, the second fiber can
be used as reference to normalize the spectrum measured at the first fiber. All mea-
surements presented in this thesis were measured at or near zero optical transmission
and the normalization was done with background and reference data measured prior
to the measurements. The image of the spectrum is recorded with a gated intensified
camera (PCO DicamPro with an S25 photo cathode or Andor DH720-18F-03).

The PCO camera is fully integrated in the accelerator control and data acquisition
(DAQ) system and single shot spectra of each bunch can be taken and stored with the
full 5 Hz repetition rate of the accelerator. The integration in the DAQ system also
provides the possibility to synchronize and compare the measured data to other bunch
diagnostic and accelerator data.

The spectrometer was calibrated using the first order argon and the second and third
order mercury lines of a low pressure mercury arc lamp with argon carrier gas (Oriel
Model 6035) between 730 nm and 866 nm [BDOO]. The resolution was found to be
better than o; = 0.3 nm (rms).

5.2.4.3. Temporally resolved electro-optic detection

To change the setup to temporally resolved detection a mirror is inserted remotely
controlled into the laser beam path to steer the beam via a periscope to the second
level of the optical table (see Fig. 5.12(b)). Here, the laser pulse is split into two parts
of equal intensity. The first part is sent to a grating stretcher and stretched to about
20 ps (FWHM). The stretched pulse is then transfered back to the lower level and
reflected to the EO crystal in the vacuum chamber by a second remotely controlled
mirror following the same path as the laser for the spectrally resolved measurements.
After the quarter- and half wave-plates the pulse passes the (now removed) flip-mirror
used to steer the laser to the spectral decoding setup and is polarized by a thin film
polarizer. The horizontally polarized component is focused by a cylindrical lens (f =
100 mm) to a thin line of about 100 um in height and 20 mm in width on a S-barium
borate (BBO) crystal. The second part of the split pulse, called the gate pulse, is sent
to the BBO crystal via a set of delay lines to ensure that the optical paths of the two
pulses from the beam splitter to the BBO crystal are of equal length. The gate beam
is partially focused with a cylindrical lens (f = 200 mm) to a line of about 1 mm in
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5.2. The setup of the electro-optic experiment

BBO c-axis

Figure 5.13.: BBO crystal and beam geometry of the non-collinear SHG used for the
temporally resolved measurements. The vertical (x) dimension of the
beams is not shown. From [JSM*03].

height and 20 mm in width on the BBO crystal. Focusing the two beams was necessary
to increase the pulse intensity available for second harmonic generation (SHG). The
angle of incidence of the beams on the BBO crystal is ® = +£19°.

The BBO crystal is 300 um thick and 15 mm wide, with the crystal axis ® = 45°
from the normal. For the crystal axis and beam geometry (Fig. 5.13), type I SHG phase
matching of the 800 nm and 400 nm beams leads to the following relationship between
angle of incidence ® and crystal angle ©:

> 2
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cos’ @ = —
N goo — SIN° D g 400 ~ 10400

The BBO axis was tuned to the correct phase-matching angle by tilting the crystal
around the y-axis, while maintaining the symmetry of the incident beams with respect
to the crystal axis. For the geometry used here, the 800 nm polarization should strictly
be rotated to an angle y =~ 10° from the horizontal (Fig. 5.13) to be in the ordinary
polarization [JSM*03]. However, in practice the beams were used with horizontal
polarization.

The generated 400 nm second harmonic radiation was imaged onto a gated in-
tensified camera (PCO DicamPro with S20 phothocathode) by two lenses (f; =
100mm, f, = 200 mm), with the BBO crystal laying in the image plane and with
an image magnification of 2. Since the active area of the camera is 18 mm wide, only
a = 9mm of the BBO crystal width could be used. For some measurements a second
set of lenses (f; = 75 mm, f, = 250 mm) was used increasing the magnification to 3.3
(a = 5.4mm).

With an angle of incidence @ = 19°, this leads to a temporal window of the mea-
surements of = 2asin®/c = 19 ps and a conversion factor of about 15 fs/pixel at the
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(a) Setup for the autocorrelation measure- (b) Autocorrelation signal of the gate pulse averaged
ment over 50 pulses.

Figure 5.14.: Setup for the autocorrelation measurement and the autocorrelation signal
of the gate pulse

1280 pixel wide camera image (t ~ 11.4 ps and a conversion factor of 9 fs/pixel for
the second set of lenses). The camera is equipped with a short-pass filter (2 mm thick
BG39, Schott AG) to block stray light at the fundamental wavelength.

The resolution of the imaging system (two lenses and camera) was tested in the
laboratory with a sine test pattern (M-19 Transition Sine Pattern, Applied Image,
Rochester, NY) at the position of the crystal illuminated with blue light of 400 nm
wavelength. Two lines could be separated for up to 40 lines/mm corresponding to an
resolution of better than 25 wm at the crystal or 3.2 camera pixels. This limits the time
resolution of the setup to about 3.2 pixel - 15 fs/pixel = 48 fs leading to a 0 camera OF
~ 20 fs. The resolution of the cross-correlator setup is determined by the length of the
gate laser pulse, the phase matching properties and the thickness of the BBO crystal
and the optical resolution of the imaging system and the camera. The total resolution
of the cross-correlator estimated to be o g4.; ~ 35 fs.

For a test of the time resolution of the cross-correlator, the gate beam was split into
two parts and these two parts were spatially and temporally overlapped in the BBO
crystal in the same geometry as in the TD experiment (Fig. 5.14(a)). The signal traces
acquired by the camera show now the autocorrelation function of the gate pulse includ-
ing the resolution limitations of the BBO crystal and the optical system that images the
BBO to the camera (Fig. 5.14(b)). The measured width of the autocorrelation signal is
44 + 8 fs (rms). This width sets an upper limit to the resolution of the cross-correlator
and it agrees well with the estimated resolution o g = 35 fs (cf. 4.5). It includes the
effects of the duration of the gate pulse, the phase miss-match in the BBO and the finite
resolution of the imaging system. The real resolution is be slightly better, as the con-
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5.2. The setup of the electro-optic experiment

tribution of the gate pulse duration to the autocorrelation function is V2 times higher
than to the resolution of the detection system.

Moving the delay stage by a defined distance, one pulse is delayed by a known time
AT and the corresponding shift of the autocorrelation function is observed. The from
the observed shift a time calibration constant of 9.98 fs/pixel can be determined, which
is in good agreement with the value of 9 fs/pixel calculated from the crossing angle of
the laser pulses before.

For precise time calibration an additional delay line with beam splitters was intro-
duced in the setup (calibration delay in Fig. 5.12). A set of two beam splitters can
be moved by a remotely controlled stage into the path of the gate beam. The first
beam splitter splits the beam into two parts of equal intensity. One part follows the
old path, the other one is sent through a remotely controlled delay line to the second
beam splitter as well, where it is recombined with the first part of the beam. The path
through the delay line is of almost the same length as the beam path around it with
a slight offset Az, which can be varied with the remotely controlled delay line. The
gate pulse is now split into two pulses separated by a variable time delay At. The EO
pulse is sampled by each of the two pulses leading to two signals from the same elec-
tron bunch in one camera image. Varying the delay Ar by a known amount allows a
time calibration of the camera images, which is independent of the arrival time jitter
of the electron bunch. The delay can be varied by more than 10 ps with an accuracy
of better than 50 fs. The position of the signal can be determined with an accuracy of
less than 100 fs. This leads to an calibration error of less than 1%. Time calibration
measurements are shown in section 6.3.3.

5.2.5. The electro-optic setup at the CTR beam line

Next to the EO setup in the accelerator tunnel a beam pipe is installed, which reflects
pulses of coherent transition radiation (CTR) from a transition radiation screen in the
electron beam pipe to a laboratory next to the EO laboratory. The beam line was
designed for spectral measurements of CTR with wavelengths from 7 um to several
millimeters. A more comprehensive description of the CTR beam line and the spectral
measurements done and planned at this beam line is given in section 5.3.2 and in
[CSS05¢, CSSS06].

In a first proof of principle experiment the time structure of CTR pulses was mea-
sured with the spectrally resolved EO technique. The CTR leaves the evacuated beam
pipe through a low-density polyethylene (LDPE) window and is vertically polarized
and focused to a EO crystal by a toroidal mirror (f = 123 mm) via an indium-tin oxide
(ITO) beam combiner. The laser pulses are transfered from the EO laboratory to the
optical table in the CTR laboratory. The pulses are vertically polarized and are sent
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Figure 5.15.: Schematic drawing of the setup for spectrally resolved measurements at
the CTR beam line. The CTR is focused onto the EO crystal via the [ITO
beam combiner. The chirped laser pulse passes through the polarizer
P, the ITO beam combiner, and the EO crystal, where the polarization
becomes elliptical. The ellipticity of the polarization is proportional to
the electric field of the CTR and has the same temporal structure. The
analyzer A turns the elliptical polarization into an intensity modulation.
The longitudinal charge distribution gets encoded in the spectrum of the
laser pulse, which can be measured using a spectrometer. The quarter
wave plate is used to compensate residual birefringence of the EO crystal.

through the beam combiner to the EO crystal. After the crystal a quarter-wave plate
and a polarizer are inserted before the beam is coupled into a multi-mode fiber leading
to the spectrometer and the intensified gated camera as described above (Fig 5.15).

5.2.6. The electro-optic crystals used in the experiments

For the measurements a number of gallium phosphide (GaP) and zinc telluride (ZnTe)
crystals with different thicknesses and from different suppliers were used. Some of
the crystals are wedge-shaped to be able to do measurements passing the laser trough
the EO crystals at different thicknesses and to prevent multiple reflections of the laser
pulse in the crystal (Fig. 5.16). They are used with the thin edge pointing towards the
electron beam. All crystals are cut in the (110)-plane. In the electron beam pipe they
were mounted with the [-110]-axis pointing to the center of the beam pipe. Figure 5.17
shows two GaP crystals glued to a crystal holder ready to be mounted in the accelerator
beam pipe.

A list of the EO crystals used for the measurements presented in this thesis is given
in table 5.2. A number of these crystals were tested at the Strathclyde Terahertz to
Optical Pulse Source (TOPS, University of Strathclyde, Glasgow, Scotland) with EO
sampling measurements with laser induced THz pulses (cf. 6.1).
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5.2. The setup of the electro-optic experiment

W=8698um

(b) Wedged GaP crystal of 22 um at the top edge and 199 um at the bottom

Figure 5.16.: Side view of the wedge-shaped EO crystals

s

Figure 5.17.: GaP crystals in holder. Left a 185 um thick flat crystal, right a wedged
crystal of 20 um at the top edge, 200 um at the bottom.
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Table 5.2.: The electro-optic crystals used for the experiments described in this thesis

No. Material Thickness  Supplier
1 flat GaP 175 um Moltech, Berlin
2 wedge-shaped GaP 25 to 250 um Moltech, Berlin
3 flat ZnTe 185 um Moltech, Berlin
4 wedge-shaped ZnTe 40 to 300 um Princeton Scientific Corp., NY, USA
5 flat ZnTe 300 wm eV-Products, PA, USA
6 flat ZnTe 300 um Princeton Scientific Corp., NY, USA
7 flat ZnTe 500 um borrowed from FOM Institute for
Plasma Physics "Rijnhuizen’, NL
8 flat ZnTe 500 wm Ingcrys Laser Systems, UK
9 flat ZnTe 4 mm Ingcrys Laser Systems, UK
10 flat ZnTe 5 mm borrowed from FOM, NL
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5.3. Other longitudinal bunch diagnostics and
bunch arrival time measurements at FLASH

Apart from the EO experiment described in this thesis several other diagnostic de-
vices and experiments are used to measure the longitudinal bunch shape and the bunch
arrival time at FLASH. This section concentrates on devices able to measure in the
sub-picosecond regime as they are installed after the second bunch compressor. Mea-
surements with time resolutions of hundreds of femtoseconds or above and techniques
averaging over many bunches are completely omitted here, i.e. streak camera [Gri06]
or autocorrelation [Fro05, GS06] measurements of coherent synchrotron radiation at
the first bunch compressor or RF-phase monitors.

Four setups for longitudinal bunch shape diagnostic and bunch arrival time measure-
ments are implemented in the diagnostic section between the second bunch compressor
and the undulator (Fig. 5.1). The transverse deflecting RF structure (TDS) measures
the longitudinal bunch profile with a resolution down to 15 fs (rms) by applying a
time dependent vertical streak to the electron bunch and measuring the vertical bunch
profile afterward. From the net deflection of the bunch also an arrival time can be
derived (cf. 5.3.1). Single shot spectral of coherent transition radiation (CTR) can be
measured at the CTR beam line described in section 5.3.2. From this data the lon-
gitudinal form factor and thus the charge distribution can be derived [SchO6b]. The
timing electro-optical experiment (TEO) described in section 5.3.3 uses spatially re-
solved electro-optical detection (cf. 3.2.4) to measure bunch shape and arrival time
down to a resolution of 70 fs (rms) [ADS*06]. The electro-optic beam phase moni-
tor (BPhM) measures the arrival time of the electron bunch with a resolution of 20 to
50 fs using a pulsed fiber laser to sample the zero-crossing of the signal of an RF beam
pickup [LHL*06]. Due to the limited bandwidth of the system the BPHM measures the
arrival time of the ’center of charge’ of the bunch and cannot provide any information
on the bunch shape.

5.3.1. The transverse deflecting RF structure

The principle of the transverse deflecting RF structure (TDS) has been demonstrated
at SLAC in 1964 [ALL64]. The temporal profile of the electron bunch is transferred
to a transverse streak on a view screen by a rapidly varying electromagnetic field,
analogous to the sawtooth voltage in conventional oscilloscope tubes.

The TDS was built and used for particle separation at SLAC under the name
LOLA IV. It has been installed and commissioned at FLASH in cooperation between
SLAC and DESY. The TDS is a 3.6 m long traveling wave structure operated at
2.856 GHz in which a combination of electric and magnetic fields produces a time-
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Figure 5.18.: Scheme of the operating principle of the transverse deflecting structure.
Adapted from [SchO6a].

dependent transverse kick for the electrons. The bunches pass the TDS near zero cross-
ing of the RF field and receive little or no net deflection but are transversely streaked in
the vertical direction. Time calibration is achieved by measuring the net deflection for
RF phase settings different from zero crossing. With a fast kicker magnet, this bunch is
deflected horizontally towards an optical transition radiation (OTR) screen viewed by
a CCD camera (Fig. 5.18). Since the fill-time of the TDS is less than a microsecond, a
single bunch out of a train can be streaked leaving the other bunches in the train unaf-
fected. The measured bunch is destroyed, prohibiting the characterization of bunches
that are needed further downstream of the accelerator.

The time resolution of a TDS can reach 15 fs (rms) [HBS*05] if the electron beam
optics is optimized to yield the smallest possible beam spot on the view screen, and as
such the diagnostic itself must be considered part of the accelerator optics design. For
the beam optics used during standard accelerator operation the beam size is bigger and
therefore resolution is limited to about 50 fs (rms).

TDS measurements in combination with a scan of the focusing strength of a
quadrupole in front of the TDS allow to determine parameters of longitudinal slices
of the electron bunch like the slice emittance [RBH*05], while measurements in com-
bination with an OTR screen in the dispersive section after the TDS can reveal the
time-energy correlation of the bunch [RGHSO06].

5.3.2. The coherent transition radiation beam line

The relativistic electrons of the bunch radiate electromagnetic waves whenever their
Coulomb field is subjected to changes: synchrotron radiation due to directional
changes in the bending sections or transition and diffraction radiation when the field
enters regions of changing dielectric properties. For wavelengths of the radiation
longer than the distance of two electrons, these electrons radiate ’in phase’ or coher-
ently, the intensity of this coherent radiation scales with the square of the number of

108



5.3. Other longitudinal bunch diagnostics at FLASH

Fdypoia ) FB

accelerator : D
tunnel i .

S : experimental

o—§P|12 shielding wall - hut

F1°
S P4 corrugated beam pipe :

P3% Fod gated beam ppe | JF3

Figure 5.19.: Layout of the CTR beam line with transition radiation screen S, five fo-
cusing mirrors F1 to F5, four plane mirrors P1 to P4, and detector D. The
sketch is somewhat simplified. In reality, the optical path between the
mirrors F1 and P2 and between F4 and F5 is perpendicular to the plane
of the drawing. Thereby, the polarization of the radiation is rotated by
90°. From [CSSSO06].

contributing electrons and can be a massive effect. More precisely, the radiated power
per frequency interval can be written as [Sch06b]:

dU
o~ N?|Fiong()* T(, Y, Foeam, ©, source) (5.2)
w

where Fione(w) = F{p(1)} is the longitudinal form factor of the bunch (the Fourier
transform of the longitudinal charge distribution p(¢)) and 7 summarizes all other,
potentially complex, properties of the radiation source [SchO6b].

From spectrally resolved measurements of the intensity of the emitted coherent tran-
sition radiation information about the longitudinal form factor and thus the charge dis-
tribution can be obtained. Although only the magnitude of the form factor can be
measured, the charge distribution can be reconstructed within certain limitations using
the Kramers-Kroning relation to determine the phase (see e.g. [GS06]).

The coherent transition radiation beam line has been designed to transport diffrac-
tion and transition radiation from a screen in the electron beam pipe of FLASH to the
outside of the accelerator tunnel in order to facilitate longitudinal bunch diagnostic
with high resolution interferometric and spectroscopic devices outside the tunnel in a
laboratory environment. The beam line is located after the last accelerating module
right in front of the EO setup. It was designed to image the radiation from the screen
to the laboratory 20 m away using nine gold coated mirrors, five of them focusing
(Fig. 5.19). The beam line transports wavelength from the optical regime (above ap-
prox. 500 nm, limited by the gold coating of the mirrors) to several millimeters. It is
evacuated to less than 0.1 mbar to eliminate absorption from humid air and it is sep-
arated from the vacuum in the electron beam pipe by a 0.5 mm thick chemical vapor
deposition (CVD) diamond window, which has an excellent transmission over the full
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Figure 5.20.: Preliminary CTR spectrum and the corresponding bunch profiles.
From [DGSS06].

bandwidth except a absorption band between 3 um and 7 um. A fast magnetic kicker is
used to kick individual bunches to the screen, thus the measurements can run in parallel
to normal accelerator operation. For a detailed description see [CSS05¢c, CSSS06].

Several spectrometer setups using transmission and reflective gratings have been
developed and tested at the beam line including a 30 channel single shot spectrometer
based on pyro-electric sensors [DGvdM*06, DRS*06]. For fully compressed bunches
significant spectral intensity could be detected at wavelength as short as 2.5 um. The
preliminary data was used to estimate the time profile of the bunches suggesting
bunches with a leading peak to be as short as 15 fs [DGSS06] (Fig. 5.20).

First time resolved measurements of CTR radiation were done using spectrally re-
solved EO detection leading to EO signals shorter than 500 fs (cf. 6.4.5).

5.3.3. Spatially resolved electro-optic detection: The timing
electro-optical experiment

The main purpose of the timing electro-optical experiment (TEO) is to measure the
pulse-to-pulse time jitter between the electron bunch directly before the undulator and
the laser used for pump-probe experiments with the FEL photon pulses. For a detailed
description see [vdBDF*04, ADS*06].

For pump-probe experiments a precise timing between the FEL and the optical laser
pulses is mandatory and the time jitter should be ideally in the order of the duration of
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Figure 5.21.: Comparison between the TEO signals with GaP and ZnTe crystal.

The temporal position of relative arrival is given by the rising edge.
From [ADS*06].

the used pulses. It is however very demanding, if not impossible, to synchronize a laser
to the FEL to a level of a few tens of femtoseconds particularly since the FEL process
starts from statistical noise within the high current spike of the electron bunch. The
TEO experiment uses an alternative approach and measures the relative arrival time
between the pump-probe laser and the electron bunches for each individual electron
pulse. Using the changes in the relative arrival time the exact time delay between the
optical pump-probe pulse and the FEL photon pulse can be calculated and the data
measured in pump-probe experiments can be properly corrected or binned.

The TEO experiment uses spatially resolved EO detection as described in sec-
tion 3.2.4 with a 180 um thick GaP crystal and a crossed polarizer setup. The laser
pulses come from the Ti:Sa oscillator that also seeds an optical parametric amplifier
used for the pump-probe experiments. The laser pulses are transported from the laser
in the FLASH experimental area via a 160 m long polarization maintaining single
mode glass fiber to the TEO setup inside the accelerator tunnel. The 50 fs (FWHM)
long pulses from the oscillator are pre-chirped to about 350 ps by a grating stretcher
to compensate for the dispersion in the glass fiber. The third order and higher order
dispersion is compensated by a liquid crystal light modulator [vdB05]. The resulting
pulse at the TEO setup is T = 100 + 10 fs and the currently reached minimum width

111



Experimental setup

of the EO signal is 158 fs (FWHM) with a rise time of the leading edge of the signal
of 100 fs (Fig. 5.21). The arrival time of the electron bunch to the laser pulse can be
determined with a precision of better than 50 fs by fitting the leading edge [ADS*06].

5.3.4. The electro-optic beam phase monitor: Bunch arrival
time measurements with fiber lasers

The electro-optic beam phase monitor (BPhM) employs a mode-locked erbium-doped
fiber laser to sample the zero-crossing of an RF pulse from a beam pick-up. The laser
produces pulses of ~ 200 fs length at a wavelength of 1550 nm and is synchronized
to the linac master oscillator. Currently timing systems are being developed based on
mode-locked erbium-doped fiber lasers used as master oscillators [KBC"06, WCI*06].
Pulses from this timing system could be used directly for the BPhM, eliminating the
need of a synchronization loop and the resulting additional time jitter.

The beam pick-up used for the measurements consists of a thin metal ring with
an inner diameter of 34 mm and is installed in the FLASH accelerator right after the
EO setup. With two feed-throughs mounted in opposite directions in the horizontal
plane, the inductively shaped beam transient is coupled out. After about 30 m cable,
the signal has a peak-peak voltage of more than 30 V and a bandwidth of more than
5 GHz. In the zero-crossing the slope is about 0.25 V/ps [LHL*06] (Fig. 5.22).

The RF signal and the laser pulses are fed into a 12 GHz commercially available
electro-optical modulator (EOM), where the RF signal modulates the amplitude of the
laser pulses: inside the EOM, the laser signal is split in two waveguides which traverse
the electro-optic material LINBO3;. The LiNBO; becomes birefringent when the RF
signal of the beam pick-up is applied to the waveguides with opposite polarity, causing
a phase shift between the laser light in the two waveguides. Recombining the two
signals transfers this phase modulation into an amplitude modulation [LHL*06].

Sampling the RF signal close to the zero-crossing (approx. at 550 ps in Fig 5.22),
the modulator converts changes of the electron bunch arrival time into an amplitude
modulation of the laser pulses. This modulation can then be detected by a photo diode.
Away from zero-crossing the phase shift between the laser light in the two waveguides
can exceed m, leading to an over-rotation (Fig. 5.22). The resolution with which the
arrival time can be detected is determined by the slope of the RF signal, the efficiency
of the EOM, and the accuracy the laser pulse amplitude can be measured with. The
resolution of the current setup is about 20 to 50 fs, not including the time jitter of the
fiber laser synchronization to the RF master oscillator.

Due to the limited bandwidth of the system the BPhM cannot provide any informa-
tion on the bunch shape. It measures the arrival time of the ’center of charge’ of the
bunch and not of the leading spike, which lases in the undulator.
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Figure 5.22.: top: Beam pick-up signal limited to 25 dBm. bottom: Measured laser

amplitude at different sample positions along the beam pick-up signal.
From [LHL*06].

Measurements of the arrival time using the beam phase monitor, the TEO setup and
spectrally resolved electro-optic detection will be presented in section 6.4.2.2.
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6. Electro-optic measurements

6.1. Characterization of the EO crystals

Several of the EO crystals used at the FLASH EO experiments were tested at the Tera-
hertz to Optical Pulse Source (TOPS) at the University of Strathclyde, Glasgow, Scot-
land [Jar06]. The laboratory provides a user station for experiments with free-space
propagating THz radiation. The sub-picosecond far-infrared pulses are generated from
photo-conductive emitters (GaAs Austin switch) using a 1 kHz, 40 fs (FWHM) Ti:Sa
laser. The photo-conductive switch is a 2 inch GaAs wafer with two electrodes sepa-
rated horizontally by ~ 45 mm. The voltage applied to the electrodes was 7 kV, and
the switch was illuminated with 330 uJ, 40 fs (FWHM) Ti:Sa pulses. The emitted THz
pulses reach energies of ~ 1 uJ with a frequency range between 30 GHz and 2.5 THz.
The pulses were focused onto the EO crystal to be tested. The induced birefringence
was measured with EO sampling with a variable delay in a balanced detection setup
(cf. 3.2.1). The laser pulses for the detection had a duration of 40 fs (FWHM) and
a pulse energy of 100 nJ. For data acquisition a balanced diode detector and a lock-
in amplifier were used. The delay between THz pulse and sampling laser pulse was
varied in steps of 67 fs by a motorized delay stage.

The THz pulse shapes measured with a 175 wm thick GaP crystal and with a 185 um
ZnTe crystal agree well (Fig. 6.1(a)). The deviation for delays between 3.5 ps and 5 ps
is due to the double reflection of the THz pulse inside the crystals. The measured pulse
length of the THz pulse was 620 fs (FWHM). The amplitude of the signal measured
with ZnTe is 2.36 times higher than the signal measured with GaP. Simulations for
Gaussian THz pulses of a duration of 620 fs (FWHM) lead to an expected amplitude
for the ZnTe crystal which is 6.7 times higher than the expected amplitude for the GaP
crystal. For this pulse length no distortion of the pulse shape in neither of the two
crystals can be expected from simulations.

Measurements with ZnTe crystals of different thicknesses between 185 um and
5 mm show an increase in the amplitude of the EO signal and in the measured pulse
length with larger thicknesses (Fig. 6.1(b)). The increase in amplitude is approxi-
mately linear for the three thinner crystals (185 wm, 300 um and 500 um), while the
amplitudes for the 4 mm and 5 mm thick crystals reach only about 25% of the value
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Figure 6.1.: EO sampling measurements of laser induced THz pulses measured with a
185 wm thick ZnTe crystal and a 175 um thick GaP crystal (a) and of ZnTe
crystals of different thickness (b).
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almost parallel to the crystal edge (-2.5° offset) not parallel to the crystal edge (111° offset)

Figure 6.2.: Amplitude of the electro-optic signal as a function of crystal orientation.
The THz pulse and the sampling laser pulse are horizontally polarized.
The edge of the crystal is horizontally orientated at an angle of 0°. The
dashed curve shows the expected angular dependence, rotated into the co-
ordinate system of the (misaligned) crystal.
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Figure 6.3.: Microscopic images of a GaP and a ZnTe crystal. The black structures
are air bubbles embedded in the crystalline material. These inclusions are
quite frequent in ZnTe crystals and only rarely found in GaP. The white
lines are scratches from polishing.

expected from a linear continuation. Due to the increasing effect of the phase mis-
match in thicker crystals an amplitude is calculated in the simulations for a 5 mm thick
ZnTe crystal, which is 70% of the value expected from a linear continuation of the
signal amplitudes for thin crystals. The measured pulse length increases from 620 fs
(FWHM) for the 185 um thick crystal, to 710 fs for the 4 mm crystal and to 820 fs
for the 5 mm crystal. This is in good agreement with the signal width as expected
simulations where a 620 fs Gaussian pulse is broadened to 770 fs and 805 fs (FWHM).

The lower optical quality of the available ZnTe crystals, particularly of the thick
ones, in comparison to the GaP crystals (Fig. 6.3) may be one reason why the measured
signal amplitudes are lower than the simulated ones. The background signal due to
residual birefringence and scattering is compensated by the balanced detector, but the
lower coupling efficiency into the detector may lead to a lower signal. However, this
error can not be quantified since the signals for the individual diodes of the balanced
diode detector were not measured. The lower signal for the thick crystals might be
caused by the defocussing of the THz beam within the crystals which leads to lower
electric field at the end of the crystal than at the front surface where the THz beam is
focused. This effect was disregarded in the simulations. The effect can be neglected
for crystals which are thinner than the Rayleigh length of the THz focus (approx. 3 mm
in ZnTe for 1 THz with the used focusing optics), but it can lead to an average field
strength in the 5 mm thick crystal which is only about 75% of the field strength in the
thin crystals.

The orientation of the crystal axes was determined by measuring the electro-optic
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signal at zero time delay as a function of crystal orientation (Fig. 6.2). The EO crystal
was rotated around the incident THz and laser beam direction, while the polarisation of
THz and laser pulses were kept horizontally. All crystals show an angular dependence
as calculated from equation (3.13). However, for the 185 um thick ZnTe crystal the
[-110]-axis was found to be rotated by 110° against the long edge of the crystal, making
it impossible to mount it properly orientated in the accelerator beam pipe.
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6.2. Spectrally resolved detection

6.2.1. Data analysis

All measurements presented in this chapter were done at or near crossed polarisation
as described in section 3.1.2 and 3.1.4. The quarter wave plate was always set to ¢ = 0.
The angle 6 of the half wave plate is quoted for every measurement. The angles ¢ = 0
and 6 = 0 are defined by the crossed polarization settings, where minimum light is
transmitted through the analyzing polarizer, this means that for ¢ = 0 and 6 = 0O the
residual birefringence of the EO crystal is already compensated as good as possible
(cf. 3.1.4).

The raw data for spectrally resolved detection (EOSD) measurements are recorded
as two dimensional camera images with the spectral information in horizontal axis
(Fig. 6.4). The vertical width of the signal depends on the height of the entrance slit of
the spectrometer and is of no interest. To acquire the electro-optical signal trace from
this image several steps of binning, background subtraction and normalization have to
be done. The vertical columns of the images are summed to obtain a one dimensional
trace. To reduce the camera read-out noise only a 15 to 50 pixel high section of the
images is used.

For a correct reconstruction of the phase retardation parameter I' three different
background traces are needed, which are all taken without electron beam.

Camera background The dark counts” of the camera are measured without laser
pulses and the resulting trace is subtracted from all other traces including the
following background measurements.

Background at crossed polarization Images are taken with laser pulses and with
the wave plates set to crossed polarization (6 = 0).

Normalization trace Here the images are taken with laser pulses at 8 # 0. Typically
an angle of # = 2° is used. The data are used to calculate the spectral intensity
at full transmission through the analyzing polarizer (at 6 = x/4). It cannot
be measured directly, as the high intensity would drive the ICCD-camera into
saturation and most likely also damage the camera. The normalization trace is
calculated dividing the background trace at 8 # 0 by (1 — cos(46))/2.

All background images have to be taken with the same laser and camera settings (e.g.
gain and exposure time) that are used for the EO measurements. The used background
traces are the average from 10 to several 100 images.

From the EO data trace the camera background and the background at crossed polar-
isation is subtracted. The resulting trace is then divided by the averaged normalization
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Figure 6.4.: Camera image of spectrally resolved EO signal (top), the corresponding
signal trace and background traces (center) and the normalized EO signal
trace in the usable range (bottom).

trace to get an EO signal trace which is independent of the laser spectrum. Due to the
low intensity at the wings of the laser spectrum, the usable spectral range is restricted
to about 1.5 to 2 times the FWHM of the laser spectrum. The useful time window is
about 1.5 to 2 times the duration 7' of the chirped pulse.

All EO signal traces presented here are background subtracted and normalized un-
less otherwise explicitly mentioned.

The time-scale for the EO signal is calculated using the spectrometer calibration

function and the instantaneous frequency w;(¢) (Equ. (2.45)) of the chirped laser pulse
(cf. 6.2.3).
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Figure 6.5.: First spectrally resolved detection data measured in June 2005. Measured
in a crossed polarizer configuration (¢ = 0) using a 300 um thick ZnTe
crystal. The laser pulses were chirped to 2 ps (FWHM).

6.2.2. Measurements of the longitudinal bunch shape
Zinc telluride

The first single-shot bunch profiles were recorded in June 2005 using a 300 wm thick
ZnTe crystal and laser pulses chirped to T, = 2 ps. The signals exhibit two peaks sep-
arated by = 450 fs. The FWHM of the individual peaks is approx. 300 fs and 450 fs
(Fig. 6.5). The signal to noise ratio of the raw data is about 10:1. The noise scales
linearly with signal amplitude and is also seen in the normalization traces. The main
part of the noise is caused by interferences among the different spectral components of
the broadband laser pulse in the multi-mode fiber of a core diameter on 50 um, guid-
ing the light from the accelerator tunnel to the spectrometer. These can be suppressed
using a single-mode fiber (core diameter approx. 5 um), but at the price of a lower cou-
pling efficiency and larger sensitivity to beam pointing fluctuations. The interferences
generate noise frequencies higher than the lattice resonance of the electro-optical crys-
tals. This noise can be reduced using Fourier-filters or smoothing algorithms like the
Savitzky-Golay filter [SG64]. The EOSD data presented here were smoothed using a
multi-pass, S5-point Savitzky-Golay filter (Fig. 6.5(b) and 6.7).

For optimally compressed electron bunches as used in SASE operation of FLASH,
the EO signals measured at 8 = 0 with a 300 um thick ZnTe crystal are shown in fig-
ures 6.6 and 6.20. The signals show a main peak of approx. 400 fs (FWHM) followed
by a small tail with an additional peak 750 fs after the main peak reaching about 20 %
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Figure 6.6.: Measured and simulated spectrally resolved EO signals of optimally com-
pressed bunches. Measured with § = 0 using a 300 um thick ZnTe crys-
tal. The laser pulses with a bandwidth of 52 nm were chirped to 1.7 ps
(FWHM).

of its amplitude.

In figure 6.6 a numerical simulation of the EO signal for a 300 um thick ZnTe
crystal is compared to the EO signals. For the simulation a longitudinal bunch profile
of a compressed electron bunch as measured with the transverse deflecting structure
(TDS, cf. 5.3.1) and the parameters of the setup and laser pulses corresponding to
the presented measurements were used as input. The width of the simulated signal
is 245 fs (FWHM), which is significantly narrower than the width of the measured
signals. The oscillations in the simulated signal following the main peak are due to
the frequency dependence of the response function (cf. 4.3). They are not seen in
the measured signal. The bunch profile used for the simulation was not measured in
parallel with the EO measurements but several days later with the same bunch charge
and accelerator settings. This can result in slightly different bunch profiles.

The measured phase retardation is a factor of approx. 7 smaller than expected from
simulations based on published material parameters (cf. 4.1). It is still a factor of 2.5
smaller than expected taking into account the lower EO response of the ZnTe crystal
that was found in the measurements with laser induced THz radiation (cf. 6.1). A
possible explanation of this discrepancy may be the poor optical quality of the ZnTe
crystal or radiation damage from electron beam halo.

121



Electro-optic measurements

16 : : : : : 16
= 3
© ]
c 14 < 14
g E
512 512
(7] wn
Q 10 Q 10
o ©
8 8 g g
T T
E g} E 6
(@] o
c c

N
1

time in ps time in ps
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Figure 6.8.: EOSD measurements of compressed bunches (b) and simulations for the
corresponding parameters (a). Measured with 6 = 2° using a 175 wm thick
GaP. The laser pulses were chirped to 3.6 ps (FWHM).

Gallium phosphide

Spectrally resolved EO measurements of compressed bunches using a 175 um thick
GaP crystal lead to a signal width of 500 + 30 fs (FWHM) (Fig. 6.7). The half wave
plate was set to 8 = 2°. At this setting the EO signal is linear in phase retardation within
an error of a few percent and the signal to background ratio is about 2 : 1 (cf. 3.1.4).
The time window of approx. 1.5 - T. = 5.4 ps is large enough to see the signal from
first internal reflection of the THz pulse within the crystal, leading to a second peak
3.8 ps after the main signal (Fig. 6.7(a)).
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For a comparison with theoretical expectations the bunch shape as obtained with
the transverse deflecting structure (TDS) is used as an input to a simulation of the EO
process in GaP. The TDS pulse shape is shown in figure 6.8(a). The frequency de-
pendent response function of the GaP crystal leads to a broadened effective THz pulse
Ety, e at the EO crystal. The resulting pulse is too short to be accurately reproduced
by spectrally resolved detection with a laser pulse chirped to 3.6 ps. Frequency mixing
of the effective THz pulse and the laser pulse lead to an additional broadening of the
EO signal (Fig 6.8(a)). In figure 6.8(b) the predicted EO signal is compared to the
measured signal of five bunches. Excellent agreement is observed both in shape and
magnitude, except for the very fast oscillations to frequency mixing in front and after
the main peak due. These oscillations have amplitudes in the order of the signal noise
and might be additionally reduced by a spectrometer resolution that is lower than as-
sumed for the simulations (cf. 5.2.4.2). The excellent agreement between the measured
and the simulated EO signals indicates that the published GaP material properties and
the resulting effective response function are correct.

For the spectrally resolved EO detection, it can be concluded that the time resolution
is limited mainly by the material properties of the ZnTe crystal to approximately 400 fs
(FWHM) for measurements using a 300 um thick ZnTe crystal and laser pulses chirped
to 2 ps. For measurements using a 175 wm thick GaP crystal and laser pulses chirped
to 3.6 ps the shortest measured signals were approximately 470 fs wide (FWHM),
limited by the chirp of the laser pulses. However, to resolve signals down to the limit
of approx. 200 fs (FWHM) given by the response function of a 175 um thick GaP
crystal, the duration of the chirped laser pulses would have to be below 7. = 1 ps for
the used laser system with 63 nm spectral bandwidth (FWHM).

6.2.3. Time calibration for spectrally resolved detection

As mentioned above, the time-axis for the EO signal is calculated using the spec-
trometer calibration function and the correlation w;(#) between frequency and time in
the chirped laser pulse (Equ. (2.46)). The frequency-time correlation and the pulse
duration are determined from the known parameters of the laser pulses at the Ti:Sa
oscillator and the dispersion of the optical elements in the laser path (cf. 2.2.3). Small
changes of the spectral intensity of the oscillator pulses change the duration of the
chirped pulses but have no influence on the time calibration as long as the pulse length
at the oscillator is small compared to the pulse length of the chirped pulses. The opti-
cal elements in the laser path including the vacuum windows are equivalent to 15 mm
BK7 glass. To achieve a sufficient duration of the chirped pulse SF11 glass blocks
were added in the path of up to 100 mm total length.

Measurements of the relative arrival time between the electron bunches and the laser

123



Electro-optic measurements

860
E 1 L
=
< 840}
E 0.8}
g a
@] t £
m 820 o 0.6
G £
g 3
g 800¢ 2 04}
I S
S 3
g 7801 0.2
o * . ‘. .
760 S ads of.: 205 fs (rms) ]
: 130 fs (rms) without slow drifts
25 3 35 4 4.5 5 5.5 6 17:20 17:21 17:22 17:23 17:24
VM delay in ps time

(a) Position of the EO peak in the laser spectrum. (b) Relative arrival time between the electron
During the measurement the delay between the bunch and the laser pulse at the EO setup.

laser and the RF master oscillator was varied to

check the time calibration. The dashed black line

shows a linear fit with a slope of 29.2 nm/ps.

Figure 6.9.: Relative arrival time between the electron bunch and the laser pulse at
the EO setup. The red line shows the slow drift. The oscillations with
a period of 1 to 2 minutes are caused by temperature oscillations of the
cooling water for the photoinjector gun, which were observed in spring
2005 when these measurements were done.

pulses at the EO setup offer the possibility to obtain the instantaneous frequency-time
correlation of the chirped laser pulse according to equation (2.46). Hence the time
calibration can be checked independently by measuring the position of the EO peak in
the laser spectrum or the bunch arrival time for different delays of the laser pulses. For
the data shown in figure 6.9(a) the delay of the laser pulses was changed in steps of
10 fs using the vector-modulator of the laser synchronization (cf. 5.2.2). Slow drifts
of the acceleration parameters can lead to drifts of the arrival time (Fig. 6.9(b)), which
limits the accuracy of this calibration test. The calibration factor of 29.2 nm/ps deter-
mined from a fit to the arrival time data (Fig. 6.9(a)) is in reasonable agreement with
the calculated factor of 31 nm/ps.

Scanning the time delay between the laser pulses and the RF master oscillator, a
superposition of the delay changes and the arrival time jitter of the electron bunches
is measured (Fig. 6.9(a)). The slow drift during the 10 minutes needed for the scan
over 4 ps was below 200 fs (Fig. 6.9(b)), as the fast jitter can be averaged for this
measurement. This leads to a calibration accuracy of approx. 5%. The oscillations with
a period of 1 to 2 minutes seen in figures 6.9(a) and 6.9(b) are caused by temperature
oscillations of the cooling water for the photoinjector gun, which were observed in
spring 2005 when these measurements were done.
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6.3. Temporally resolved detection

6.3.1. Data analysis

The analysis of the raw data from temporally resolved detection (EOTD) measure-
ments follows the same procedure as the spectrally resolved data (cf. 6.2.1). Due to
space constraints, the line image of the second harmonic (SHG) light from the BBO
crystal could not be aligned horizontally on the camera. The region of interest was
adjusted accordingly becoming a rhomboid instead of a rectangle. In figure 6.10 the
tilt of the image is exaggerated due to a non-uniform magnification.

The background at crossed polarization (6 = 0) is caused mainly by stray SHG light
from the gate beam.

Beam pointing instabilities of the laser amplifier lead to changes in the overlap of the
gate pulse and the stretched pulse at the BBO crystal and cause intensity fluctuations of
up to +50%. For signal traces measured at 6 # 0 these fluctuations can be compensated
by multiplying the signal trace with an intensity factor, which is determined from the
section of the EO trace in front of the EO peak. In this part of the trace the amplitude
should be equal to the averaged background at the given 6.

6.3.2. Measurements of the longitudinal bunch profile

All signals presented in this section were measured using GaP crystals, either a flat
crystal of 175 pm or a wedge-shaped crystal at a thicknesses of 65 to 100 um. At
the outer edges of the BBO crystal the low intensity of the laser pulses leads to an
increased signal to noise ratio, limiting the useful time window of the temporally re-
solved detection to approx. 15 ps (Fig. 6.10).

Figure 6.11 shows two EOTD signals of compressed electron bunches at 8 = 1° and
6 = 0. The EOTD trace measured at 6 = 1° shows a narrow spike ~ 200 fs (FWHM)
wide followed by a about 7 ps long decreasing tail. A second narrow spike appears
2.2 ps after the first spike, caused by the internal reflection of the THz pulse in the EO
crystal. This signal is very similar to the predicted signal as shown in figures 4.23(b)
and 4.24(b), but the signal from the tail is about 50% to 100% higher and longer
than expected from simulations. The leading spike in EOTD traces taken at crossed
polarization is shorter (< 150 fs) and the tail is less pronounced. In several data series
no signal from the tail of the electron bunch is seen (i.g. Fig. 6.11(b)). This is most
likely caused by slight misalignments of the wave plates by a few tenth of a degree
which can lead to strong suppression of low signal intensities at crossed polarization
settings.

A minimum width of less than 54 fs (rms, 120 fs FWHM) was found for crossed
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Figure 6.10.: Camera images of temporally resolved EO signals and the corresponding
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signal traces (solid line, raw data, only camera background subtracted)
and traces without electron bunch present (dotted line). Measured at 6 =
0 (a) and 8 = 1° (b) using a 100 um GaP crystal.
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Figure 6.11.: EOTD signals of optimally compressed electron bunches using a 100 pm
GaP crystal. The peak marked by an asterisk (*) is caused by the internal
reflection of the THz pulse in the EO crystal. The right figures show the
leading peak on an expanded time scale. The red line shows a Gaussian
fit to the main peak.
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polarizer settings and less than 73 fs (rms, 170 fs FWHM) for 6§ = 1°. The rise time
of the main peak from 10% to 90% of the maximum amplitude is 80 fs and 115 fs,
respectively. The EO signal widths for measurements of compressed electron bunches
at crossed polarization fluctuate between 120 fs and 190 fs (FWHM, see Fig.6.30(a)).
When the half wave plate is set to 8 = 1° the signal widths increases by about a factor
of V2 to 150 fs to 260 fs as expected when changing from a quadratic dependence of
the EO signal on the Coulomb field to an almost linear dependence (cf. 3.1.4).

6.3.2.1. Comparison to bunch shapes measured with other measuring
techniques and numerical simulations

A number of EOTD traces have been taken in parallel with longitudinal bunch profile
measurements with high temporal resolution using the transverse deflecting structure
(TDS). Owing to space constraints, the EO experiment had to be mounted downstream
of the TDS. Therefore it is not possible to observe the same electron bunch with EO
experiment and the TDS, since the TDS deflects the bunch away from the EO crystal to
an OTR screen. For this reason, the EO measurements were carried out on the second
last bunch and TDS measurements on the last bunch in a pulse train of 2 to 21 bunches.

This data offer the possibility to use the TDS bunch profile as the charge distribu-
tion input for a numerical simulation and compare the calculated EOTD signal to the
measured one. For the simulations shown in the following all broadening effects of the
EOTD setup are taken into account (cf. 4.5).

An excellent agreement in shape and magnitude between the simulated and mea-
sured phase retardation is found for the main peak of the signal (Figs. 6.12 to 6.14).
The deviation of the signal amplitude is about 20% to 30%, which is within the ex-
pected fluctuations due to changes in laser pulse power, electron bunch orbit and bunch
charge. The peak width of the measured and simulated normalized phase retardation
agrees with less than 10% deviation for most data traces. The EO signal from the
bunch tail is almost doubled compared to the simulations. This effect is far less pro-
nounced for bunch shapes without short structures of less than about 100 fs (rms, see
Fig. 6.14). A possible explanation for this increased signal level following short peaks
in the bunch profile are wake fields which are exited by the electron bunch upsteam
of the EO crystal. These wake fields originate from the Coulomb field of the electron
bunch which is diffracted and scattered from structures in the beam pipe like diffraction
screens or viewports and especially from periodic structures like accelerating cavities
or the TDS [ZWDO04]. The wake fields follow the electron beam and since the electro-
optical detection probes the electric field and not the charge distribution directly these
wake fields are seen by EOTD but not in the TDS trace.

One series of measurements shows clear deviation of the measured phase retarda-
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Figure 6.12.: TDS trace (green) of a compressed bunch and the field amplitude (black)
at the EO crystal (top left). The corresponding simulated EO signal I and
phase retardation I'" is shown in red, the measured data is shown in blue.
Measured at 6 = 1° using a 65 um GaP crystal and a bunch charge of
Qo = 0.6 nC.

tion from the simulated one (Fig. 6.15). The TDS traces show a 330 fs to 480 fs
(FWHM) broad main peak with a slowly decaying tail. A narrow second peak of 70 fs
to 100 fs width and smaller amplitude is situated in the rising edge of the main peak.
The distance between the centers of the two peaks is 160 fs to 300 fs. In the simulated
phase retardation signal the narrow peak causes a shoulder within the rising edge of
the main peak. It is clearly visible if the two peaks are separated by more than 200 fs
(Fig. 6.15(c) and 6.15(a)). This shoulder is not seen in the measured phase retardation
even if the two peaks are separated by about 300 fs (Fig. 6.15(b)). Most likely this
effect is caused by a systematic change of the bunch shape along the bunch train. This
data series used the first bunch of the train for the EOTD and the second bunch for the
TDS, while the other data is usually taken at the 10th and 11th bunch or later. Mea-
surements of the arrival time of the bunches within one bunch train using the beam
phase monitor (BPhM) show a systematic change of the arrival time relative to the
linac RF for the first bunches (Fig. 6.16). The arrival time stabilizes after the fifth to
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Figure 6.13.: TDS trace (green) of a compressed bunch and the field amplitude (black)
at the EO crystal (top left). The corresponding simulated EO signal 7 and
phase retardation I" is shown in red, the measured data is shown in blue.
Measured at § = 1° using a 65 um GaP crystal and a bunch charge of
Qo = 0.6 nC. The width of the leading peak in I" is 70 fs (rms).
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Figure 6.14.: TDS trace (green) of an overcompressed bunch (¢acci = 9.5°) and the
field amplitude (black) at the EO crystal (left) and the corresponding sim-
ulated (red) and measured (blue) phase retardation I' (right). Measured
at 0 = 0 using a 65 um GaP crystal and a bunch charge of Qy = 0.6 nC.
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Figure 6.15.: TDS trace (green) of compressed bunches (¢acci = 9.5°) and the field

amplitude (black) at the EO crystal (left) and the corresponding simu-
lated (red) and measured (blue) phase retardation I' (right). Measured at
6 = 2° using a 175 um GaP crystal and a bunch charge of Oy = 0.8 nC.
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Figure 6.16.: Arrival time of the electron bunches within a bunch train. Measured with
the beam phase monitor [L6h07]. Every second bunch is sampled in a 30
bunches long bunch train.
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Figure 6.17.: Comparison of the EOTD signal using a 100 um thick GaP crystal and
the bunch profile measured simultaneously with the transverse deflecting
structure. The EO trace was measured at the first bunch of a bunch train,
while the TDS trace was measured at the second bunch in the same bunch
train.

10th bunch in the bunch train [L6h07]. The discrepancy between the TDS and EOTD
data in figure 6.15 suggest that also the bunch shape can change significantly within
the first bunches of a bunch train.

For series of simultaneous measurements with temporally resolved detection and
with the TDS, the RF phase of the first accelerating module (¢acci1) was varied to
produce very differently shaped electron bunches (cf. 6.4.1).

132



6.3. Temporally resolved detection

Pacct®
8° at SASE conditons 9° (over compression) 10° 11°
©
c
(o))
7
)
'_
@]
w
_ 1 2 3 4 1 2 3 4 1 2 3 1 2 3
2
2
(]
%)
a
|_
el
o
©
>
[on
? 1 2 3 4 1 2 3 4 1 2 3 1 2 3
©
c
2
(2]
o]
|
|_
1 2 3 4 1 2 3 4 1 2 3 1 2 3
time [ps] time [ps] time [ps] time [ps]

Figure 6.18.: Simultaneous measurements of the bunch profile with three different ex-
periments for different settings of the RF phase of the first accelerating
module. The upper row shows the signals measured with temporally re-
solved EO detection using a 100 wm thick GaP crystal. The middle row
shows the squared signal of the transverse deflecting structure (TDS).
The lower row shows the signal measured at the TEO experiment with
spatially resolved EO detection using a 300 um thick ZnTe crystal. The
EO and TEO traces were measured at the first bunch of a bunch train,
while the TDS trace was measured at the second bunch in the same bunch
train.

In crossed polarizer geometry, the EO signal scales quadratically with the Coulomb
field of the bunch while the TDS signal is linear in the field. For this reason the square
of the TDS signal is plotted in the figure 6.17 and 6.18. The TDS and EOTD signals are
in fair agreement except for a broadening and amplitude reduction of very short bunch
structures. The width of the reconstructed Coulomb field pulses amounts to 100 fs
(FWHM) for the TDS and to 170 fs for EOTD. Very short structures in the bunch
profile lead to very high frequency components in the Coulomb field bunches which
are suppressed due to the lattice resonance of the GaP crystal. This leads to a signal
distortion and broadening. Note that the TDS measurement has been performed with
the standard SASE beam optics in FLASH yielding a fairly large vertical beam size of
300 wm (rms) at the OTR screen. The time resolution of the TDS could be improved
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by tuning the accelerator optics for a minimum beam size at the OTR screen, however
this would be incompatible with SASE operation of FLASH.

Apart from the EO experiment described here and the transverse deflecting structure
(TDS), also the timing electro-optical experiment (TEO) can measure the longitudinal
bunch shape with a sub-picosecond resolution (cf. 5.3). In parallel with the EOTD and
TDS data shown in figure 6.18, also bunch profiles with spatially resolved detection
at the TEO experiment were recorded. The TEO signal was measured at the same
electron bunch as the EOTD signal. Some changes in the longitudinal beam profile
are possible due to additional compression in the collimating chicane which is situated
between the EO setup and the TEO experiment. The TEO signals are significantly
broader. The temporal resolution is limited to about 400 fs (FWHM) due to the re-
sponse function of the 300 um thick ZnTe crystal. The low time resolution and the
bad signal to noise ratio prohibits a reliable comparison of the bunch shapes, but a
separation into two peaks is recognizable for larger ¢acc;. Recently the ZnTe crystal
at the TEO experiment has been replaced by a 175 wm thick GaP which improved the
temporal resolution to 160 fs at a better signal to noise ratio (Fig. 5.21).

6.3.3. Time calibration for temporally resolved detection

For a precise time calibration of the temporally resolved detection (EOTD) setup the
gate pulse was duplicated with a precisely adjustable time delay 7 as described in
section 5.2.4.3. Each of the two gate pulses samples the stretched laser pulse. This
leads to two peaks from the same electron bunch in the EOTD trace, which are sepa-
rated in time. Varying the path length of the delay line by a known amount Ax leads
to a precisely known change of the time delay between the two bunch signals by AT
(Fig. 6.19). A slight misalignment of the mirrors of the delay line leads to a non-perfect
overlap of the second laser pulse at the BBO crystal for small delays 7. This has no
influence on the accuracy of the calibration. The calibration constant was determined
to be 15.93 + 0.02 fs/pixel in good agreement with the value of 15 fs/pixel that was
calculated from the crossing angle of the laser beams in the BBO crystal (cf. 5.2.4.3).

To improve the resolution of the optical setup imaging the SHG light from the
BBO onto the camera a larger magnification was chosen for the later measure-
ments (cf. 5.2.4.3) leading to a calibration constant for this magnification of 9.47 +
0.11 fs/pixel, again in good agreement with the value of 9 fs/pixel that was calculated
from the crossing angle.
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Figure 6.19.: Time calibration of the temporally resolved detection setup by duplicat-
ing the gate pulse. No background subtraction or normalization applied.
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6.4. Applications

6.4.1. Bunch shape dependence on acceleration phase and
bunch charge

Changing the RF phase in the first accelerating module (¢acc;) leads to a different
compression of the electron bunch in the bunch compressors. At ¢gacc; = 0 the elec-
tron bunch is accelerated “on crest”, leading to a maximum acceleration but no com-
pression. For SASE-FEL operation of FLASH the first accelerating module is usually
operated at ¢pacc; = 8° leading to optimum compression (cf. 5.1.3).

For optimum compression (¢acc1 = 8°) the signal shape is stable with some fluc-
tuations in the arrival time (Fig. 6.20). The EO signal shows a main peak of 350 fs
to 450 fs (FWHM) in width and a small additional peak 750 fs after the main peak,
reaching 15% of its amplitude.

For bigger values of ¢acc1 a second peak splits off from the main peak at a distance
of 300 to 650 fs. The temporal separation and the amplitude of the second peak in-
creases with increasing RF phase. At ¢pacc; = 12° the bunch has two peaks of approx.
equal amplitude separated by about 650 fs (Fig. 6.21).

These data are in qualitative agreement with simulations of the compression process
and with measurements using the transverse deflecting structure (TDS), where similar
bunch shapes with double peaks were found at the same accelerator settings [HBS*05].
Simultaneous measurements of the bunch shape with EOTD are presented in sec-
tion 6.3.2.1.

Figure 6.22 shows the EO signal and the calculated phase retardation for different
bunch charges at ¢acci = 10°. The EO signal amplitude decreases with lower bunch
charge. The area under the curves in figure 6.22(b) depends linear on the bunch charge
(with a relative standard deviation of 5%) as expected from theory. Also the signal
shape changes with different bunch charges. For the lowest charge (0.5 nC) the second
peak is smaller compared to the first peak than for the bunches with higher charge.
These changes in the signal shape for different bunch charges are probably caused by
different longitudinal bunch profiles due to lower space charge effects in the injector
area and in the bunch compressors at lower bunch charges.

6.4.2. Arrival time measurements

Apart from information on the bunch shape the single shot EO measurements can also
deliver an arrival time of the electron bunch. The arrival time is derived from the posi-
tion of the bunch signal in the EO trace. The fluctuations of the obtained arrival time
are caused by three different sources: the arrival time fluctuations of the electron bunch
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Figure 6.20.: Single shot EOSD measurements of 7 consecutive bunches at optimum
compression (left, acci = 8°) and at over-compression leading to double
pulses (right, ¢acc1 = 12°). Measured with 8 = 0 using a 300 um thick
ZnTe crystal. The laser pulses were chirped to 2 ps (FWHM).

at the position of the EO crystal caused by fluctuations of the accelerator parameters,
the time jitter of the laser pulse due to synchronization jitter between the Ti:Sa laser
and the 1.3 GHz linac master oscillator, and the error of the arrival time detection in
the EO signal.

The arrival time jitter of the electron bunches can be estimated from simulations
and indirect measurements (Fig. 6.23) to approx. 150 fs (rms). The time jitter of the
synchronization between the laser and the 1.3 GHz linac master oscillator of approx.
65 fs (rms) can be calculated from the phase noise measurement of phase detector er-
ror signal as described in section 5.2.2. The arrival time for compressed bunches is
defined here as the time when the rising edge of the leading peak reaches half of the
peak amplitude. It can be determined very accurately from a linear fit to the rising edge
or from a Gaussian fit to the leading peak. For the Gaussian fit the slowly decaying
tail of the bunch has to be excluded. The accuracy of both methods is estimated to be
better than one tenth of the 10% to 90% rise time of the leading peak. The accuracy
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Figure 6.21.: EOSD signal for different settings of the RF phase ¢acc; of the first accel-
erating module. Each line represents the average of 100 normalized and
time-jitter corrected single shot traces. The data were taken at crossed
polarization settings (6 = 0) using a 300 um thick ZnTe crystal at a bunch
charge of 1 nC. The laser pulses were chirped to 2 ps (FWHM).

is hence about 25 fs for the spectrally resolved measurements. An experimental deter-
mination of the accuracy of the arrival time detection in the EO signal is not possible,
since currently no other independent device exists at FLASH to measure the relative
arrival time between the electron bunch and the EO laser pulses. The time jitter of
the synchronization of approx. 65 fs (rms) and the arrival time jitter of the electron
bunches of approx. 150 fs (rms) are by far bigger than the estimated accuracy of the
arrival time detection in the EO signal.

Energy fluctuations of the bunches entering the first bunch compressor are a known
source of arrival time jitter. Due to the energy dependence of the path length in the
magnetic chicane (cf. 5.1.3), an energy jitter translates into a time jitter of the bunches
after the bunch compressor. The energy fluctuations can be measured in the dispersive
section of the bunch compressor, and the resulting time jitter can be calculated using
the known longitudinal dispersion of the bunch compressor (Fig. 6.23). The energy
jitter of 0.026% (rms) measured in the first bunch compressor results in a arrival time
jitter of 155 fs (rms) and it is expected to be one of the major sources of time jitter.
Other sources are the time jitter of the UV-laser pulses of the injector laser at the
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Figure 6.22.: EOSD signals as a function of bunch charge (a) and the calculated phase
retardation (b).
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Figure 6.23.: Energy variation measured in the first bunch compressor and the time
jitter calculated from the energy variation. From the FLASH electronic
logbook [SchO05].
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Figure 6.24.: Bunch arrival time at the EO crystal with respect to the 1.3 GHz reference
frequency over a period of 15 minutes. The resulting rms time jitter is
130 fs without slow drifts (red line).

photocathode! and fluctuationes of the linac RF master oscillator.

6.4.2.1. Spectrally resolved detection

Bunch arrival times were recorded over periods between 15 minutes (Fig. 6.24) and
120 minutes (Fig. 6.25). Systematic drifts of several ps were observed, and in addition
bunch-to-bunch time jitter in the order of 130 fs to 200 fs (rms), if slow drifts with
time constants longer than approx. 30 seconds are removed. These numbers include
the above mentioned 65 fs time jitter of the synchronization between the laser and the
1.3 GHz linac master oscillator.

Figure 6.25 shows the arrival time of the first bunch in the bunch train measured over
two hours during normal accelerator operation. The FLASH accelerator is located
inside the circular accelerator PETRA, which has a diameter of 730 m and serves
as an injector for the electron-proton collider HERA. Between 18:50 and 19:00 the
protons in the PETRA accelerator were accelerated and the dipole magnet current was
increased. This causes changes of the external magnetic field of about 1 uT in the
FLASH accelerator tunnel, due to time-dependent, uncompensated magnet currents of
more than 800 A in the PETRA tunnel. Without activated orbit stabilization feedback,
the resulting beam displacements of several hundred um in the undulators were large
enough to inhibit SASE amplification [KGHSO06].The large fluctuations between 19:40
and 20:15 were caused by changes in the accelerator settings during machine tuning.
They exceeded +1.5 ps, leaving the time window, the spectrally resolved detection
measurement can cover with laser pulsed chirped to approx. 7. = 1 ps.

The bunch arrival time depends linear on small changes of the RF phase ¢4¢¢;. For

"However, this time jitter is reduced by the bunch compression.
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Figure 6.25.: Arrival time of the electron bunch at the EO experiment measured during
SASE tuning. The red line shows the slow drift.
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Figure 6.26.: Arrival time dependence on the relative phase of the first accelerating

module (¢acci)
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Figure 6.27.: Arrival time jitter and the jitter of @acc

a measurement of this dependence ¢acc; was changed by +1° around its value for
optimum compression. A linear fit leads to a correlation constant of 1.79 ps arrival
time change per degree change of ¢pacc; (Fig. 6.26).

An arrival time measurement without changes in ¢acc; the arrival time jitter was
oy = 182 fs (rms, Fig. 6.27). The measured jitter of ¢acc; during this time was
0.07° (rms, including the measurement error), which corresponds to an energy jitter of
0.017% and an arrival time jitter of o, = 127 fs. Correcting the measured arrival time
by the arrival time change calculated from the jitter of ¢acc; leads to a reduced arrival
time jitter of o3 = 167 fs. Assuming that the sources of the time jitter are uncorrelated,
the different contributions to the measured time jitter oy should add quadratically. It
is possible to calculate the contribution of the jitter of ¢acc; to the arrival time jitter of
the electron bunch using the following relations:

) 2
0, = 0311t0y
> 2 2 2
0] = 0,103 t0go
> _ 2 2 2
o3 = 0,+05+ 05 (6.1)

where 0, is the contribution of the ¢acc jitter to o, and 0, the contribution of the
measurement error of ¢cc;. 0, summarizes the bunch arrival time jitter from all other
accelerator parameters except ¢acci, and ogo = 65 fs is the jitter of the EO laser
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synchronization. Solving equations 6.1 leads to:

1
> _ Yo 2 2
2 _ l S )
Oy = 5 O, 0| —03
2 _ 2 2 2
O, = 071=0go 0y

From this equations one calculates an arrival time jitter of 0; = 103 fs due to a ¢acci
jitter of 0.058° and an arrival time jitter from other sources of o, = 135 fs. The
contribution of measurement error of ¢acc; to 0, is 0, = 73 fs and the corresponding
measurement error is 0.041°.

6.4.2.2. Comparison with other methods

The pickup antenna which is used for the beam phase monitor (cf. 5.3.4) is mounted
50 cm downstream of the EO experiment. The two experiments are separated by a drift
space without any magnets or other dispersive elements, which could introduce a time
jitter. This offers the opportunity to compare the arrival time of the electron bunches
measured with both setups and to distinguish between measurement uncertainties and
real electron bunch arrival time jitter (Fig. 6.28).

It is justified to assume that the time jitter for the EO laser synchronization ogg, the
BPhM laser synchronization opy and the real arrival time of the electron bunch o, are
uncorrelated. The square of the arrival time jitter o-; measured with spectrally resolved
detection and o, measured with the BPhM should be the sum of the squared laser
synchronization time jitter and the squared arrival time jitter of the electron bunch:

2 2 2
0] = Ofgo T 0y

oy = Opyt oy
The square of the time jitter of the difference of the two measurements o3 is the sum
of the squared laser synchronization time jitter of the two lasers:

) 2
03 =0go t Opy

Therefore, all three time jitters can be calculated from the arrival time jitter measured
with EOSD o, the one measured with the BPhM o, and the time jitter of the difference
of the two measurements o-:

1
2 _ 2 2 2
2 _l S S
Opm = 3 0, t03 =0
2 _l S S
g, = 3 0y t0, =03
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Figure 6.28.: Arrival time measured with spectrally resolved detection using a 175 pm
thick GaP crystal (top) and with the beam phase monitor (second row
from the top). The difference between the arrival time measured with the
two methods is shown in the third row including slow drifts (green line)
and in the bottom row excluding the slow drifts.

Two data series of approx. 50 minutes (= 15000 bunches) each were measured in
parallel with spectrally resolved detection and the beam phase monitor. One of these
series is shown in figure 6.28(a). The results are summarized in table 6.1. For both
experiments slow drifts with a time constant of more than 1 min. have been removed.
To cross check the time calibration of the two experiments, an arrival time change
of about +2 ps has been induced by varying the ACC1 phase ¢acc; (Fig, 6.28(b)).
The resulting time jitter is 150 to 200 fs for the beam phase monitor and 60 to 80 fs
(rms) for the spectrally resolved detection, which is in good agreement with the values
measured for the EOSD laser synchronization of 65 fs and the expected resolution of
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Table 6.1.: Rms arrival time jitter measured with EO spectrally resolved detection or
the beam phase monitor and the calculated laser synchronization jitter and

electron bunch arrival time jitter.

Aug. 27 /2006 Sept. 18 /2006 expected from other measurements

JEO
OpM
Op

196 fs 201 fs
270 fs 242 fs
218 fs 159 fs
81 fs 60 fs 65 fs
202 fs 147 fs
179 fs 192 fs ~ 150 fs

the detection method of approx. 25 fs. The synchronization of the fiber laser for the
BPhM is currently being revised to improve its performance [L6h06]. The jitter of the
electron bunch arrival time is 180 fs and 190 fs (rms) for the two measurements series.

6.4.2.3. Temporally resolved detection
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Figure 6.29.: Arrival time of the electron bunch at the experiment measured with tem-

porally resolved detection. The measured rms time jitter is 460 fs (a) and
450 fs (b) without slow drifts limited by the jitter of the amplified laser
system. Including slow drifts the rms time jitter is 700 fs (a) and 565 fs
(b).

The synchronization accuracy of the amplified laser system used for temporally re-
solved detection is worse than the one of the oscillator used for spectrally resolved

145



Electro-optic measurements

[
o

160 200 ;1
‘42 N
140 c <
£ ) 501
2200 2
120/ S RS =
[N - 40 F [V
o 1001 0 ]
2 200 400 < 200 400 600
g 80 bunch no. 2 30 bunch no.
=1 =1
] ]
= 601 v
201
4071
10
20t
0 . . . 0
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
FWHM of EO signal in fs FWHM of EO signal in fs

() (b)

Figure 6.30.: EOTD signal width measured at crossed polarization. (a): Measured
bunch length when the compression feedback for the RF phase of the
first accelerating module was running. (b) Measured bunch length 10 min
after the feedback had been switched off.

detection, mainly due to mechanical resonances between several Hz and several kHz,
which can be exited by acoustic noise. Efforts have been taken to improve the mechan-
ical stability of the laser housing and the optics, but the time jitter of the laser could
not suppressed to below =~ 450 fs (rms). This limits the usefulness of arrival time mea-
surements with temporally resolved detection using the current laser amplifier as the
time jitter of the laser system is bigger than the fast time jitter of the accelerator for
standard operation (Fig. 6.29).

6.4.3. Performance of the bunch compression feedback

At the FLASH accelerator a feedback system is used to stabilize the bunch compres-
sion. The intensity of coherent diffraction radiation (CDR), which depends critically
on the bunch shape, is measured after the first bunch compressor. The signal is used
to control the RF phase ¢acc; of the first accelerating module keeping the CDR signal
constant. For a series of EOTD measurements the compression feedback was switched
off leading to increased fluctuations in the electron bunch shape. After the feedback
was switched off for several minutes the FWHM of the EO signal increased from
158 + 15 fs (FWHM) to 181 + 34 fs (Fig. 6.30). These data were taken at crossed
polarisation. The temporal width of the phase retardation is a factor of V2 wider.
Setting the RF phase of the first accelerating module slightly (approx. 0.2°) beyond
maximum compression leads to only a slight over compression but to strongly fluctu-
ating bunch shapes (Fig. 6.31). The EO signals show either a single peak or two peaks
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Figure 6.31.: EOTD traces of slightly overcompressed bunches without compression
feedback at 6 = 0 (a) and 6 = 1° (b). The right figures show the leading
peak on an enlarged time scale. Measured using a 100 um thick GaP
crystal.

separated by up to 500 fs. The smallest distance of two peaks which could still be
clearly discriminated was 130 fs.

6.4.4. Dependence of the EO signal on the electron beam orbit

The amplitude and direction of the electric field E1y, at the EO crystal depend on the
horizontal and vertical distance Ax and Ay between the electron beam orbit and the
laser spot on the EO crystal. The distance r between the electron beam and the laser

r= \Ax? + Ay? (6.2)

spot is

leading to a field amplitude

1 1
Ety,(r) « P v (6.3)

The angle a between the (horizontal) [-1,1,0]-axis of the EO crystal and the electric
field vector is

= arccos (L] (6.4)
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Figure 6.32.: Orbit dependence of the phase retardation measured with spectrally re-

solved detection and the geometric set up inside the beampipe.

Together with equation (2.74) this leads to an orbit dependence of the phase retardation
of:

I'(Ax, Ay) « (6.5)

1 \/ Ax?
—— [l +3———
VAR + Ay? Ax? + Ay?

Figure 6.32(a) shows the phase retardation parameter measured with spectrally re-
solved detection, while the electron beam was steered horizontally and vertically by
+1 mm. The beam position was measured by a beam position monitor mounted 0.5 m
downstream of the EO setup. The bunch charge was 1+0.03 nC. The phase retardation
calculated from the measured orbit and bunch charge agrees well with the measured
phase retardation. The EO signals can be corrected for orbit fluctuations using equa-
tion (6.5). However, this has not been done for the data presented in this thesis, since
the orbit fluctuations are usually small during a series of measurements.

Since the crystal holder can only be moved horizontally, a vertical offset can only be
compensated steering the electron beam, which is not always possible during standard
accelerator operation. For a large vertical offset as shown in figure 6.32(a) the resulting
phase retardation and thus the EO signal is 50% smaller than the phase retardation at
zero vertical offset.
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6.4. Applications
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Figure 6.33.: Single-shot signals obtained at the THz beam line by electro-optic spec-
tral decoding with three different orientation angles of the quarter wave
plate. Measured with a 500 um thick ZnTe crystal. (a),(c),(e): Raw
data. Green traces are without CTR radiation, blue traces are with CTR

radiation. (b),(d),(f): EO signals after background subtraction and nor-
malization. The leading edge of the CTR pulse is on the left.
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6.4.5. Spectrally resolved detection of coherent transition
radiation

In a first proof of principle experiment the time structure of CTR pulses at the CTR
beam line (cf. 5.3.2) was measured with the spectrally resolved EO technique. For
these measurements laser pulses of 30 nm bandwidth chirped to T, = 4 ps from the
Ti:Sa amplifier were used and attenuated to a pulse energy of about 1 uJ. A 500 wm
thick ZnTe crystal was used. The path length of the CTR radiation trough air was about
1 m from the low-density polyethylene (LDPE) window to the EO crystal.

The EO signals measured with the quarter wave plate rotated by plus or minus
45° show a bipolar structure with a leading peak of 400 fs (FWHM) followed by a
broader peak of opposite sign and smaller in amplitude and some small oscillations
(Fig. 6.33(d) and (f)). The separation of the two peaks is 490 fs. The signal measured
at crossed polarization consists of two peaks separated by 490 fs followed by small
oscillations. The width of the double peak is about 800 fs.

The measured pulse width is close to the resolution limit of the EO crystal (about
350 fs for a 500 wm thick ZnTe crystal) and for the used laser parameters significant
distortions have to be expected due to frequency mixing according to equation (4.37).
It could be proven that the CTR beam line is capable of transporting sub-picosecond
THz pulses. However, to determine an accurate time profile of the transported CTR
pulse temporally resolved EO measurements using a thin GaP crystal are needed. To
avoid absorption of the CTR in humid air and the vacuum window, future measure-
ments will be done in vacuum.
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7. Conclusions

An experiment for bunch length measurements using spectrally and temporally re-
solved electro-optic detection has been carried out at the FLASH accelerator. With
temporally resolved detection electro-optic signals as short as 54 fs (rms) can be ob-
tained in a crossed polarizer detection scheme. These are the shortest electro-optic
signals measured so far for electron bunch diagnostics. In a detection scheme mea-
suring near crossed polarization, where the electro-optic signal is proportional to the
electric field of the electron bunch, the shortest obtained signal width is about 70 fs
(rms). The time resolution of these signals is mainly limited by lattice resonances of
the electro-optic crystal (gallium phosphide, GaP). The electro-optic signals are com-
pared to electron bunch shapes that are measured simultaneously with a transverse de-
flecting structure. Numerical simulations using the bunch shapes as determined with
the transverse deflecting structure as input data are in excellent agreement with the
electro-optic signals measured with GaP, both for temporally and spectrally resolved
measurements. In the case of zinc telluride (ZnTe) the observed signals are slightly
broader and significantly smaller than expected from simulations. These discrepancies
are probably due to the poor optical quality of the available ZnTe crystals or the poor
quality the published material properties of ZnTe.

The EO signals obtained with spectrally resolved detection show a lower time reso-
lution than the temporally resolved measurements. The shortest measured signals were
about 125 fs (rms), limited by the available spectral bandwidth of the laser pulses.
Spectrally resolved EO detection is a capable tool for electron bunch arrival time mea-
surements with a time resolution of about 25 fs. However, the time jitter of 65 fs of
the synchronization of the laser to the RF master oscillator of the accelerator has to be
improved to benefit from the high time resolution.
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8. Future perspectives

The current setup will be redesigned to provide an automated online diagnostic for
electron arrival time and bunch shape based on spectrally resolved detection. The
proposed optical synchronization system for FLASH [WLL*06] offers the possibility
to significantly improve the synchronization of the laser to the master oscillator in
order to benefit from the high time resolution of arrival time measurements.

The time resolution of the temporally resolved measurements has almost reached
the limits given by the material properties of GaP. For further improvements new
electro-optic materials are needed with an electro-optic response function extending
to frequencies higher than 8 THz.
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A. Abbreviations and mathematical
symbols

Table A.1.: Abbreviations used in the text

Abbreviation Definition

ACC1-5 first to fifth accelerating module of the FLASH accelerator

BBO B-barium borate

BC bunch compressor

CDR coherent diffraction radiation

CSR coherent synchrotron radiation

CTR coherent transition radiation

DESY Deutsches Elektronen-Synchrotron

EO electro-optic

EOS electro-optic sampling using a variable delay

EOSD spectrally resolved electro-optic detection

EOTD temporally resolved electro-optic detection

FEL free electron laser

FELIX Free Electron Laser for Infrared eXperiments at the FOM Institute
for Plasma Physics ’Rijnhuizen’

FLASH free electron laser at Hamburg

FOM Stichting voor Fundamental Onderzoek der Materie, foundation for
fundamental research on matter, The Netherlands

FWHM full width at half maximum

GaP gallium phosphide

HOM higher-order mode

ITO indium-tin oxide

LDPE low-density polyethylene

OTR optical transition radiation
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Abbreviations and mathematical symbols

Table A.2.: Abbreviations used in the text (cont.)

Abbreviation Definition

PETRA Positron-Elektron-Tandem-Ring-Anlage

RF radio frequency

SASE self amplified spontaneous emission

SHG second-harmonic generation

TDS transverse deflecting RF structure for long. bunch profile measure-
ments

TEO timing electro-optic experiment (spatially resolved EO detection for
bunch arrival time measurements)

TESLA teraelectronvolt energy superconducting linear accelerator

Ti:Sa Titanium-sapphire (laser)

TO transverse optical (lattice oscillation)

TOPS Terahertz to Optical Pulse Source at the University of Strathclyde

VUV Vacuum Ultra Violet light

ZnTe zinc telluride
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Table A.3.: A selection of mathematical symbols

Symbol Definition
a angle between the electric field vector Ery, and the
[-110]-axis of the EO crystal
Aw FWHM of the spectral intensity profile S (w) of a laser pulse
Et, Electric field of the THz pulse at the EO crystal
r phase retardation parameter
Tigeal phase retardation parameter as expected from an ideal EO
material with frequency independent response function
I'tp, I'sp phase retardation parameter as retrieved from the EOTD
resp. EOSD signal
G(f,d) response function of an EO crystal
G(f,d) - ry(f) effective response function
n(f), «(f) real and imaginary part of the refractive index
o, 0 angle of the quarter resp. half wave plate with respect to the
crossed polarisation setting
dacci RF phase of the first accelerating module
U(a) angle between the first principal axis of the refractive index
ellipsoid and the [-110]-axis of the EO crystal
Qo total bunch change of the electron bunch
ra1 electro-optic coeflicient
o standard deviation
OEO rms time jitter of the EO laser to RF synchronization
07y Oy standard deviation of the electric field distribution of a Gaus-
sian laser pulse in time and frequency domain
oz rms width of a Gaussian electron bunch
Ty, T, FWHM of the intensity profile /(¢) of the compressed and

the chirped laser pulse
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B. Electro-optical sampling using a
variable delay

In conventional THz spectroscopy electro-optical detection is applied in the sampling
technique. The first electro-optical sampling data taken at the FLASH linac using a
300 um thick ZnTe crystal show pulses with a spiky substructure and a width of the
envelope of about 1 ps (FWHM) (Fig. B.1(a)). The expected bunch length of less than
250 fs (FWHM) cannot be faithfully reproduced due to jitter in the bunch arrival time
at the EO crystal (approx. 150 fs (rms), cf. 6.4.2). One major source of this jitter are
energy fluctuations of ~ 0.03%, which translate into timing fluctuations of ~ 150 fs
(rms) in the magnetic chicane of the first bunch compressor (Fig. 6.23). The overall
width of the EOS signal is therefore dominated by the time jitter between the arrival
time of the electron bunch and the laser pulse at the EO crystal.

EO signal
EO signal

4 6 8 10 "0 5 l‘O lé 2‘0 25
delaytime in ps delaytime in ps
(@) Two EO sampling measurements of (b) Two EO sampling measurements of bunches
bunches with a charge of 1.2 nC. The second  with a charge of 0.9 nC. The pulse length of
measured (dashed) was recorded two minutes  the laser was =2 ps. The delay was changed in
after the first one (solid). The pulse length 250 fs steps.
of the laser was <100 fs (FWHM). The delay
was changed in steps of 100 fs for the first and
200 fs for the second measurement.

Figure B.1.: Electro-optic sampling measurements of short electron bunches using a
300 pm thick ZnTe crystal.
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Smoother signals are obtained, when the laser pulses aer stretched to 2 ps (FWHM,
Fig. B.1(b)), but the shape of the signal is now dominated by the laser pulse shape and
the arrival time jitter of the electron bunch.
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