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Abstract

The longitudinal pro�le of electron bunches plays an important role in the design
of single-pass free electron lasers and future lineare+ e� colliders. For the free
electron laser FLASH in Hamburg, a longitudinal compression scheme is used
which results in an asymmetric longitudinal bunch pro�le with a \spike". This
\spike", which has a very high peak current, is used in a high-gain SASE-FEL
process to produce high intensity (about 70� J) femtosecond photon pulses in the
XUV wavelength range.
The required high peak current of the electron bunch is realized by con�ning
a large number of electrons in a width, measured in time units, of few tens of
femtosecond, making the diagnostics of such bunches a challenge. Furthermore,
the operation of facilities such as FLASH shows that single-shot diagnostics is in-
dispensable. It is intuitive to use a time domain method to measure the electron
bunch length. However, when the structures present in the bunchpro�le fall in
the femtoseconds range, this is beyond the resolution of time-resolved methods
developed so far. In this thesis, a wavelength-domain technique is described that
can ful�ll both requirements of single shot and high resolutionreaching to the
femtoseconds range. The amount of charge that is con�ned in a typical length of
several femtoseconds (FWHM of the spike) can be determined by a novel single-
shot spectrometer that resolves the coherent radiation (e.g. coherent transition
radiation) in the far-infrared and mid-infrared range. Furthermore the extension
of this single-shot spectroscopy to shorter wavelengths reaching the near-infrared,
makes it possible to investigate the presence of structures in thebunch pro�le that
might correlate or anti-correlate to the SASE intensity.

Zusammenfassung

Das longitudinale Pro�l von Elektronenpaketen spielt eine wichtige Rolle beim
Design von Freie-Elektronen Lasern und zuk•unftigene+ e� Linearbeschleunigern.
Das beim Freie-Elektronen Laser FLASH in Hamburg angewandte Kompres-
sionsschema f•uhrt zu asymmetrischen longitudinalen Strahlpro�len mit einem
\Spike". Dieser \Spike", der einen sehr gro�en Spitzenstrom besitzt, f•uhrt in
einem SASE-FEL-Prozess zur Erzeugung von Femtosekunden-Photonenpulsen
mit hoher Intensit•at (ungef•ahr 70 � J) im XUV-Wellenl•angenbereich.
Den notwendigen hohen Spitzenstrom der Elektronenpakete erh•alt man, indem
eine gro�e Anzahl von Elektronen auf eine sehr kurze L•ange kompressiert werden,
deren longitudinale Ausdehnung, in Einheiten der Zeit gemessen, nur wenige zehn
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Femtosekonden betr•agt. Die Diagnose solcher Elektronenpakete ist eine au�eror-
dentliche Herausforderung. Desweiteren zeigt der Betrieb vonLichtquellen wie
FLASH, dass Diagnostik mit Einzelschussau
•osung unverzichtbar ist. Zur Mes-
sung der L•ange der Elektronenpakete w•urde man intuitiv eine Methode in der
Zeitdom•ane w•ahlen. Fallen die im longitudinalen Pro�l der Elektronenpakete vor-
liegenden Strukturen jedoch in den fs-Bereich, so stehen bis heute keine zeitauf-
gel•osten Methoden zur Verf•ugung. In dieser Doktorarbeit wird eine Methode
beschrieben, die auf einer Wellenl•angenmessung basiert, und die sowohl das Kri-
terium der Einzelschussau
•osung als auch das der hohen zeitlichen Au
•osung
im fs-Bereich erf•ullt. Die Ladungsmenge, die sich in Strukturen mit einer typis-
chen L•ange von einigen Femtosekunden (volle Breite bei halber H•ohe des \Spike")
be�ndet, kann mit einem neuartiegen Einzelschussspektrometergemessen werden,
welches die koh•arente Strahlung (z.B. koh•arente•Ubergangsstrahlung) im fernen
und mittleren Infrarotbereich au
•ost. Die Erweiterung dieser Einzelschussspek-
troskopie zu k•urzeren Wellenl•angen, bis in den nahen Infrarotbereich hinein,
erm•oglicht Untersuchungen bez•uglich des Vorhandenseins von Strukturen, in der
Ladungsverteilung welche m•oglicherweise mit der SASE-Intensit•at korrelieren
oder anti-korrelieren.
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Chapter 1

Introduction

Intense photon-pulses reaching up to several giga-watts of peak power with a
pulse-width in the femtosecond range have been sought for by many experiments
which are designed to explore the unknown territories in ultrafast physical, chem-
ical and biochemical processes at sub-molecular and atomic resolution. For these
experiments the required photon wavelengths range from theVUV down to the
�Angstrom regime. Third generation light sources have achievedvery high peak
brilliances of� 1025 photons

s mrad2mm20:1%BWover a wide range of the electromagnetic spec-
trum down to the hard X-ray region, but still several orders of magnitude below
the desired brilliances. In a typical third generation light source the photon
pulse-width is several orders of magnitude longer than the values desired in many
experiments. A great leap forward was achieved when free electron lasers based
on the Self Ampli�ed Spontaneous Emission (SASE) principle became available.
At FLASH, for instance, a single photon-pulse energy of 70� J with pulse-width
of � 10 fs at a photon wavelength of 13.7 nm has been obtained. A high-gain
SASE-FEL such as FLASH, ampli�es part of the existing intensity in the white
shot noise to several GW of peak power and is not limited to a seed-laser wave-
length. The FEL wavelength is tuneable over a wide wavelength range with the
undulator �eld and/or electron beam energy adjustments.

1.1 Free Electron Laser

A Free Electron Laser (FEL) produces coherent electromagnetic radiation like a
classical laser, but uses entirely di�erent principles to form the lasing medium.
The lasing medium is a relativistic electron beam, which corresponds to the bound
atomic or molecular states for conventional lasers. In an FEL, arelativistic elec-
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tron beam passes through a periodic transverse magnetic �eld of an undulator,
where it is forced to perform a wiggling path. The acceleration of the electrons
along this path results in the release of photons. Mirrors capture the released
photons to generate resonant gain through the combined interaction of the elec-
tron beam with both, the undulator �eld and the radiation �el d stored in the
optical resonator formed by the mirrors. At wavelengths whereno good mirrors
exist, a high gain FEL (see below) can reach a resonant gain and saturate in a
single passage along the undulator. The wavelength of the photons can be tuned
using the electron beam energy and the magnetic �eld strength of the undulator,
see Eq. 1.3. Compared to conventional lasers, this gives more 
exibility to the
FELs in the wavelength range coverage and tunability. Operational FEL facilities
currently are ranging from microwaves to VUV and they are usually easy to tune.

From single electron radiation to the FEL

The classical radiation power emitted by a particle is quadratically proportional to
its charge q and acceleration1. Performing Lorenz transformation to the classical
radiation power, the emitted power (in the lab system) can be written as [1]

P / q2
 4 _� 2
? (1.1)

with 
 = 1p
1� � 2

where � = �
c . This indicates that one gains a large increase in

radiation power when accelerating to ultra-relativistic energies. The key feature in
terms of FELs is the quadratic dependence on charge. Re-writing Eq. 1.1 in terms
of N, the number of electrons in an electron bunch, the quadratic dependence on
N shows up

P / N 2e2
 4 _� 2
? (1.2)

The radiation per electron is proportional toNe2
 4 _� 2
? which is N times larger than

single electron power intensity in Eq. 1.1. In practice a largenumber of electrons
are involved. The main condition for Eq. 1.2 to hold is that all electrons have
to make a point-like charge distribution compared to the wavelength of the light
given by Eq. 1.3. This imposes some very tight requirements on the electron
beam quality with respect to transverse and longitudinal distributions, which are
impossible to meet in practice if sub-micrometer wavelengths are desired.

1The contribution from the longitudinal acceleration is negligible.
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Microbunching

The typical length of the highly compressed electron bunches is in the range of
few micrometers which is still much longer than the light wavelength in the VUV
and X-ray range. Thus, coherent emission in the spirit of Eq. 1.2 cannot take
place. The FEL mechanism, however, provides an e�cient way togenerate a
longitudinal density modulation in the electron bunch on thescale of the optical
wavelength resulting in a periodic sequence of bunchlets being shorter than the
optical wavelength. This phenomena which is called \microbunching" gives the
essential advantage to the FEL radiation because a large numberof electrons
radiate coherently [3].

FEL wavelength

The equation of motion for electrons in the presence of the undulator magnetic
�eld is considered in literatures e.g. [2, 3]. The energy transfer from the electron
beam to the co-propagating light wave exhibits resonance behavior as a function
of the light wavelength. In terms of the undulator parameterK= e� uB

2� m0c (whereBis
the peak magnetic �eld), undulator magnetic period� u, and normalized electron
energy
 , the strongest resonance happens at a wavelength given by [3]

� ` =
� u

2
 2
(1 +

K 2

2
) (1.3)

SASE principle and gain length

The ampli�cation of radiation in an FEL can be considered in two general cases.
If the changes in the electromagnetic �eld due to FEL gain in each passage are
small it can be described by a low-gain FEL model (see e.g. chapter 1 in [2]).
In order to make this low gain useful, an optical resonator must be used where
the radiation is ampli�ed over many cycles of interaction with a large number
of subsequent bunches. In the extreme ultraviolet and X-ray regimes, however,
there are no suitable mirrors to build an optical resonator.
The high gain FEL model describes the situation that the changes of the elec-
tromagnetic �eld are strong in a single passage through the undulator (see e.g.
chapter 2 in [2]). The radiation intensity grows exponentially with a characteris-
tic e-folding length LG. To start the process, there are two general options. One
may \seed" the FEL using photons generated by an external laser of the same
wavelength as the FEL wavelength (Eq. 1.3), or could start from the sponta-
neous undulator radiation generated in the �rst section of theundulator which
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is ampli�ed by the FEL mechanism in the subsequent undulator sections. The
latter is referred to as Self Ampli�ed Spontaneous Emission (SASE) of high-gain
FELs [4].
The gain length,LG, is given by

LG =
1

p
3

(
2mc
 3� 2

r � u

� 0eÎK 2
)1=3 (1.4)

where�� 2
r is the beam cross section and̂I is the peak current. The more complete

picture is given in the 3D-FEL model where, for instance, the e�ect of transverse
emittance of electrons and di�raction e�ects of the radiation can be explained [2].
With given undulator parameters, in order to have short gain length, the emit-
tance of the electron beam should be small and its peak current larger than
� 1 kA. The latter requires to compress the electron beam longitudinally with-
out defecting the emittance.

1.2 FLASH Linac

The Free Electron LASer in Hamburg (FLASH), the successor of TTF12, at
DESY is a FEL based on SASE principle and can deliver very intenselight in
the wavelength range 32 nm [7] to 13 nm [8] in the �rst harmonic3. Installation
of further accelerating modules has been done to achieve higher electron energies
and thereby achieve even shorter wavelengths as 6.5 nm in the �rst harmonic.
The peak brilliance of FLASH and some other future FELs are shownin Fig. 1.1.
The peak brilliance of third generation synchrotron radiation sources are orders
of magnitude lower than FELs over a wide range of photon energies.
The layout of the FLASH linac is shown in Fig. 1.2. The FLASH injector con-

sists of a photo-cathode RF-gun which emits electrons when thegun laser hits
the cathode. Acceleration happens in 5 cryo-modules (after the recent upgrade
6 cryo-modules), each with eight 1m-long superconducting 9-cell cavities. This
acceleration provides energies between 450 to 700 MeV (currently up to 1 GeV).
Two magnetic chicanes accomplish the main longitudinal compression of the elec-
tron bunches. Six undulators compose the FEL for FLASH, each 4.5 mlong and

2The vacuum ultra-violet (VUV) free-electron laser at the TESLA Test Facility (TT F) Phase
1 demonstrated saturation in the wavelength range 80-120 nm based on the self-ampli�ed spon-
taneous emission (SASE) principle [5, 6]

3Experiments that are described in this thesis were carried out when the maximum electron
energy was 700 MeV (that corresponds to 13 nm SASE-FEL wavelength). The installation of
new modules to achieve energies up to 1 GeV has been done later.
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Figure 1.1: The peak brilliance of today's light sources (adapted from [9])

Figure 1.2: FLASH layout (before installation of accelerating module ACC6)



6 Introduction

with a magnetic period of 2.73 cm. The bypass has been foreseen to protect
undulators from high beam losses during accelerator studies.
The time structure of the electron bunches at FLASH is as follows. There are
two modes, short pulses mode: maximum 30 bunches in each train (macro-pulse)
and long pulse mode: up to 800 bunches in each train. In the shortpulse mode
the spacing between successive bunches in a train can be any of 1, 2, 4, 5, 10,
20 and 25� s. The repetition rates of the macro-pulses that FLASH is already
operated are 2 and 5 Hz.

Bunch Compression Scheme

One of the challenging requirements on the electron bunchesat FLASH is to
achieve peak currents as high as 2500 A. Increasing the charge density in RF
gun region is limited due to space charge e�ects. In contrast, when electrons are
ultra-relativistic, it is possible to compress them longitudinally. Here the velocity
bunching is not possible because electrons have very small velocity di�erences.
One way to compress the electron bunches is to introduce an energy chirp and
then pass a dispersive section (Fig. 1.3). Upstream of a magnetic chicane4, depen-
dent on the o�-crest phase of an accelerating module, an energychirp ( �E

E ) can be
introduced that leads to longitudinal compression when the electron bunch passes
through the chicane. The path length of electrons in a magnetic chicane is depen-
dent on their energy, higher energy electrons make a shorter path. In this scheme
the tail of the bunch should have higher energy than its head. When the bunch
passes through the compressor, tail electrons can catch up with head electrons
and the electron bunch gets longitudinally compressed. In references [10, 11] the
magnetic chicane bunch compressors are discussed in detail. In terms of � s, the

Low energy path

reference energy path

high energy path

X

S

D E / E

Z

q
0

L
B

Figure 1.3: A four dipole based bunch compressor chicane.

4A dispersive section composed of dipoles only (without any quadrupole).
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longitudinal dispersion, the path length di�erence for a relative energy deviation
� can be written as [11]

� z = � s(� ):� = R56:� + T566� 2 + U5666:� 3 + :::

R56 is called the linear longitudinal dispersion. For a 4-dipole chicane like Fig. 1.3,
in terms of the geometry of the chicane,R56 is given by [11]

R56 = � 2� 2
0(

Lact

2
�

4
3

LB )

where � 0 is the chicane's bend angle,Lact is the active chicane length andLB is
the dipoles length.
The change in the energy of a particle atz0 (longitudinal coordinate with respect
to a reference particle) after acceleration in an RF section is given by

E(z0) = eV cos(� + kz0)

where � is the o�-crest phase of the bunch to the RF wave and k is the RF
wavenumber (k = 2�

� RF
). The linear term in the accelerating �eld is de�ned as

energy 'chirp' factor h [11]

h = �
eV
E

sin�

In terms of h, the correlated energy spread along the bunch is�E (z0)
E = � = hz0.

It can be seen that with linear approximation for correlated energy change and a
bunch with length � i before the bunch compressor, the bunch length after passing
a 4-dipole chicane can be written as [11]

� f =
q

(1 + hR56)2� 2
i + R2

56�
2
� i

(1.5)

where� � i is the uncorrelated energy spread. The maximum compression happens
where 1 + hR56 = 0, in this case the bunch length is given by� f = jR56j � � i . In
Eq. 1.5 with high quality beam of RF-photocathode gun, the uncorrelated energy
spread can be neglected and

� f = j1 + hR56j � i =
� i

C

In addition to the bunch length compression, the uncorrelatedenergy spread is
magni�ed by the compression factorC thus preserving the longitudinal emit-
tance [11].
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Figure 1.4: Longitudinal phase space and bunch current distribution before (left
two plots) and after (center two plots) a bunch compressor chicane.
The right two plots show the phase space after the chicane if a
3rd � harmonic RF section is used to compensate the non-linearities
of the fundamental frequency and magnetic chicane. TheR56 is
increased here to achieve the same 1.8 kA peak current (adapted
from [11]).

The nonlinear RF accelerating �eld results in strong non-linearities in the
chirp and this together with T566 of the chicane dominates the shape of the bunch
and develops a spiky shape (Fig. 1.4). In a 4-dipole chicane bunch compressor
scheme, a way to compensate for this nonlinearities is to linearize the accelerating
RF �eld by means of a3rd harmonic RF. In this case the shape of the chirp and
resulting bunch shape after magnetic chicane is shown in the right side of Fig. 1.4.
The e�ect of the second bunch compressor of FLASH, the S-shape bunchcom-
pressor, can be considered in a similar way and can be found in the references
e.g. [10, 11].



Chapter 2

Longitudinal Beam Diagnostics

The role of the longitudinal compression of the electron bunches to achieve the
required high peak currents is outlined in section 1.1. As the electron bunches
get longitudinally compressed the measurement of their pro�lebecomes more im-
portant and di�cult. There are theories that try to describe t he longitudinal
compression of the bunches and experimental data are requiredto investigate
these models. The present investigations might help to improve the current un-
derstanding and ultimately get closer to the design of the desired compressors.
The expected longitudinal pro�le of the electron bunches atFLASH has struc-
tures as short as a few femtoseconds, this requires a high resolution bunch pro�le
diagnostics. The tail of the bunch may extend to a few picoseconds. When a full
bunch pro�le measurement is required this long tail determines the range that has
to be covered by the diagnostics tool1. The changes of the bunch pro�le from shot
to shot have to be monitored. Therefore, single shot capabilityfor the diagnostics
tool is required. In other words, the ideal longitudinal diagnostics tool should be
single shot, broad-band, and with high resolution. Additional requirements would
be: easy to operate and maintain, non-invasive, compact and easy to incorporate
in di�erent parts of the machine, operating independent of machine parameter
changes. Several longitudinal diagnostics experiments are implemented in the
diagnostic section between the second bunch compressor (BC3) andthe FEL un-
dulator (Fig. 1.2). The transverse de
ecting RF structure (TDS) measures the
longitudinal bunch pro�le with a resolution down to 15 fs (rms) by applying a
time dependent vertical streak to the electron bunch and measuring the vertical
bunch pro�le afterwards. The longitudinal charge pro�le of the bunches can be
probed by detecting their Coulomb �eld by means of electro-optic crystals close

1For instance with a Fourier transform spectrometer, the low frequency limit that has to be
measured corresponds to this tail.
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to the beam trajectory. The optical properties (namely the birefringence) of the
crystals are changed proportional to the electric �eld strength and the cumulative
e�ect on a co-propagating short laser pulse can be detected. In this way, the tem-
poral (longitudinal) structure of the bunch charge is impressed in a polarization
modulation of the optical pulse [13]. Detection of coherent undulator radiation
produced by an electron beam already modulated by an opticallaser is the ba-
sis of a method which is called optical replica. Single shot spectra of coherent
radiation can be measured to reconstruct the longitudinal electron bunch pro�le.

2.1 The transversely de
ecting RF structure

One way to measure the bunch length is to streak the bunch using a transverse
RF de
ecting structure (TDS). Such a device, which was constructed and tested
at SLAC in the 1960's [12], has been installed at FLASH [14] in collaboration with
SLAC. The S-band (2.856 GHz) TDS cavities are similar to the diskloaded S-band

ee

fast horizontal kicker

vertical streak
and horizontal kick

3.66 m

vertical RF field Ey(t)

sz

~sz

Figure 2.1: Scheme of the operating principle of the transversely de
ecting struc-
ture. Adapted from [15].

accelerating structures of SLAC except for the irises that have mode-locking holes
that result in excitation of the TM11 hybrid mode [16]. When electron bunches
enter the TDS which is already �lled with this mode, they exhibit a transverse
streak in the vertical direction. The streaked bunch is kickedout of the train (by
means of a fast kicker) and hits an o�-axis screen, Fig. 2.1. Then the produced
optical transition radiation can be measured with an optical system to be used
to reconstruct the initial bunch pro�le. The time resolution that can be achieved
with the TDS is related to the value of the beta-function of the electron beam on
the screen. Optimizing the electron beam optics, the time resolution of a TDS
can reach 15 fs (rms) [17]. For the beam optics used during standard accelerator
operation the beam size is bigger and therefore the resolutionis limited to about
55 � 5 fs (rms) [14].
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2.2 Electro-optical sampling

The electro-optical (EO) detection of THz radiation is based on the Pockels e�ect
in which an applied voltage causes the detector crystal to become birefringent.
When the optical sampling pulse travels through the crystal at the same time
as one temporal point of the THz pulse, its polarization is slightly rotated. The
magnitude of rotation is proportional to the magnitude of the THz �eld, and
the direction of rotation is dependent on the sign of the �eld.In this way, the

Figure 2.2: Overview on di�erent methods to decode the temporal information
from the laser pulse probing the EO crystal. Adapted from [18].

temporal (longitudinal) structure of the bunch charge is impressed in a polar-
ization modulation of the optical pulse. An appropriate optical layout can be
used to convert this polarization modulation to the �eld modulation. For single
shot measurement there are di�erent techniques to use the aforementioned e�ect.
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Introducing a known chirp to the optical laser pulse and measuring the optical
spectrum of the laser after passing the EO crystal is the basis of spectral decod-
ing. If a stretched optical laser pulse incide with an oblique angle on the crystal,
di�erent spatial positions on the crystal will be reached by thelaser in di�erent
times that could correspond to the instantaneous polarization change made by
THz pulse �eld. This is called spatial decoding. The non-stretched probe laser

Figure 2.3: Longitudinal bunch pro�le measured at FLASH with the electro-
optic temporal decoding technique using a 100� mthick GaP crystal.
Adapted from [18].

can be split in two parts, one to go through the same process as spectral decoding
and the other to be used to make a time-space mapping [18]. An overview on
the di�erent single shot electro-optical methods is shown in Fig. 2.2. Single-shot
EO bunch length measurements were pioneered at FELIX [20] with the spectral
decoding, the more recently developed spatial decoding [21]and temporal decod-
ing [22] techniques o�er higher resolution at the price of enhanced complexity. An
overview on the electro-optical techniques for bunch length diagnostics is given
in [13, 19]. In Fig. 2.3 a measurement performed at FLASH is shown. It shows a
FWHM of about 100 fs for the spike in the time domain pro�le [18, 23].
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2.3 Optical replica

The method proposed recently by Saldin et al. [24] is based on detection of coher-
ent undulator radiation produced by modulated electron beam. A seed optical
laser is used to produce an optical replica of the �eld of the electron bunches. The
electron bunch and the laser pulse overlap by adjusting the timing of the laser
pulse2 in a modulator that consists of an undulator (tuned for the resonance at
the laser wavelength) and a dispersion section (a chicane withR56 = 50 � m). In
this step, the density modulated (same as the laser wavelength) electron bunch
enters to another undulator (radiator) which is also tuned tothe laser wave-
length. This results in the coherent radiation in the laser wavelength. Then
an ultrashort optical-pulse measurement device can be used to provide real-time
single-shot measurements of the electron bunch structure [24].

2.4 Coherent radiation diagnostics

The most common coherent radiation sources for diagnostics purposes are tran-
sition radiation (TR), di�raction radiation (DR), synchrotr on radiation (SR),
Smith-Purcell radiation (SPR) and edge radiation (ER) (see chapter 3). For wave-
lengths of the radiation longer than or comparable to the distance of electrons,
these electrons radiate \in phase" or coherently, the intensity of this coherent
radiation scales with the square of the number of contributingelectrons. The in-
tensity integrated over the coherent radiation spectrum can be used as a relatively
simple tool to control the compression of the electron bunches. From spectrally
resolved measurements of the intensity of the emitted coherentradiation, infor-
mation about the longitudinal form factor and thus the charge distribution can
be obtained. This can be done either using a Fourier transform interferometer
or using grating spectrometers. Although only the magnitude of the form factor
can be measured, the bunch pro�le can be reconstructed within certain limita-
tions using parametrized bunch pro�les that can be �t to the measured spectra.
Alternatively, the Kramers-Kroning relation can be used to estimate the phase
(e.g. see [25]). These are described in more details in section 9.2.

2The seed laser pulse has to be longer than the time jitter of the electron bunch
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Bunch compression monitors

The polychromatic coherent radiation of the electron bunches can be focused on
a single pyroelectric detector (see chapter 5) to get a signal proportional to the
total radiated intensity. This provides a simple tool to control the compression
of the bunches, called Bunch Compression Monitor (BCM). The integrated sig-
nal described above is dominated by relatively long wavelength contributions and
accordingly is not very sensitive to the short wavelengths content in the spec-
trum of the coherent radiation. The compressed bunches at FLASHhave a spike
which contains roughly 10% of the electrons. The rest of the electrons which
are in the tail contribute to intensities in the long wavelengths of the coherent
radiation spectrum when bunch is subjected to radiate. The spectrally resolved
coherent radiation contains more information on the compression process than
the integrated radiation. A device which is called Advanced Bunch Compression
Monitor (ABCM) [26] can be used to detect any part of the coherent radiation
spectrum. The basic principles of this device are described in section 6.2.2. The
detected regions might cover the wavelengths correspondingto the width of the
spike in the time domain bunch pro�le (see Fig. 8.16).

Bunch length diagnostics using Fourier transform spectrom eters

In many areas of science and dependent on the application, di�erent spectrom-
eters have been developed to measure the spectra that can be anypart of the
electromagnetic spectrum. Steady phenomena can be resolved with Fourier trans-
form spectrometers, e.g. the Martin-Puplett interferometer. These are devices
that typically probe the spectrum with a shifted in time versionof itself. An auto-
correlation function can be measured and, knowing enough on the spectral behav-
ior of the entire instrument (e.g. grids, mirrors, lenses, polarizer and detectors),
one could extract the spectrum with high resolution. A recent work conducted at
FLASH using a Martin-Puplett interferometer is reported in reference [27]. The
bunch pro�le is reconstructed from the measured coherent synchrotron radiation
from the last magnets of the �rst bunch compressor (BC2 in Fig. 1.2). When
the subject under study deals with phenomena that vary from shotto shot, non
single-shot spectroscopy is not very useful. Most of the operational interferom-
eters as bunch length diagnostics tool, e.g. the Martin-Puplett interferometer,
have a movable element (a linearly moving arm or a rotating grating) and the
signals in each step of the moving element are recorded to form the interferogram.
Therefore, they are intrinsically not single-shot devices.
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Bunch length diagnostics using grating spectrometer

For the single-shot detection of a broad-band spectrum, like coherent transition
radiation of the electron bunches in a linac-driven FEL, it is straightforward to
think of dispersive elements that are capable of sorting the radiation in terms
of wavelengths. Well known single element optical devices that can do this are
prisms and di�raction gratings. The spatial distribution of the dispersed light is
wavelength dependent. That makes it possible to record the spectra for individual
shots provided a suitable detection system is in place. Prisms canbe used for
visible to mid-infrared light. The dispersive power of a typical prism is not
strong and single-shot high resolution spectra cannot be recorded even over their
limited range of coverage. Di�raction gratings are available for almost the entire
electromagnetic spectrum. Depending on the application, anappropriate choice
can be made. The description of gratings problem as dispersive elements of
spectrometers is given in chapter 4. The basic principles of di�erent types of
grating spectrometers are described in chapter 6.



Chapter 3

Coherent Radiation Sources for
the Electron Bunch Diagnostics

One method for the longitudinal diagnostics of electron bunches is the measure-
ment of the emitted spectrum when electrons are subjected to a radiation process.
The most common radiation sources are Transition Radiation1 (TR), Synchrotron
Radiation (SR), Smith-Purcell Radiation (SPR) and Edge Radiation (ER). In
order to compute the coherent radiation spectrum, one should get the single elec-
tron spectrum from the theory. Then for any given electron distribution along
the bunch, it is straight forward to derive the spectral energydensity of the en-
tire bunch, the quantity that can be measured. The generalized case of a three
dimensional charge distribution of the electron bunches can often be simpli�ed
(see Fig. F.4) by considering it as a line charge distribution along the longitudi-
nal coordinate denoted by� (t). Here the transverse size e�ect is neglected. This
assumption may result in over estimation of short wavelengths content.
The normalized line charge distribution2, e� (t), can be converted to the frequency
domain to derive the "longitudinal form factor" of the bunch as

Flong (! ) =
Z 1

�1
e� (t) exp(� i!t )dt (3.1)

In terms of this form factor, the spectral radiation density for the entire bunch
can be written as

d2UN

d!d 

=

�
N + N (N � 1) jFlong (! )j2

� d2U1

d!d 

(3.2)

1Including its special case of Di�raction Radiation (DR)
2Normalized to the total bunch charge
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where d2U1
d! d
 is the radiation intensity emitted by a single electron into the solid

angle d
 in the frequency bandd! of the speci�c radiation process . In general
the single electron spectrum depends on the electron energy,! (the angular fre-
quency), the point of observation and details on the physics ofthe generation of
the radiation. For a large enough number3 of electrons Eq. 3.2 can be simpli�ed
to

d2UN

d!d 

= N 2 jFlong (! )j2

d2U1

d!d 

(3.3)

The interpretation is simple, the termN2 jFlong (! )j2 is a measure of how well, for
a given frequency! , the entire charge acts as a single macro-charge.

3.1 Transition radiation

The following section outlines, mainly based on reference [28], how to calculate
the single electron spectrum for transition radiation. The problem of synchrotron
radiation is also addressed in the next section. When a charged particle traverses
the boundary of two media of di�erent dielectric propertiesits self �eld gets
modi�ed and this results in a radiation which is called transition radiation. One
example of such a radiation process is when a thin screen of a conductor is in
the passage of relativistic electrons. In the ideal case of in�nite transverse size of
the screen the radiation intensity is frequency independent.In contrast, for real
screens of �nite size the radiation intensity is frequency dependent.

3.1.1 Ginzburg-Frank formula

For the special case that an electron crosses the boundary from vacuum to an
in�nite metallic plane the spectral and spatial radiation energy of backward tran-
sition radiation is given by the Ginzburg- Frank formula [29,30]:

d2UGF

d!d 

=

e2

4� 3� 0c
� 2 sin2 �

(1 � � 2 cos2 � )2
(3.4)

with � = v=c and � the angle against the backward direction (see Fig. 3.1). This
is valid in the far �eld and is independent of frequency, provided one stays well
below the plasma frequency4 of the metal.

3This approximation is valid when N
�
�Flong (! )

�
�2

>> 1.
4The plasma frequency is given by! =

q
ne2

m� 0
, where n is the density of electrons in the

material of the screen, e is the electronic charge, m is the mass of the electron, and� 0 is the
permitivity of free space. As a typical value, the plasma frequency of copper is� 16 PHz:
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Figure 3.1: Ginzburg-Frank spatial distribution for the transition radiation by a
single electron. The angle against backward direction is shownby � .
At � = 1=
 the maximum intensity appears.

3.1.2 Generalized Ginzburg-Frank formula

For a �nite circular screen of radiusa one can see that the spectral and spatial
radiation energy in far �eld is given by [28]:

d2Ugeneralized � GF

d!d 

=

d2UGF

d!d 

[1 � Ta(�; ! )]2 (3.5)

where

Ta(�; ! ) =
!a
c�


J0(
!a sin�

c
)K 1(

!a
c�


) +
!a

c� 2
 2 sin�
J1(

!a sin�
c

)K 0(
!a
c�


) (3.6)

This form reduces to the Ginzburg-Frank formula whena � 
� and D� 
 2� (D
is the distance from the source to the observation point).
In near �eld ( D� 
 2� ), for the angular dependence of the intensity only an inte-
gral form can be derived [28]:

d2Ugeneralized � GF

d!d 

/

�
�
�
�

Z a

0
J1(k� sin� )K 1(

k�
�


) exp(ik
� 2

2R
)�d�

�
�
�
�

2

(3.7)

In order to orient this back re
ected radiation to an experimental setup the target
screen normally has an angle of45� to the electron beam which introduces an
asymmetry to the spatial distribution that can be derived by theinclination factor
� = cos� (see chapter 3.7 in [28]). It is clear from Eq. 3.5 that for a �nite screen,
the radiation energy acquires an! dependence. The spectral energy density
given by Eq. 3.5 can be evaluated with numerical integration. In Fig. 3.2 the
TR energy per frequency interval�f = 1 GHzthat is emitted by an electron with

 = 1000 is plotted as a function of the TR screen radiusa. The wavelength
is varied between 50� mto 2 mm. All curves show a rise with increasing TR
screen radius. For large enough screen size they all approach asymptotically to

e2

2� 2� 0c (ln 
 + ln 2 � 0:5) (see chapter 3.5 in [28]).
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Figure 3.2: Transition radiation by single electrons. The TR energy in eV per
GHz bandwidth is shown as a function of screen radiusa for wave-
lengths from 50� mto 2 mm. Lorentz factor 
 = 1000 (see Fig. 9
in [28]).

3.1.3 Coherent transition radiation by an electron bunch

So far assuming the line charge along the electron bunch, the transverse distri-
bution was neglected. For a cylindrically homogeneous transverse distribution
with radius r b, the spectral energy density of the entire bunch is given by Eq.3.3
with [28]

d2U1

d!d 

= [

2c
!r b sin�

J1(
!r b sin�

c
) �

2c�

!r b

I 1(
!r b

c�

)Ta(�; ! )]2 d2UGF

d!d 


where Ta(�; ! ) is given by Eq. 3.6. More general bunch pro�les can be studied
numerically.

3.1.4 Di�raction Radiation

For a di�raction radiation screen of radius a which has a hole of radiusb, the
single electron spectral energy is given by [28]

d2U
d!d 


= [ Ta(�; ! ) � Tb(�; ! )]2 d2UGF

d!d 


In Fig. 3.3 a comparison for the far-�eld angular distributionof TR, produced at
a disk with radius a = 20 mm, with that of Di�raction Radiation (DR) at the same
size disk but with a central hole of radiusb = 2 mmis shown. The distributions are
all normalized to the maximum value of the transition radiation at the longest
wavelength of50 � m. Di�raction radiation intensity reduces dramatically with
decreasing wavelength. This loss is much more pronounced at smaller energies
(
 = 500 is shown in Fig. 3.3 in the left). In Fig. 3.4 a comparison for thespectra
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Figure 3.3: Angular distribution of transition and di�raction radiation from a
circular disk (radius a = 20 mm) target. Solid curves are TR on a
disk without hole, the other curves refer to DR on a disk of radius
a = 20 mmwhich has a central hole of radiusb = 2 mm(see Fig. 11 in
reference [28]).
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Figure 3.4: Single electron spectra as a function of the wavelength for two targets,
a full circular disk of radius a = 20 mmin red (dashed), and a same
disk with a hole of radiusb = 6 mmin blue (solid). There is a cut-o�
at about 40 � mfor di�raction radiation.
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of a single electron subjected to TR and DR are shown. A short wavelength cut-
o� close to 40 � mis exhibited for DR. This cut-o� depends on the size of the slit
in the target screen. An experimental evidence for this short wavelength cut-o�
is shown in Fig. 8.12.

3.2 Synchrotron radiation

Dipole magnetic �eld de
ects a relativistic electron and centripetal acceleration
produces radiation which is known as synchrotron radiation.The fully non-
invasive nature of this source makes it very attractive for thepurpose of diagnos-
tics. Synchrotron radiation is broad-band and the shorter wavelengths are more
con�ned to narrower emission angles.
The electric �eld of an electron moving along an arbitrary trajectory is given by
the Lienard-Wiechert formula [1]

E(t) =
e


 2 j~rj2

"
n̂ � ~�

(1 � n̂ � ~� )3

#

ret

+
e

cj~rj

"
n̂ � [(n̂ � ~� ) � _~� ]

(1 � n̂ � ~� )3

#

ret

(3.8)

wheren̂ is a unit vector along the direction from the emission point to the obser-
vation point. The quantity in the brackets has to be evaluated in the retarded
time t

0
= t � 1

c

�
�~r(t

0
)
�
� . Using this formula one can get the spatial spectral density

of a single electron moving along a circle known as Schwinger formula. When
the electron trajectory is not a complete circle, e.g. when electron travels along
a short dipole magnetic �eld, one has to perform numerical calculation starting
from �eld given by Eq. 3.8 [31].
In reference [31], synchrotron radiation from a short magnet is discussed in de-
tails. For a very small bending angle comparable with1
 the spatial and spectral
radiation density from an electron could be given by an analytic form (see sec-
tion 3.2.2 in [31]).
In general, for a full reconstruction of the bunch pro�le, when the absolute inten-
sities are important, SR sources seem to be more complicated than TR. In appli-
cations like bunch compression monitoring where the relativeintensity changes
are important, if enough care is taken, SR can be used instead ofTR. Measured
spectra of SR should be unfolded for contribution that may comefrom di�erent
dipoles of a chicane or wiggler as well as the complication that may arise be-
cause of waveguide e�ect of vacuum chamber that may bring the radiation from
upstream magnets to the measurement port.



Chapter 4

Electromagnetic Theory of
Di�raction Gratings

The coherent radiation of electron bunches is broad-band ranging from a few mi-
crometers to millimeter wavelengths. For single shot spectroscopy of the emitted
coherent radiation, gratings can be used to disperse the polychromatic radia-
tion into its components. The widest free spectral range of a grating is when
it is used in its lowest non-zero di�ractive orders (� 1 order ). The free spectral
range is then close to a factor of two for an optimized setup. Therefore a single
grating unit cannot cover the entire range of interest. A proper design of the
grooves geometry and the grating setup can make it possible to stage the pro-
cess of dispersing the radiation. In each stage, for a wide range of the shortest
present wavelengths, the grating acts as a very e�cient dispersive element and
at the same time it �lters the longer wavelengths from any shortwavelengths
content [32]. These longer wavelengths can then be resolved ina later stage with
an appropriate grating pitch size. In each stage the dispersed radiation is well
separated from the longer non-dispersed wavelengths. With thisshort introduc-
tory remarks it becomes clear that a deeper understanding of the grating physical
problem has to be established.
For several decades physicists were trying to solve the problem of di�raction
grating energy distribution within a given order. Earlier approaches ended with
approximate solutions applicable only to low�= g, where � is the wavelength
and g the groove spacing. Later, Pavageau and Bousquet [33] found an integral
formalism with only restriction of a perfectly conducting surface. The next break-
through was made by Maystre who derived an e�cient single integral equation
formalism that could handle real metals with no geometric restrictions for both S
(TM mode, electric �eld perpendicular to the grooves) and P (TE mode, electric
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�eld parallel to the grooves) polarizations [34].
Maystre has discussed the rigorous computational treatment of the di�ractive
e�ciency of a plane grating. In general, there are two limiting regimes de�ned by
the ratio of the wavelength to the grating groove spacing�= g. The vector regime
is encountered when�= g > 0.2 and the solution of Maxwell's equation for di�rac-
tive e�ciency depends upon the polarization of the plane wave incident upon the
grating surface. When�= g < 0.2 and the groove depth to groove spacing ratio is
small (small blaze angles for blazed grating) scalar theories can be used [35, 36].
Both types of gratings used in the grating spectrometer discussedin this thesis
fall completely in the vector di�raction theory regime.

4.1 Boundary value problem of gratings

Figure 4.1 shows a sketch of a grating with the incident and di�racted wave-
vectors in the coordinate system oxyz. The grating has a pro�le� , of equation
y=f(x), with period g = OG in x and invariant on z. The extensions in x and z
are assumed to be in�nite. The regionR+ (y > YM) normally contains air and its
index of refraction will be assumed as being equal to 1. The region R� (y < Ym)
�lled with a metal or a dielectric with complex refraction index � . Suppose an
incident plane wave given by (the time dependence exp(� i ! t ) is omitted)

~E i = ~A � exp(i~k � ~X ) = ~A � exp [i (kx sin� � ky cos� )]
~H i = ~B � exp(i~k � ~X ) = ~B � exp [i (kx sin� � ky cos� )]

which illuminates the grating of Fig. 4.1 where~B = 1
�� 0

~k � ~A and
�
�
�~k

�
�
� = 2�

� . The

physical problem is to �nd the total �elds ~E and ~H at any point. It can be
shown that polarization of the incident radiation is preserved by the di�racted
radiation. Starting from Maxwell equations one can formulate a boundary value
problem for the magnitude of the di�racted �eld (in both polarizations), F, that
models1 the above physical problem

�
r 2F + + k2F + = 0 in R +

r 2F � + k2� 2F � = 0 in R � (4.1)

with the boundary conditions (on � )
�

F + (x; f (x)) + F i (x; f (x)) = F � (x; f (x)) TE mode
d

dN F + (x; f (x)) + d
dN F i (x; f (x)) = Cp

d
dN F � (x; f (x)) TM mode

(4.2)

1The derivation of the di�erential equation for the magnitude of the �eld for bot h polariza-
tion is given in [34] (see appendix A).
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Figure 4.1: Grating physical problem. � shows the boundary surface of two re-
gions R� (y < Ym) and R+ (y > YM). An incident plane wave upon
grating surface propagates along~k while ~kn describes the di�racted
nth order. The period of the function f(x) is equal to g = OG. The
grating shown here is called \blazed grating". The blaze angle is
denoted by� and the apex angle by� .

and F� satisfy a radiation condition2 when y ! 1 where

Cp =
�

1 P polarized
1

� 2 S polarized

Fi is the magnitude ofEi
z (for TE mode or P polarization) or Hi

z (for TM mode
or S polarization) and bN is the unit vector in the direction normal to the grating
surface and is pointing to the regionR+ . d

dN is the directional derivative in
the direction of bN or d

dN = bN � r . The boundary conditions of Eq. 4.2 are the
continuity equation for the transverse �eld components (Ez for the TE mode and
Hz for the TM mode). In [34] the solution of this boundary value problem is
discussed and an overview is given in appendix A.

4.2 Distribution of dispersed radiation in a grat-
ing setup

Solution of the boundary value problem of the previous section describes the
distribution of the dispersed light. A general solution is a superposition of eigen-
functions of Eq. 4.1 with boundary conditions of Eq. 4.2. Each eigenfunction is

2The integrated power over a large enough surface that surrounds the entire volumeunder
consideration is �nite.
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called a di�raction order. Each di�raction order carries a fraction of the incident
energy that is called e�ciency of that order. The propagation direction of an
order is given by the \grating equation" (see Eq. 4.3).

4.2.1 Grating equation

The well-known grating equation gives the angular distribution of thenth re
ected
order3 as (for a derivation see appendix A.1.3)

sin� n + sin � = n
�
g

(4.3)

One consequence of Eq. 4.3 is that wavelengths dispersed in di�erent orders,
n, propagate in the same direction if the productn� stays the same. Then
di�erent wavelengths are mixed up which makes any recorded spectra fakery.
This degeneracy problem will be discussed in more detail later in this chapter
taking into consideration the role of e�ciencies.

Dispersive power

Another aspect of Eq. 4.3 is the dispersive power. The quantity

d�
d� n

=
g
n

cos� n (4.4)

is called dispersive power. This indicates that the dispersed radiation is not
uniformly distributed over the de
ection angle � n : the larger � n the weaker the
dispersive power. In other words, shorter wavelengths are resolved with higher
resolution than longer ones. The presence of n in the denominator reveals the well
known rule that for wider range coverage the lower orders arebetter and when
higher resolution is required higher orders are more useful. Especially in the
application of the subject of this thesis, the �rst order is very bene�cial because
it maximizes the range of coverage. The presence of g in the numerator tells that
gratings with shorter groove period are less dispersive. This becomes important
when the spectra measured in di�erent stages of a multi-stage spectrometer should
be combined. When similar detectors are used to measure the intensities in
the entire dispersed radiation range4 a normalization is necessary that converts

3For transmission orders this equation has the form� sin � ( � )
n + sin � = n �

g .
4Either scanning spectrometer that uses one detector or multi-channel spectrometer that

has identical detectors with identical geometrical acceptance.
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the raw signal to intensity per bandwidth. It can be seen that forn = 1, this
normalization factor is

d� 1

d�
=

1
gcos� 1

4.2.2 E�ciency of di�erent orders

The e�ciency En in the nth di�racted order is de�ned as the ratio of di�racted
energy in this order to the energy incident on the grating. Inappendix A.1.3
an integral method for a perfect conductor, adapted from [34], is presented that
gives the relation betweenEn and the coe�cients of eigenfunctions of Eq. 4.1.

Simulation results for the e�ciency of di�erent orders

E�ciency curves of di�raction gratings are widely used in di� erent areas of physics
and can be found in literatures e.g. [35, 37]. A powerful commercial code that
can handle complicated problems of di�raction gratings is \GSolver" [38].
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Figure 4.2: E�ciency curve of a re
ectance blazed grating S-polarized incident
radiation. The e�ciency of the �rst order is larger than 50% when
�
g 2 [0:78; 1:31].



E�ciency of di�erent orders 27

In Fig. 4.2, an example of e�ciency curves is shown. This is forS-polarized
(electric �eld normal to the grooves) light incident on the grating with an angle of
20:5� to the grating normal. The horizontal axis is the wavelengthnormalized to
the pitch size (�= g). There are several important features as this parameter varies
over the range0:3 < �

g . For 0:3 < �
g < 0:78, many orders carry energy and if the

incident radiation contains these wavelengths they get dispersed to the entire
range of de
ection angles of Fig. 4.3. When0:8 < �

g < 1:3, most of the radiation
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Figure 4.3: De
ection angle for the most intensive orders of Fig. 4.2

goes to �rst order and only a little intensity leaks to zero-order. This window can
be used to record spectra if the spectral range contains wavelengths longer than
� = 0:78g. If �

g > 1:32 then radiation is sent to the zero-order direction, as if the
grating would be a mirror. In Fig. 4.4 the e�ciency curves areshown for both
S and P-polarized radiation. For P polarized light, the �rst-order window is not

at but more like a peak with a very narrow maximum. This shows clearly that
the S-polarized radiation is much better suited to resolve a wide spectral range.
If the radiation under study is not linearly polarized (like transition radiation), a
polarizer with known spectral behavior should be used (see appendix C).

Angular distribution as a function of wavelength

Equation 4.3 describes the propagation direction as a function of wavelength. At
�rst glance, one may conclude that the radiation distribution does not depend
on details of the grating surface shape. As long as Eq. 4.3 is concerned this is
true, but e�ciencies need to be considered as well. Dependingon the details of
the groove geometry, e�ciencies change and accordingly, unlike the prediction of
Eq. 4.3, there might be no intensity appearing in an order for some wavelengths.
The incident radiation shows up only in orders that have non-zero e�ciencies.
Therefore for a complete description of the energy distribution both the grating
equation and e�ciencies have to be considered.
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Figure 4.4: E�ciency curves of a re
ectance blazed grating.The results corre-
sponding to S and P-polarized incident radiations shown as solid and
dashed lines, respectively. Green, blue and black correspond tozero,
�rst and second orders, respectively. For S-polarized radiation the
�rst order e�ciency is larger than 50% when �

g 2 [0:75; 1:8].
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4.3 Design considerations for broad-band grat-
ing spectrometer

In the ordinary applications of the re
ectance gratings (e.g. monochromators),
a blaze-wavelength condition (Littrow mount5) is satis�ed to maximize the e�-
ciency by a proper selection of the angle of incidence on the grating (e.g. rotating
the grating to obtain the blaze wavelength condition for di�erent wavelengths).
When it is desired to resolve broad-band polychromatic radiation (like coherent
radiation of the electron bunches) in a single shot mode, the angle of incident on
the grating is �xed. This requires optimizations in terms ofa proper design of the
grooves and angle of incidence on the grating. In other words,the widest �rst-
order dispersive window with high e�ciency that exhibits minimum intensities
leaking into other orders is desired. The dispersed radiation into �rst order ex-
tends over a large angular spread and may, without a careful design, overlap with
the incident radiation. In addition, the optimized con�guration should provide
a sharp change from the dispersive window to the range of longer wavelengths
that propagate (with high e�ciency) to the specular re
ection. In order to use
the long wavelengths that are sent to the zero-order (the specular re
ection) in a
next stage this region has to be kept free from any other di�raction order.

Restriction on the angle of incident

In a non Littrow mount the dispersed radiation in �rst order may overlap with
the incident radiation. In Fig. 4.4 the angle of incident is optimized to achieve
the broadest high-e�ciency �rst-order dispersive range. The dispersed radiation
propagates in the direction� 1(� ) where 3� < � 1(� ) < 75� . This imposes on com-
plications in the design of collecting optics of the dispersed light when the incident
radiation is broad-band polychromatic (like the spectra of coherent radiation of
the electron bunches in a linac-driven FEL). An intuitive simple solution is to
orient the dispersed light out of the plane of incident radiation. This arises a
lot of complication with conical di�raction from the gratin gs. The solution is to
make a compromise between e�ciency and the angular spread of the dispersed
light. With the angle of incident � i = 19� the dispersed radiation spans the range
27� < � 1(� ) < 78� . The e�ciency curves are very close to those of Fig. 4.2. A
setup with � i = 57� has been used in the experimental veri�cation of e�ciency
curves at FELIX (see chapter 8).

5A �rst-order Littrow mount is when the �rst order dispersed radiation coincides wit h the
incident radiation ( � 1 = � � in Fig. 4.1).
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4.3.1 Staging of gratings to achieve broad-band coverage

The arguments of section 4.2.2 suggest a way to use the re
ectancegrating in
a non Littrow mount to do single shot spectroscopy of broad-band radiation.
Suppose the incident radiation is composed of wavelengths longer than � 0. If
the �rst order dispersive window starts at � 0 for a re
ectance grating with the
pitch size of g it resolves the spectra to a wavelength� 1 such that � 1 > � 0 (in
reference to Fig. 4.2, which is for an incident angle of� i = 20:5� on the grating,
� 0 = 0:78g and � 1 = 1:31g which results in � 1 = 1:65� 0). Then for wavelengths
longer than � 1 the entire, not yet resolved, radiation goes to zero-order where the
grating acts like a mirror. This re
ected radiation can be send to the next grating
with appropriate grating geometry to repeat the same process until the region of
interest is covered. A very important objective in the design of the grooves and
the layout arises in this context. The direction of the specular re
ection has to
be free of any di�racted order. This staging concept is shown inFig. 4.5.
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Figure 4.5: A multi-stage mount of re
ectance gratings. An incident radia-
tion (S-polarized) composed of wavelengths longer than� 0 illumi-
nates the grating G1 with a pitch sizeg1. The wavelength range
[0:78g1; 1:31g1] = [ � 0; � 1] is then dispersed to the �rst-order and radi-
ation composed of wavelengths longer than� 1 can be send to the next
grating G2 to repeat the same process. In the setup that is shown in
the sketch three stages are mounted.
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De�nition of a stage

The bandwidth that can be resolved by a single grating (either transmission or
re
ectance) is given by the speci�cations of the grating. Therefore it is reasonable
to de�ne for any grating setup the number of stages as the numberof gratings in
the optical path.

4.3.2 Design of the optimum grooves

As for the choices of the geometry of the grooves there are di�erent options:
rectangular (lamellar grating) , sinusoidal (holographic gratings) and triangular
(blazed grating). Lamellar gratings have low e�ciencies (the maximum �rst or-
der e�ciency is about 40%). Holographic gratings are not as e�cient as blazed
gratings and they are not easily available in the FIR range. Blazed gratings have
the highest e�ciencies and it is possible to rule them with groove sizes in the
range of a fraction of a micrometer to several millimeters. Thegeometry of the
grooves with a known groove length, g, can be distinguished by the blaze angle
� and apex angle� (see Fig. 4.1).

Selection of the blaze angle

In Fig. 4.6 the e�ciencies of the most intense orders for blazedgratings with
di�erent blaze angles are shown in a Littrow mount. The result for a non Littrow
mount (�xed angle of incident) is shown in Fig. 4.7. In both cases it can be seen
that the average �rst order e�ciency is maximum for � = 27� with a minimum
variation over �rst-order dispersive range.

How to orient the gratings

A simple failure that may happen during the mounting of a blazegrating is to
mix up the orientation of the grooves. A typical blazed grating may have several
hundred grooves per millimeter which makes it di�cult to see the grooves without
appropriate tools. With an apex angle of� = 90� , the grating with blaze angle
� can be used as a grating with blaze angle�2 � � . In Fig. 4.8 this circumstance
is simulated and it can clearly be seen that the orientation of the gratings plays
an important role.
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Figure 4.6: Optimization of dispersion versus blaze angle in a Littrow mount.
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Figure 4.8: How to orient the grating with respect to the incident radiation.

The role of apex angle

Another degree of freedom in the design of the triangular grooves is the apex angle
� . In Fig. 4.9 the e�ciency for three apex angles of80� ; 90� and 100� has been
calculated. The �rst-order curve that shows a 
at, high e�cien cy corresponds
to � = 90� .
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4.4 Transmission gratings

The simplest type of Transmission Grating (TG) is a piece of rectangular metal-
lic plane that has parallel slits of width a with a spacing of period g. In the
approximation of scalar di�raction theory, the intensity distribution for a set of
N parallel slits is given by

I /
�

sin(ua)
ua

sin(Nug)
sin(ug)

� 2

(4.5)

with u = kx
2R where k is the wavenumber, x is distance in the observation plane

from the origin in the direction perpendicular to the slits and R is distance from
the grating to the observation plane (Fig. 4.10, top). It can be seen from Eq. 4.5
by substitution g = 2a, i.e. the slit width equal to the metallic strip width, that
the di�raction pattern has only one strong component (�rst-order) in addition to
the intense central region of zero-order. For such a transmissiongrating the total
intensity that appears in the �rst-order (one of the two identical transmission
orders which are sketched in Fig. 4.10 bottom) is about 13% of the incident
radiation. The free spectral range6 seems to be very broad: it is limited towards
long wavelengths by the pitch size g and towards short wavelengths by the incident
beam spot size7. The grating equation Eq. 4.3 with� = 0 takes the simple shape
sin� n = n�

g for TGs.
For real TGs the ratios wavelength over pitch (�= g) and thickness over pitch
(h=g), determine the range of validity of the scalar theory results.For h

g > 0:2,
scalar theory results cannot be used.
In order to get some insight into the vector di�raction theory description of
transmission gratings the approach of previous section is applied to this problem
and two sample results are shown in Fig. 4.11, for a TG with pitch sizeg = 200 � m
and h

g = 0:05 and pitch sizeg = 100 � mand h
g = 0:1. It is evident that for thin

TG the suppression of higher orders is stronger and for gratings that can be
realized in practice8, the free spectral range is not very large.
Transmission gratings of the described type are very useful to resolve the part of

the radiation with relatively long wavelengths. When they are made thin enough
to suppress the higher orders, they are daintily re�ned and hardto incorporate

6Free spectral range is a continuous range of wavelengths over which there is onlya speci�ed
di�racted order.

7The zero-order spot has the same size as incident beam and shades the short wavelengths.
8One technique to fabricate such gratings is to cut, by a laser, slits out of a metallic sheet.

This has limitations in the achievable pitch size and thickness. The current values that have
been reached by the producer of these gratings aregmin = 100 � mand hmin = 10 � m.
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Figure 4.10: Transmission grating with strongly suppressed higherorders is ob-
tained with g = 2a. Bottom: Di�erent transmission ( Ti ; with i 2 Z)
and re
ection (Ri ; with i 2 Z) orders di�racted by a transmission
grating.
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Figure 4.11: E�ciency curves of transmission gratings with pitch size of
g = 200 � m, h

g = 0:05 (TG5) and g = 100 � m, h
g = 0:1 (TG10). h

is the thickness of the grating.

in a mount. For wavelengths shorter than 15� mtechnical realization of TGs
becomes hardly feasible.



Chapter 5

Room Temperature IR Detectors

A detector is a device that provides an electrical output that is a measure of the
radiation intensity incident on the device. Depending on thetarget wavelength
range, the intensity level and type of spectroscopy, a suitable detector needs to
be chosen.

General requirements

As is described in section 1.2, the distance between successive bunches during rou-
tine operation at FLASH is as short as1 � s. The spacing between the bunches
will reduce to 200 ns for the European XFEL [39]. Therefore the entire method
of single shot detection should be as fast as1 � s for FLASH and have the poten-
tial to be reduced to200 ns for the XFEL.
The other important issue is the intensity level that should be detected by the
individual detectors of the grating spectrometer. Simulation results show that
the spectral range of the coherent radiation that correspondsto the spike in the
bunch pro�le is at wavelengths shorter than� 200 � m. For this spectral range the
minimum intensity level to be detected can be estimated. For a �xed geometrical
aperture of the detector, the signals at longer wavelengths are integrated over a
narrower frequency bandwidth (see Eq. 4.4). Consider an electron bunch with a
total charge of 1nC (with a normalized electron energy of
 = 1000). With the
assumption that 10% of the charge are con�ned in the spike of the asymmetric
bunch pro�le, the number of electrons that radiate coherently can be calculated.
For the single electron spectral density the value� 10� 7 eV

GHz can be used (see
Fig. 3.2). Then Eq. 3.3 can be used to calculate the radiation intensity by the
electron bunch at the source. For a wavelength of200 � m, Fig. 8.2 shows a trans-
mission of 80% for the THz beamline and Fig. D.1 a transmission of 70%of the
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diamond window. The polarizer blocks half of the intensity and the e�ciency
of the grating is about 80%. The other factor is the bandwidthover which the
geometrical aperture of the detector integrates. The angular spread of the de-
tector aperture is 2� or 35 mrad. From Eq. 4.4 with � = 200 � m, g = 127 � m,
� = 80� and � � = 35 mrad, the frequency bandwidth of�f = 6 GHzcan be ob-
tained. The �nal result for the minimum radiation intensity at the individual
detectors is� 8 nJ.
Other important requirements are: The detector unit needs to be an array of
detectors that are located close to each other along the path that is given by the
collecting optics. In order to avoid water absorption lines (see Fig. D.2) the entire
detector unit should be usable under vacuum condition of the level of � 10� 1mbar.
In the following sections the detection mechanism of some THz-radiation detec-
tors is discussed.

5.1 Pyroelectric detector

The pyroelectric e�ect

Among the crystals of noncentrosymmetrical structure there areten classes that
can exhibit spontaneous electric polarization1. In particular, if the temperature
of the crystal is changed, the dipole moment may also change andresult in an ex-
ternal electric �eld. For conductors, the mobile charge carriers rearrange quickly
such that there will be no external electric �eld. However if the crystal is an
insulator, stray charges will be attracted to and trapped on the surface until the
surface charge associated with the polarization is neutralized. This process is
not very quick and the relaxation time of the crystal is long enough to detect
the resulted external electric �eld. The coe�cient that relates the polarization
charge to the temperature change is called pyro-coe�cient.In other words, the
pyro-coe�cient is the rate of change of polarization with temperature at constant
stress. In general the pyro-coe�cient depends on the temperature but the changes
are about 0.5% per one degree of the changes at the equilibrium temperature [41]
and will be neglected in this thesis.
There are di�erent ways to use the pyroelectric e�ect for signal detection. One
way is to use the pyroelectric element to store the total chargeliberated by a
transient signal. In Fig. 5.1 a drawing of a pyroelectric sensor is shown. The
top black layer, which is used to make the detector more suitable to measure the

1These crystals are all piezoelectrics.
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Figure 5.1: The pyroelectric sensor is composed of several layers. 1- Black coating
material, for storing the incident energy. 2- Chromium layeracts as
one of the two electrodes. 3- The pyroelectric crystal 4- The metallic
electrode layer. Incident radiation heats the black layer and/or pyro-
electric crystal. The absorbed energy makes a temperature change
which produces the polarization charge due to pyroelectrice�ect.
Then the resultant electric �eld can be detected by means of a suitable
preampli�er.

total energy2, is followed by a thin metallic layer that acts as an electrode of the
capacitor. The next layer is the pyro-crystal which producesa polarization charge
dependent on the temperature change. The bottom layer is thesecond electrode
of the capacitor. The detector of Fig. 5.1 can be integrated in a circuit as demon-
strated in Fig. 5.2. The left part shows the pyro-sensor and the preampli�er, and
the equivalent circuit for the sensor and preampli�er in the right.

Figure 5.2: Equivalent circuit for pyroelectric detector and ampli�er input.

2A pyroelectric detector can be used as a movement detector. This is an example application
that it is not necessary to measure the total energy. The black layer (which is black only in
relatively short wavelengths close to visible) does not absorb all the radiation in far infrared.
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5.1.1 Pyroelectric detector characterization

In order to characterize the pyroelectric detector, both the thermal and electrical
circuits must be considered. When the responsive element absorbsan amount
of infrared radiation, its temperature rises, changing its surface charge. With
the appropriate external circuit, this change in surface charge leads to a signal
voltage.
For a given thickness of a pyroelectric crystal, electroded onboth sides, the non
absorbed part of primary incident radiation might be re
ected back into the crys-
tal when it reaches the metallic bottom electrode (etalon e�ect). This enhances
the absorbed intensity in the crystal and generates an additional wavelength de-
pendent resonance.

Thermal and electrical circuits

The change in temperature,�T , of the responsive element is related to its thermal
capacitance,CT , and its thermal conductance,C, by the following equation:

CT
d
dt

� T + C� T = � (5.1)

where � is the absorbed incident, infrared radiation power. The solution (absolute
value of the solution) of this equation for a harmonic�, is

j� Tj =
[1 + ! 2( CT

C )2]� 1=2

C
� (5.2)

where! is the angular frequency of �3. This analysis assumes that the radiation
is absorbed uniformly throughout the sample4. For a periodic incident infrared
radiation, Putley [43] has derived the voltage responsivity,R V , for a pyroelectric
detector in terms ofV, the preampli�er output voltage:

V =
�!A d� Re

C
[1 + ! 2� 2

T ]� 1=2[1 + ! 2� 2
e ]� 1=2 (5.3)

as
R V =

V
�

(5.4)

where � = pyro-coe�cient, Ad = sensitive area of the responsive crystal,Re =
equivalent input resistance of the detector-preampli�er circuit, Ce = equivalent

3The relation between the incident radiation power 	 and the absorbed power � is � = � 	,
where � is the e�ective emissivity of the sensor.

4If the heating is nonuniform, the responsive element can be split into layers ofdi�erent
temperature, then the average temperature change can be used in Eq. 5.2 [42].
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capacitance and� T = CT =C, � e = ReCe are thermal and electrical time constants,
respectively. When the incident infrared radiation is a shortpulse compared to the
repetition rate5, the periodic pulse formalism is not applicable and the solution
of the Eq. 5.1 for a short pulse of incident radiation has to be considered. In
references [44, 45] the pyroelectric response to single infrared laser pulse as a
function of time constants and the parameters of the signal is described. In
Fig. 5.2 the charge 
ow can be described by

Ce
dV
dt

+
V
Re

=
dQ
dt

(5.5)

and for voltage responseV

dV
dt

+
V
� e

=
Ad

Ce
�

dT
dt

(5.6)

For su�ciently small loads 6, � e � � T, the solution of V(t ) with the boundary
conditions �(0) = V(0) = 0 is given by

V(t) = � exp(� t=� e)
Z t

0
exp(t

0
=�e)�( t

0
)dt

0
(5.7)

where � = �A d
CT Ce

is a constant for any sensor-ampli�er set. A typical radiation
pulse of coherent radiation produced by electron bunches is of the length of a
few picoseconds, therefore� e is much longer than the entire pulse duration. The
exponential term in Eq. 5.7 can then be replaced by 1,

V(t) = �
Rt

0 �( t
0
)dt

0

i.e. the response is rising as long as the signal persists. At the end of the signal,
V(t) reaches a peak valueVp = �

Rts

0 �( t
0
)dt

0
= �I abs, which is proportional to the

energy absorbed from the radiation pulse,I abs, and independent ofRe.

Pyroelectric resonances

In early usages of pyroelectric detectors, at most, a few discrete laser frequen-
cies were under study. Later, the increasing interest to study more frequencies

5When one electron bunch is kicked out of the train, with the repetition rate of 5 Hz for
the trains, the 200 ms time between successive shots is of the same order as� T = CT=C. This is
di�erent to an 1MHzoperation of the pyro-preampli�er where the thermal circuit cannot relax
as fast as1 � s.

6Any thermal e�ects occur on time scales many orders of magnitude slower than the electrical
signals.
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initiated the need to have these detectors calibrated over a wider range. Since
at least 2 decades the need to characterize pyroelectric detector, including their
resonances, has been realized [46]. The layers of a pyroelectric sensor are com-
posed of di�erent materials. The optical properties of these materials determine
the transmission and absorption of the radiation. In each interface between two
adjacent layers re
ection and transmission occur. For a multi-layer slabs of dif-
ferent materials one has to carry out careful simulations of total absorption and
transmission coe�cients [47, 48, 49]. The results of such calculations are strongly
dependent on the knowledge of the optical properties of the materials of the dif-
ferent layers and their thicknesses. For some of these layers which are evaporated
on the substrate one needs to know the optical properties of theevaporated type
of the material which normally happens to be di�erent than the normal material.
Unfortunately, these properties are not available over the whole range of inter-
est, making it more complicated to use the simulation results. In Fig. 5.3 the
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Figure 5.3: Dependency of the response voltage on the crystal thickness for a
LiTaO3 pyroelectric detector over the range 150 to 215� m7. Accord-
ing to the crystal speci�cations, its thickness in the directionof the
pyroelectric axis should be between95 to 100 � m. The experimental
result is shown as points; the blue, red and green curves are calculated
for crystal thickness of 95, 98 and 100� m, respectively. Calculations
for the etalon resonances are carried out in the same way as it is
described in references [46, 47] by O. Grimm.

result of a measurement for the responsivity of aLiTaO3 pyroelectric detector is
shown in comparison with the result of simulation. The three curves correspond
to simulation results for crystal thickness of 95, 98, 100� min the direction of

7The experimental result is from a DTGS pyroelectric detector calibration performed at
FELIX [50].
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pyroelectric axes. The best �t to the experimental result corresponds to98 � m
which is shown in red. The change of response voltage as a function of crystal
thickness is large and this means that experimental calibration is mandatory for
each individual detector.

5.2 Thermopneumatic detectors (The Golay-cell)

In this detection process, a material (e.g. aluminized cellulose with200 nmthick-
ness) that absorbs the infrared radiation is placed in a chamber�lled with a gas
(typically Xenon), see Fig. 5.4. A window (diamond) in one of the walls of the
chamber couples the incident radiation on the absorbing material. The irradiated
absorber heats up and by conduction heats the gas. The gas insidethe chamber
expands and distorts a 
exible mirror that is mounted as one ofthe walls of the
chamber. Finally a detection system composed of another detector and a source
of light, measures the degree of the distortion on the mirror. Golay [51, 52, 53]
has described the theory of operation for this type of detector. The physics of

Figure 5.4: Sketch of a Golay cell detector taken from [54]. Right: the entire
detector including the mechanism that measures the distortionon
the 
exible mirror; left: a zoom to the thermopneumatics detector is
seen.
1. Polished metal input cone to increase the radiation angularaccep-
tance 2. Input window 3. Absorbing �lm 4. Signal and compensation
channel 5. Sensitive mirror membrane 6.Vacuum chamber 7. Objec-
tive 8. Gas chamber 9. Grid 10. Double-lens system 11. LED 12.
Mirror 13. Grid 14. Photocell.

the Golay-cell detector suggests a 
at response as a function of wavelength. This
has been investigated and to a high extent, con�rmed experimentally. The 
at
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response function is a big advantage for such a room temperaturedetector and
makes it a reference detector. For the studies on the resonances of the responsiv-
ity of the other detectors one could use the Goaly-cell detector [46].
There are some disadvantages of the Golay-cell as a detector for the grating spec-
trometer. First of all, when the operation in vacuum is desired, this detector
is not robust. Secondly, the available detectors of the Golay-cell type are rela-
tively slow such that, for instance at FLASH, they can be used only tostudy
the macro-pulses8. Finally, the realization of an array of Golay-cell detectors, if
not impossible, is hard to achieve. For these reasons, Golay-cellis not considered
as the detector for the single shot grating spectrometer. A recent work on the
characterization of the Golay-cell detector can be found inreference [54].

8As it is mentioned in chapter 6 a Golay-cell detector can be used with the RMS device.
Using such con�guration of RMS, several studies including the comparison of CTR and CDR
have been made (see Fig. 8.12).



Chapter 6

Grating Spectrometer

In this chapter the technical layout of the grating spectrometers are described.
The principles that are applied here for the spectroscopy in the infrared spectral
range can easily be extended to other parts of the electromagnetic spectrum.
High-resolution one-stage spectrometers can be designed eithernarrow-band and
single-shot or wide-band but non single-shot.

6.1 Rotating mirror spectrometer

The distribution of dispersed radiation in a di�raction grating setup described in
chapter 4 suggests the design of the collecting optics that focuses this radiation
to the detection unit. A THz longitudinal diagnostics of electron bunches can be
realized by two types of spectrometers: scanning or single-shot spectrometers.
Figure 6.1 shows a schematic of the Rotating Mirror Spectrometer (RMS)1. An
o�-axis focusing mirror can be used to collect the dispersed components of the
light incident on the grating. To capture di�erent wavelengths, such a mirror,
oriented with its axis along the radial dispersed rays, has to bemoved along the
arc that is centered at the center of the illuminated region of the grating in the
optical plane. The angular extension of this arc should be large enough to cover
the entire range of the dispersed light. A detection unit can bemounted at the
focus of the rotating mirror to give a signal corresponding to the incident intensity
at di�erent angles (and corresponding wavelengths). An RMS is such a device
that has in addition the possibility to move, remotely controlled, the detection
unit on a three dimensional linear mover. A hexagonal rotation stage with six

1RMS with Re
ectance Blazed Gratings is shortly called RMS-RBG and similarly RMS with
Transmission Gratings is called RMS-TG.



46 Grating Spectrometer

Figure 6.1: Rotating mirror spectrometer; re
ectance blazed grating mount.
1- Holder for re
ectance gratings of six di�erent pitch sizes
2- 90� o�-axis parabolic mirror
3- Mover for Gratings holder
4- Detector sensor and cone
5- Detector box
6- Mover to adjust the focus on the sensor
7- Mover to rotate the detection unit along the arc
8- Mover to adjust the distance from mirror to the grating
9- Mover to move along the tangential to the arc

Figure 6.2: Rotating mirror spectrometer; transmission grating mount.
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grating holders is placed such that when the incident radiation illuminates the
grating the center of the spot on the grating is at the center ofthe circular path
of the arc. When six gratings of di�erent pitch sizes are placedon the holders it
is possible to cover about six octaves of the wavelength range (with each of the
gratings having a free spectral range of� 2).
The optimal focus of the incident radiation to the di�raction limited spot size is
wavelength dependent. In chapter 4 it was shown that for the designed re
ectance
grating setup and in �rst order, the interval [0:78� 0; 1:31� 0] where� 0 is the central
dispersed wavelength (see chapter 4), is the largest possible range that can be
resolved with a speci�c re
ectance grating. Simulations show that the wavelength
dependence of the focus over such a range is small enough to be compensated
with a cone that slightly enlarges the geometrical acceptance of the detection
unit 2. In order to cover an entirely di�erent wavelength range it is necessary to
change the grating. One of the movers of the RMS (the mover 6 inFig. 6.1)
is foreseen to have the possibility to change the distance from the mirror to the
detection unit. The other two directions in the set of detector movers are for the
tangential to the arc and the distance to the center of the spot on the grating
from the center of the mirror.
The detection unit can house either pyroelectric or Golay-cell detectors. This
gives the possibility to cross check detectors that work based onentirely di�erent
physics and, for instance, get some insight into the detector response. The signal
from the detector ampli�er goes directly to an ADC which is integrated in the
distributed read-out and control-system at FLASH [56]. A MATLAB control
script is used as an interface to act on the movers, and register the sampled
signal to a �le or produce online plots from the data.
The grating holders can be changed to use either transmission or re
ectance
gratings. In re
ectance grating mount, there are two hexagonal heads each with
six grating holders. One set of six gratings is to �lter the short wavelengths out
of the incident radiation and the second head, right at the center of the arc,
is used to disperse the radiation. In other words, when it is desired to resolve
wavelength range [0:78� 0; 1:31� 0] where � 0 is the central dispersed wavelength,
in the dispersive head one has to have a grating with a pitch size of about � 0

while the �lter head has to �lter shorter wavelengths using a grating of a pitch
size close to� 1 where1:31� 1

�= 0:78� 0 (see Fig. 4.2).
A head used in transmission mode can be equipped with a maximum of three
gratings, otherwise the dispersed radiation gets blocked (Fig.6.2). In practice
assembling a setup composed of heads and RMS, as well as its alignment and

2A calculation based on pure geometrical considerations results in a design criterion of an
optimal collecting cone (see appendix E)
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wavelength calibration needs a lot of e�ort. Figures 6.1 and6.2 show RMS-RBG
and RMS-TG, respectively. When the heads rotate, in additionto a changed
angle of incident, the position of the illuminated region on the gratings changes.
This additionally complicates the alignment of the entire spectrometer. A newer
version of RMS3 has linear movers that is a copy of the two stage single shot
spectrometer (see Fig. 6.13).

6.2 Prototypes of single shot spectrometer

The second type of spectrometer, the single shot spectrometer, can be realized by
putting several detectors at the focus of the mirrors which are oriented radially to
collect the dispersed radiation by the grating. In the following two devices that
use this concept are explained.

6.2.1 Eight-channel single shot spectrometer

The one-stage eight-channel single-shot spectrometer was the �rst device with
which the short wavelengths in the coherent transition radiation of the electron
bunches were measured. Figure 6.3 shows the layout of the device in left and

Figure 6.3: Eight-channel single-shot spectrometer; incident radiation in solid
red, dispersed to the �rst order in cyan, re
ected to the zero order
dashed red.

a photography of the device in the right. Coherent radiation(solid red ray)

3This version of RMS is going to be installed as a diagnostic tool at the infrared undulator
setup at FLASH [55].
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illuminates the re
ectance grating and the components of the dispersed radia-
tion (dashed cyan rays) are directed to the corresponding detection units. One
detection unit is also mounted to collect the re
ected radiation into the zero-
order (dashed red ray). The collecting optics is composed of eight 90� o�-axis
parabolic mirrors with one inch diameter. The axis of the parabolic curvature of
the paraboloids are parallel to the radially dispersed rays centered at the illumi-
nated part of the grating. The center of the circular curvature of the paraboloids
are at their corresponding detector sensor. In other words, moving along the
optical path, all the paraboloids are oriented \to focus". As the detector sensors,
pyroelectric X003 (see section 7.2) are used.

6.2.2 Four-channel multi-stage single-shot spectrometer

The concept of staging of re
ectance blazed gratings (see section 4.3.1) has been
realized in the four-channel multi-stage mount as shown in thephotograph of
Fig. 6.4. This device detects intensities at wavelengths that are quite far from
each other. The �rst three signals correspond approximately towavelengthsg1,
5
3g1 and 25

9 g1 whereg1 is the pitch size of the �rst grating and the next gratings
obey the staging criterion. The last channel gives a signal proportional to the in-
tegrated intensity over wavelengths longer than� 25

9 g1. This device can be used
to study the compression of the electron bunches, on a single shot basis and spec-
trally resolved, over a wide range. The resolved wavelengths in the eight-channel
single-stage device are much closer to each other compared to those of this multi-
stage device. This makes it possible to be sensitive to the structural changes that
correspond to di�erent parts of the broad-band spectrum. Thisis the conceptual
idea behind an Advanced Bunch Compression Monitor (ABCM) [26]. The clas-
sical bunch compression monitor based on coherent radiation is composed of a
detector, usually a pyroelectric, that detects the integrated di�raction radiation
produced by a screen target on the path of the electron bunches4. The signal of
such a detector is used to control the compression of the electronbunches and
used in a feedback loop to stabilize the phase of accelerating modules to some
desired degree of compression. Compared to the ordinary bunch compression
monitors that work based on the integrated signals, with a multi-channel spec-
trometer such as ABCM, it is possible to extract informations that are directly
related to the density of electrons in the spike. Sample measurement results using
an ABCM is shown in Fig. 8.16.

4The detector of this device is normally placed in air and the interface to the ultra high
vacuum is a thick crystalline-quartz window that cuts-o� the spectra for wavelengths shorter
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Figure 6.4: Four-channel multi-stage single-shot spectrometer. A polychromatic
radiation of wavelengths longer than� 0 incides upon the �rst grating
with pitch size g1. A 90� o�-axis parabolic mirror oriented radially to
the dispersed radiation with its axis, can be used to focus a selected
part of the dispersed radiation onto a detector. The re
ected zero-
order radiation by grating G1, can be send to the next grating with
appropriate pitch size to repeat a similar process. After several stages
(three stages in this case) the re
ected radiation can be focused on a
detector (detector 4 in the picture) to get a signal that corresponds
to the integrated intensity over relatively long wavelengths.
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6.3 Accessories

In chapter 4, it was assumed that the radiation that illuminates the grating is com-
posed of plane waves of the same polarization that propagate inthe same direc-
tion. Transition radiation is radially polarized, therefore polarizers are needed to
ful�ll the requirements on the polarization. Polarizers are available that could be
used over a wide range of the spectrum under study (see appendix C). The require-
ment on propagation direction is satis�ed by transition radiation (see Fig. 3.3).
The calculation results for e�ciency and distribution of dispersed radiation in a
grating setup can be used if all the components of the incoming radiation stay con-
vergent and do not assume the beam waist before the detector sensors. The THz
beamline CTR140 ful�lls this requirement by providing an optical path length of
� 2 minside the vacuum vessel at the end of the beamline before reaching the
waist (3 m after M4 in Fig. 8.1).

6.3.1 Preparatory optics

As part of the in-coupling optics to the spectrometer setup it might be required
to change the beam spot size that illuminates the grating, or itmay become
necessary to correct the propagation direction. This can be achieved by a combi-
nation of two focusing mirrors of appropriate focal length. In order to decrease
the beam spot size, such a combination has been used for both the four-channel
multi-stage and eight-channel one-stage single-shot spectrometers because the ge-
ometrical acceptance of the collecting mirrors were small.
The wavelength calibration relies on the precision under which the incident angle
on the gratings and the adjusted orientation of the collecting optics are known.
THz �lters and materials that have known transmission for THz radiation are a
good probe for wavelength calibration. Therefore a �lter wheel that could house
several such �lters has been considered as part of the preparatory optics (see
Fig. 6.13). In appendix B all the THz �lters that are used for this purpose are
listed and their transmission over THz range are shown.

Polarizers

The properties of re
ectance blazed gratings strongly depend on the polariza-
tion of the radiation as discussed in detail in chapter 4. The extraction of the
wavelength spectra is only possible if the properties of the grating are properly

than � 80� m.
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matched to the polarization. Wire grid polarizers are available over a very wide
range in infrared spectral region. In appendix C the transmission of two polar-
izations for two di�erent polarizers are shown.

6.3.2 Collecting optics

In order to minimizes e�ects like longitudinal and transversespherical aberrations
and defocus, it is necessary to minimize the blur spot5. There are analytical
expressions, applicable only to ordinary lenses, which estimate the blur spot size
for the given conditions. For these ordinary lenses, when the angular spread
of the incident radiation is large, numerical calculationsare indispensable. For
the design of an optimal lens with appropriate principle curvatures (that �ts to
speci�c requirements), even in geometrical optics approximation, only numerical
ray tracing can be used.
When polychromatic radiation illuminates a di�raction grating, depending on the
dispersive power of the grating and chromaticity of the radiation, there will be
a large angular extension of the dispersed light. From the argument above, and
the fact that coherent radiation of electron bunches is broad-band, it is evident
that the required lens for the collecting optics has to be designed using numerical
ray tracing.

Remarks on 3D ray tracing

If f (x; y; z) = 0 represents the surface of the mirror under study and~� is the
vector in the direction of an incident ray on this surface at point X 0 = ( x0; y0; z0)
(see Fig. 6.5), the vector in the direction of re
ected ray,~� 0, is given by

~� 0 = ~� � 2(~� � n̂)n̂ (6.1)

where n̂ =
~r f

j ~r f j . Given the propagation direction towards the mirror surface,

these relations can be used to �nd the intersection of the re
ected ray with the
image plane. Applying this to the parallel rays (which start atpoints distributed
over a reasonable spot size) incident upon the mirror, one can get the projection
of the beam spot re
ected by the mirror to an image plane or surface. This
procedure can be used for all propagation directions over a distribution which
is given, for instance, by the dispersed components in a gratingsetup. In the
following this method is applied to the special case of a paraboloid6 of E�ective

5Blur spot is the diameter of the best focused spot containing all of the geometrically traced
rays in the image.

6A parabola which is rotated about its axis makes the paraboloid.
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Focal Length (EFL) of �P whereP is the parent focal length and� is a measure
of the part of the parabolic surface which forms the mirror7. For the �P parabolic
mirror of Fig. 6.5 the surface is given by

x2 + ( y � �P )2 � 4P(z + P) = 0 with � r < x < r � r < y < r

Z
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X 2r
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Figure 6.5: A parabolic mirror and the coordinate system that is used for the
calculation of the re
ected rays. An �P parabolic mirror is a cylin-
drical cut from a paraboloid with center of the circle at coordinates
(0; �P; P ) measured from the vertex of the parabola, S. The dashed-
line parallel to the z-axis at S is the axis of the parabola. The vector
in the direction of incident ray on the surface of the parabolic mirror
is ~� and that of re
ected ray is ~� 0. X 0 = ( x0; y0; z0) is the intersection
point on the surface with the incident ray.

where r is the radius of the part of the paraboloid that makes the mirror. Sub-
stitution into 6.1 results in

~� 0 = ~� + ( x0; y0 � �P; � 2P) � Q with Q = � x0 � x +( y0 � �P )� y � 2P � z

2P (z0+2 P )

7A 90� o�-axis parabolic mirror is given by � = 2. In general, for a � � o�-axis parabolic
mirror in terms of � parameter, � = 90 + arctan � 2 � 4

4� .
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Consider the trivial case of the rays incident on a 90� o�-axis parabolic mirror
(� = 2) parallel to its axis. In terms of the notation of this section this means
~� = (0 ; 0; � 1) and it is easy to see~� 0 = ( x0Q; (y0 � 2P)Q; � 1 � 2PQ) with
Q = � 1

z0+2 P . The parametric equation for the re
ected ray is ~X (s) = ~X 0 + ~� 0s

where s is the line parameter. It can be seen that~X (y = 2P) = (0 ; 2P;0)
independent ofX 0. This shows that, for this trivial case, all rays get focused to
the focal point as it is expected.
In Fig. 6.6 the result of a simulation for rays that over a large angular spread incide
upon a paraboloid is shown. In the left plot, the angle to the z-axis is changed
between� 11� to 11� and ~� has an x-component equal to zero. The black points
show the intersection of the incident rays with the paraboloidseen from a view
perpendicular to the xz-plane. Each of the red points are theintersection of the
individual rays, re
ected by the mirror, with the observation plane y = 2P. The
projected spot size increases for increasing angle of incident.A sharp focus can
be found in the center but only when rays are parallel to the axis of the parabola.
On the right, an error of 5% of the maximum y-component is introduced as the
x-component, which makes the situation worse such that even thecentral angle
with no y-component does not form a point-like focus. In both cases the spot
size in the observation plane (y = 2P) increases as a function of the incident
angle. In Fig. 6.7 a view from a direction perpendicular to the yz-plane is shown.
The dispersive element resembles a source that generates wavelength-dependent
propagation direction. For each angle to the z-axis one color is used; red is
used for the largest angle (longest wavelength) and violet is used for the smallest
angle (shortest wavelength). For a transmission grating as the dispersive element,
there are identical di�raction orders in both sides of the central zero-order (see
section 4.4). In Fig. 6.7 a transmission grating is considered as the dispersive
element. Therefore rays with the same absolute angle to the z-axis are shown
with the same color8. For those rays that have negative angles to the z-axis, blur
spot happens in distances larger than the nominal focal length. The red rays
correspond to the largest blur spot; the violet rays have made the minimum blur
spot. For those rays that have positive angles to the z-axis, blurspot can be seen
at distances smaller than the nominal focal length. For this setof rays the blur
spot is very large and in order to avoid a fuzzy plot, only two angles to the z-axis
are shown. The blur spot locus is on a curved surface, which can beapproximated
by an inclined plane. The simulation result for an optimal inclined plane seen
from a view perpendicular to xz-plane is shown in Fig. 6.8. Thetransverse coma
has not improved and the minimum spot size is still huge for largeangles. The

8Nevertheless the optical properties that can be concluded are quite general and for a more
general case only the color code has to be changed.
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Figure 6.6: Ray tracing simulation result for rays in the direction o�-parallel to
the paraboloid axis incident on the paraboloid (for detailssee text).

Figure 6.7: View of rays moving in the yz-plane. Rays start at the source (which
is considered a dispersive element) with di�erent angles to thez-
axis. For each angle to the z-axis, a set of rays with the same color
are considered that start at di�erent points of the source. Red rays
correspond to the largest angle (longest wavelength) and violet rays
correspond to the smallest angle (shortest wavelength). For more
details see text.
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Figure 6.8: Same as the left picture of Fig. 6.6 but for an optimized inclined plane
of detection (see text for further explanation).

key consequence is that only for incident rays with angles very close to parallel to
the paraboloid axis, the point-like focus can be achieved. This leads to the design
of an appropriate mirror for the collecting optics of the grating spectrometer.

Ring-mirror

Consider a surface that has a parabolic principle curvature rotated about an axis
normal to the axis of the parabola which is in the distance equal to �P from
the central height of the �P parabola (The axis normal to the paraboloid axis
in Fig. 6.5). This produces an optimum surface, a \ring-mirror", to focus rays
that emerge from the source in radial directions. All components of the dispersed
light that propagate in the radial directions, when incide upon the ring-mirror
see an optimal \to focus" mirror. An ordinary paraboloid does not have this
property. The most important di�erence between a paraboloidand a ring-mirror
is that all rays that propagate parallel to the axis of a paraboloid get focused
to a point-like focus, and with non-zero angles to the axis of the paraboloid,
angle dependent strong aberrations are take place. A ring-mirror is the improved
extension of the multi-mirror collecting optics of the eight-channel single-shot
spectrometer9. The multi-mirror collecting optics has parabolic mirrorswhich

9Ring-mirror is not an exact extension of the collecting optics scheme of the eight-channel
spectrometer. For ring-mirror the circular curvature is centered at the center of thesource (see
Fig. 6.10), in multi-paraboloid scheme the circular curvature of individual mirrors are centered
at the corresponding detector sensor.
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are oriented along their axes parallel to the di�erent components of dispersed
rays. The acceptance of each unit is limited to the size of the single mirror of
the unit. With ring-mirror the entire dispersed radiation is collected and focused
on the detectors. Figures 6.9 and 6.10 show schematics of the ring-mirror. The

Figure 6.9: Perspective view to a stage of the spectrometer. Thewave-front of the
incident plane wave is shown in two spatial points along the direction
of propagation. The incident radiation is dispersed into its compo-
nents after it hits the re
ectance grating. These dispersed radiation
components propagate radially until they hit the ring-mirror. Ring-
mirror focuses these components to distinct point-like spots along an
arc which has a radius equal to the circular curvature of the ring-
mirror and is located in Z=2P plane.



58 Grating Spectrometer

blur spot of all the components, incident upon the ring-mirrorover very large
extensions of the angular spread (larger than50� ), is close to the detector sensor
size. The simulated properties of this mirror have been checked experimentally
using a large-spot laser pointer. Illuminating a grating of appropriate pitch size
with such a laser light, many spots of high enough intensity can beproduced (see
Fig. 4.2). When the illuminated part of the grating is located at the center of
the ring-mirror (see Fig. 6.10) such that the dispersed radiation lies in the plane
of the circular curvature of the ring-mirror, all the di�erent spots that represent
the dispersed wavelength components, get focused to a spot size smaller than the
detector sensor size (see Fig. 6.11). These spots are located on theplane parallel
to the optical plane and�P apart from the mirror on a circular path. For � = 2
the radius of the foci is equal to the radius of the ring-mirror.
In the ring-mirror mount of Fig. 6.12 it is possible to adjust thedistance which

Figure 6.10: Top view to a collecting optics based on the ring-mirror. Red dashed
arrow shows the polychromatic radiation incident on the grating,
other arrows show the components that are dispersed by the grating
and illuminate the ring-mirror thereby focused to spots (in white
color) at the center which in fact are located in Z=2P plane.

resembles the focal length. The drawing shown in Fig. 6.12 is the unit used in
the single shot spectrometers of the next section.
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Figure 6.11: Di�raction limited focus and ring-mirror limi ted focus. The diam-
eter of the central Airy disk is calculated as the di�raction limited
focus with the incident beam spot size of 25 mm and focal length
of 250 mm. The ring-mirror limited focus is plotted in terms of the
focused spot size that can be achieved when rays are traced origi-
nated from the entire incident beam size of 25 mm. In other words,
the ring-mirror is not a perfect lens for wavelengths shorterthan
� 130 � mbut focuses the entire dispersed radiation to a size smaller
than the detector sensor size. For longer wavelengths the focusis
di�raction limited and the ring-mirror acts as a perfect lens.

Figure 6.12: Collecting optics unit as it is used in one stage ofthe single-shot
spectrometer.
1- Ring-mirror
2- Collecting cones
3- Standard 
at mirror holders
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6.4 Spectrometers based on integrated
collecting optics and detectors

In this section the �nal versions of the single shot spectrometer are described.
The development of an integrated 30-channel pyroelectric detector unit made it
possible to realize the single shot spectrometer [57].
In the �rst series of experiments only one stage, based on the unitwhich is
shown in Fig. 6.12, was used. The 30-channel electronic circuit with pyroelectric
detectors was located under the exit part of the cones that can be seen in Fig. 6.12
along the arc at the focus of the ring-mirror.
The pyroelectric sensorsX 009 (see section 7.2) were used for the one-stage setup.
In the two-stage setup, the stage for the shorter wavelengths wasequipped with
a re
ectance grating and the sensor typeX 003 (see section 7.2). For the stage
with transmission gratings, the sensor typeX 009 was used. In one-stage mount,
both options, the transmission and re
ectance blazed gratings, were used with
and without �lter heads. A polarizer of the type G30, which is described in
appendix C, was used when the two stage device was mounted.
Figure 6.13 shows the two-stage single-shot spectrometer. The incident radiation

(red line) enters the spectrometer setup from the THz beamline (CTR140) on the
left. The remote controlled �lter wheel has six �lter holderswhich can be used to
introduce di�erent band-pass or low-pass �lters as described in appendix B. These
THz �lters provide a tool for wavelength calibration of the spectrometer. The
next element in the optical path is the polarizer G30 (see appendix C). After the
polarizer there is an out-coupling mirror that can be moved into the light path to
focus it onto an infrared pyro-camera. This device can be usedto record, in single
shot, the transverse pro�le of the radiation (see Fig. 8.5). Whenthe parabolic
mirror is out, the beam illuminates one of the re
ectance blazed gratings which
are housed on a vertical mover. The dispersed radiation (blue lines) propagate
towards the detection unit, which is shown in Fig. 6.12, equipped with detector
sensors X003 (see section 7.2). The zero-order radiation of the re
ectance blazed
grating incides upon the next grating which is one of the transmission gratings
that are housed on a vertically movable linear stage. Both the zero-order and
�rst-order dispersed radiations of the transmission grating propagate towards the
second detector unit (again of the same type as Fig. 6.12) whichwas equipped
with detector sensors X009 (see section 7.2).
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Figure 6.13: Two stage single shot spectrometer.
1- THz-�lters (remote controlled)
2- Polarizer (remote controlled)
3- Re
ectance grating stage (for the short wavelength range)
4- Transmission grating stage (for the longer wavelength range)
5- Re
ectance gratings holder and remote controlled mover
6- Transmission gratings holder and remote controlled mover
7- Pyro-camera
8- Parabolic mirror and its linear mover



Chapter 7

Experimental Setups and
Measurements at FELIX

In order to perform experiments on calibration of the pyroelectric detectors and
the characterization of the re
ectance gratings, several setups have been mounted
at FELIX [58], where infrared FEL radiation in the wavelength range 5 to 220� m
was provided for these experiments.

7.1 FEL radiation at FELIX

In the right hand side of Fig. 7.1 the time structure of the FEL radiation pulses at
FELIX is shown. The width of a micropulse is in the range of a few picoseconds

Figure 7.1: Right: Radiation pulse time structure at FELIX. Left: The
macropulse intensity development for80 � m wavelength (Courtesy
FELIX [58]).



Pyroelectric detectors calibration 63

and the spacing of the micropulses are either 1 ns (1 GHz mode) or 40 ns (25 MHz
mode). The micropulses form a train (the macropulse) with a duration of up
to 15 � s. The macropulses are repeated every few 100 ms, with a maximum
repetition rate of 10 Hz. In the left side of Fig. 7.1 the macropulse intensity
development for80 � mwavelength is shown (the micropulses cannot be seen in
this �gure, due to the bandwidth of the detector used). The �rst few � s of the
macropulse are needed for the radiation intensity to build up from noise toward
saturation. This typically takes 3 � 4 � s. A saturated output is available during
the subsequent part of the macropulse (5 � s). The electron pulse ends at9 � s
in this example and the laser power drops to zero. Variation ofthe macropulse
duration and/or its repetition frequency can be done by adjustment of timing
devices. The energy per macropulse is in the level of few tens ofmJ (see Fig. 7.4)
which is several orders of magnitude higher than the level at which thin crystal
pyroelectric detectors would saturate. Therefore, su�cientattenuation had to be
used when radiation was focused on the pyroelectric detectors.

7.2 Pyroelectric detectors calibration

Figure 7.2 shows the experimental setup. The entire setup was under vacuum
in the level of � 10� 3 mbar. In table 7.1 the speci�cations of the pyroelectric
detectors are listed. The joule-meter is a pyroelectric detector with thick crystal
that makes the absorption almost independent of the wavelength (type J50LP,
low pro�le joule-meter; MOLECTRON). A focusing mirror is mounted on a re-
motely movable stage where it can reach the optimum focus for the individual
detectors and the joule-meter. A pyroelectric camera (SPIRICON Pyrocam III)
was also mounted in the setup to be calibrated in the same way. Thepyroelectric
detectors are all followed by the same type of ampli�ers1 and their sensors are
given in table 7.1. None of the detectors in the setup of Fig. 7.2is faster than 250
kHz, they sample the macropulse over �rst4 � s after the trigger signal, while the
joule-meter samples the entire macropulse. The measurement procedure was as
follows. The FEL radiation was focused on one of the detectors or joule-meter by
adjusting the remotely controlled focusing mirror. In each case the attenuation
level was set such that the signal was not saturating within the scan range. A
LabVIEW program and GPIB readout was sampling the spectrum of the signals
on an oscilloscope and recording the data on the local disk. During the scan and
for each wavelength, eight shots were sampled and the average over these eight

1CR-110 is a charge sensitive ampli�er and CR-200 is a Gaussian shaper. Speci�cation of
these two ampli�ers are given at [59].
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X003

Focusing
mirror 
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Infrared FEL
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Pyrocam
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Figure 7.2: Experimental setup for the detector calibrationat FELIX.

Table 7.1: Speci�cations of the pyroelectric detectors

Detector Pyro-crystal Black Ampli�er
type,thickness (� m) coated integrator, shaper

LIE-301-X003 LiTaO3, 25
p

CR-110, CR-200
LIE-301-X004 LiTaO3, 25 { CR-110, CR-200
LIE-301-X006 LiTaO3, 75

p
CR-110, CR-200

LIE-301-X009 LiTaO3, 25
p

CR-110, CR-200



Pyroelectric detectors calibration 65

signals used to calculate the response. Taking into account the attenuations that
were used in the corresponding scan, the measured spectrum for each detector
has been normalized to the corresponding joule-meter spectrum, resulting in a
response function that di�ers only by a constant factor with respect to the abso-
lute calibration. This factor can be determined in one (or even better, in a few
wavelengths) wavelength by reading the energy on the calibrated joule-meter2.
In Fig. 7.3 the results for four pyroelectric detectors are shown. Infrared-FEL
radiation was provided in three runs in the wavelength rangeof 35 to 65� m, 65
to 85 � mand 85 to 135� m, respectively. The results of these runs in the region
where they overlap are in good agreement.
In Fig. 7.5 the results of the calibration measurement in the short wavelengths
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Figure 7.3: Top: Comparison of the response of di�erent detectors to the same
FEL radiation intensity. Bottom: The plots in the top picture are nor-
malized to the maximum response for each detector. At wavelengths
� 87; 97 and 115� mthere are resonance responses for detectors X003
and X004. The di�erence of these standard sensors with the other
two specially designed sensors is in the design of their multi-layer
slabs (see Fig. 5.1) and is discussed in [48, 49].

2The basis of this is on the presumed 
at response of the thick black-coated pyroelectric
detector of the joule-meter.
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Figure 7.4: The absolute macro-pulse energy of the FEL radiation at FELIX
measured with a MOLECTRON joule-meter (type J50LP, low pro�le
joule-meter) which has a thick pyroelectric detector as thesensor and
accordingly no etalon resonances were expected.

range, which are covered by three di�erent settings of FELIX, are shown. In
these plots the normalization is made to the detector X003. Thereason for this
is that the joule-meter scan has been found to be not useful for normalization due
to an unknown wavelength dependent attenuation3. Unfortunately in this range
below 35 � m, which is very critical for the bunch pro�le determination, detectors
are not calibrated. The relative behavior can be understood from Fig. 7.5. The
clear �nding is that the X009 detector is not appropriate for short wavelengths.
This result is in agreement with the fact that at FLASH, measuringshort wave-
lengths CTR of kicked bunches with the detector X009 shows signals that are
much weaker than those measured with X003. For this reason the detector X003
has been installed on the �rst stage of the two-stage single-shot spectrometer.
Theoretical computation of the relative response, taking into consideration the
resonance absorption of infrared radiation in a pyroelectriccrystal has been de-
scribed in [47]. In Fig. 7.6 a comparison between the theoretical calculation
(carried out by B. Schmidt [48, 49]) and measurement is shown. The vertical line
at � 44 � mis the transition point of the two spectra measured by the two stages
of the spectrometer shown in Fig. 6.13. The conclusion is that the theoretical de-
scription is in qualitative agreement, in terms of the wavelengths of spikes in the
spectrum, with the measurement over the range where experimental data exist.
Therefore, for the short wavelengths where there are no reliable measurements

3In fact, for the short wavelengths an attenuator appropriate for the wavelengths in the
range of5 to 35 � mhas been installed but unfortunately the device was not installed properly
(missing long damping tubes in Fig. 7.2) resulting in non-damped di�racted waves that were
going toward the setup and making the read-out useless.
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Figure 7.5: The response function of detectors X004, X006 and X009normalized
to the X003 response.
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Figure 7.6: Comparison between theoretical calculation forthe detector response
and measurements. The theoretical computation which is carried out
by B. Schmidt [48, 49] cannot take into account the role of theblack
coating due to the non-available optical properties of the material [47].
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the theoretical calculations is used to deduce the detector response. In Fig. 7.7
the absolute response of the detector assembly of the two stage spectrometer is
shown.
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Figure 7.7: Absolute response of the detector assembly of the two-stage spec-
trometer.

The same method as it was described for the pyroelectric detectors calibration
was used for a SPIRICON pyroelectric camera calibration. Thelower overall
responsivity of this camera required much less attenuation from the unit inside
the setup. Therefore the data collected over short wavelengths should su�er less
from the uncertainties on the wavelength dependent attenuation in comparison
to the pyroelectric detectors data. In Fig. 7.8 the measured response function is
shown. Response is given in terms of counts which are read over anellipse that
surrounded the area of the illuminated pixels, therefore thisresponse function
assumes a linear behavior of the pixels as a function of deposited energy.
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Figure 7.8: Response of the SPIRICON Pyrocam III to the infrared short pulses.
The vertical axis is in terms of counts which can be read by using the
LBA-PC software that was provided by the company.
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7.3 Experimental results on
re
ectance grating characterization

In order to check the predictions for e�ciencies and distribution of dispersed
radiation in a grating spectrometer set-up, the experiments described in this
section have been performed. The experimental setup is sketched in Fig. 7.9.

Figure 7.9: Experimental set-up for grating e�ciency measurement at FELIX.

The angle of incidence on the gratings has been chosen to be57� (angle to the
grating normal, see Fig. 4.4). The simulation showed that this angle gives the
widest and most e�cient dispersion in a non-Littrow mount. The re
ectance
grating was selected from one of the gratings with a pitch size of g1 = 127 � m
or g2 = 50 � mdependent on the experiment. Two identical90� o�-axis parabolic
mirrors (2 inches diameter) were used as the collecting optics, one in the zero-order
(re
ection for the mirror) and one in the �rst order. In Fig. 7. 10 the combined
result of six independent measurements are shown. Several measurements were
conducted in air and several in vacuum. In each experiment �rsta gold plated
mirror has been installed instead of the re
ectance grating tosend the attenuated
FEL radiation to the same path as it would go if the gratings were installed. Then
the intensity as a function of FEL wavelength was measured. In the next step,
by putting in either a grating with a pitch size of g1 = 127 � mor g2 = 50 � m, the
intensity of the re
ected light, which is the di�racted zero-order, was recorded.
The ratio of the two recorded spectra, one with a grating and one with the mirror,
gives the zero-order e�ciency of the grating. In general, the e�ciency of the
grooves is larger than zero-order e�ciency of the grating4. Six measurements were
performed independently with di�erent gratings and various FEL wavelengths
such that for several ranges of the normalized wavelength (see Fig. 7.10), the
e�ciency values were measured more than once (by di�erent gratings, G1 with
g1 = 127 � mand G2 with g2 = 50 � m, and/or di�erent absolute wavelengths).

4For far-infrared this di�erence is negligible because of high re
ection coe�cient.
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They are in agreement with the solid red curve which is the theoretical prediction.
In order to check the prediction for the angular distributionof �rst-order dispersed
light, for several wavelengths of the FEL, the arm that was housing the detection
system (pyroelectric detector), was moved over the entire possible angular range.
At angles close to the value that is given by Eq. 4.3 there were signals, for which
the peak signal corresponded to the actual FEL wavelength. Theintegral of the
intensity over the range of �rst-order dispersed light turned out to be more than
three times stronger than the re
ected intensity to the zero-order.

Figure 7.10: Experimental veri�cation of e�ciency calculation for a re
ectance
grating mount. Theoretical calculation is in agreement with the
measurements. In particular, the expected sharp change at about
�
g � 1:7 can be seen in two measurements (runs 4 and 6) which cover
a range of normalized wavelength that includes�g � 1:7.
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Experimental Setups and
Measurements at FLASH

8.1 THz coherent transition radiation
source at FLASH

In order to facilitate longitudinal bunch diagnostics based on coherent transition
radiation (CTR), a THz beam-line, shown in Fig. 8.1 has been designed [40]. It
guides the CTR from the accelerator tunnel over a distance of 18 m to an ex-
perimental hut. An ultrahigh vacuum chamber, housing several transition and
di�raction radiation screens (the left sketch in Fig. 8.1), islocated between the
last acceleration module and the collimator section upstream the undulator. The
radiation is coupled out from the UHV chamber of the linac through a 0.5 mm
thick diamond window (see Fig. D.1) and is transported by an optical system
consisting of four focusing and four plane mirrors to the experiment (the right
hand sketch in Fig. 8.1). The THz beam is transported in a tube of 190 mm in-
ner diameter which is evacuated (air pressure< 0:1 mbar) to avoid absorption in
humid air (for water absorption lines see Fig. D.2). The computed THz transmis-
sion using \THz-Transport" as the simulation toolbox (see next part), is plotted
in Fig. 8.2 as a function of wavelength. The acceptance of theTHz beam-line
is small for wavelengths longer than800 � mdue to di�raction e�ects, and rises
steeply with decreasing wavelength to a plateau, which is practically constant
for wavelengths shorter than300 � m. Around 3-5� mthe diamond window has an
absorption band (see Fig. D.1).
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Figure 8.1: Left: Transition and di�raction radiation screens of CTR140 beam-
line. The red spots show the nominal electron orbit with respectto
the inserted screen. The blue spot on the o�-axis screen shows where
a kicked bunch hits the screen. Right: THz Beamline (CTR140)
lattice. It is a re
ective optics lattice that transports the THz transi-
tion or di�raction radiation of the electron bunches e�ciently to the
experimental hut.
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Figure 8.2: Computed geometrical transmission of the THz beamline using \THz-
Transport".
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\THz-Transport" as simulation tool-box

\THz-Transport" 1 generates the transition radiation from a single electron for
a speci�ed radiator-screen geometry and frequency. It can propagate all kinds
of radiations, including transition radiation, to optical elements using Fourier
transformation optics. Optical elements which can be described include parabolic,
elliptical, toroidal, spherical and 
at mirrors and windows of di�erent materials.
The code provides the complex electric �eld amplitude at anyplane perpendicular
to the optical axis and allows simulating complex optical beam-lines with respect
to transmission functions or propagation of THz pulses. It is written as a set of
Mathematica routines and is able to handle frequencies in the range of a few GHz
up to about 10 THz.

8.1.1 Simulation results using \THz-Transport" and
comparison with the experiments

An example of the application of \THz-Transport" is the design ofthe THz
beam-line at FLASH. In the following, a simulation is presented to demonstrate
the current understanding of the generation and transport of CTR. For a single
electron that hits on a screen and generates transition radiation, the simulation
result for the transverse pro�le is shown in Fig. 8.3. The view point is 1.5 m
after M4 in Fig. 8.1 and the calculation is done for the horizontal polarization
at a wavelength of50 � m. The coherent transition radiation of electron bunches
is broad-band and using THz band-pass �lters a band-width can beselected. In
order to get only one polarization the polarizer G30 of appendix C may be used.
A band-width centered at 50 � mof the horizontally polarized radiation is used
to measure the transverse pro�le, Fig. 8.4. The simulated and measured pro�les
should show the same pattern. The product of the values of the form factor (see
Eq. 3.3), transmission of the beam-line plus the THz �lter and polarizer, and
the detector response at50 � mgives the scaling factor for the two pro�les. The
computed pro�le shown in Fig. 8.3 and the measured pro�le of Fig. 8.4 show a
qualitative agreement. The measured pro�le has not been donesingle shot and
possible machine changes are imprinted there. For a �ltered CTR at a wavelength
of � 80 � ma single shot measurement result is shown in the right side of Fig. 8.5
which is made using SPIRICON PyroCamIII (see section 7.2) located at the focus
of a paraboloid at the end of CTR140 beam-line (see Fig. 6.13).The computed
transverse pro�le shown on the left of Fig. 8.5 is in qualitativeagreement with

1 \THz-Transport" is a program package in Mathematica written by B. Schmidt [60].
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Figure 8.3: Simulated transverse pro�le of the 50� mwavelength component of
CTR.
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Figure 8.4: Measured transverse beam pro�le of CTR 50�m wavelength compo-
nent.
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Figure 8.5: Right: The measured transverse pro�le at a wavelength of � 80 � m.
Left: The computed transverse pro�le.

the measured pro�le.
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8.2 Sample experiments with rotating mirror
spectrometer

8.2.1 First spectra in air and crystalline quartz window

The light path in the THz beamline CTR140 is entirely in vacuum(� 10� 1 mbar).
At the exit port of this beamline in the experimental hut a vacuum vessel is placed.
During the time between end of beamline commissioning and the arrival of the
vessel all experiments had to be done in short distance of air. A crystalline-
quartz window was the interface of the beamline to the air andthe length in
air, dependent on the setup, normally was close to 1.5 m. At a later time a
LDPE2 window also became available3. Figure 8.6 is a sample spectrum taken
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Figure 8.6: A sample spectrum (from a kicked bunch on o�-axis screen) taken
with transmission grating with pitch size of g=400� min 1.5 m path
in air after CTR140 exit port. The interface of THz beamline tothe
air was crystalline-quartz window of 4 mm thickness. The intensities
versus the part of the x axis below 50� mdo actually not correspond
to wavelength contributions below 50� mbut show up as the tail of
the zero-order radiation.

using rotating mirror spectrometer with transmission grating (RMS-TG). The
pitch size of the grating isg = 400 � m. The source is transition radiation of a
kicked bunch on o�-axis screen. This spectrum is neither corrected for geometrical
acceptance factorgcos� 1 nor for grating e�ciency. Structures are mostly either
water absorption lines or pyroelectric detector resonances. The transmission of
the crystalline-quartz, adapted from reference [69], is shown in Fig. D.1. At

2Low Density PolyEthylene
3The transmission of several materials including those that are used in the measurements of

this chapter over infrared range are given in appendix D.
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about 80 � m, the crystalline-quartz window has a short wavelength cut-o�and
there is a drop in intensity in Fig. 8.6. According to Fig. D.1 there are small
intensities leaking in down to 50� mwhich can be seen in Fig. 8.6 too. Intensities
in the range below50 � m(which is not anymore labeled with the same wavelength
scale) is just the non-dispersed zero-order polychromatic radiation (with 4 mm
thick crystalline-quartz window there is no transmission below50 � m).
In order to check the wavelength calibration, THz �lters wereinserted in the path
of the incoming radiation. The 155� mband-pass �lter4 is inserted in the path
of the radiation in the conditions similar to Fig. 8.6 and the result is shown in
Fig. 8.7. The correction of the small discrepancies can be doneby setting the
angles in the readout code. In this way the precise angle of incidence of the
radiation on the grating is determined.
A sample for longer wavelengths spectra which is recorded in the same conditions
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Figure 8.7: Sample wavelength calibration check (with 155� mband-pass �lter).
The conditions for the measurement is the same as Fig. 8.6

as the previous spectra is shown in Fig. 8.8. The structures thatare in the range
of the previous spectrum (Fig. 8.6) look very much the same.
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Figure 8.8: Long wavelength sample spectrum. The conditions for the measure-
ment are the same as in Fig.8.6.

4Transmission of this �lter, which was measured at BESSY, is shown in appendix B.
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8.2.2 Spectra in air with LDPE window

The short wavelength cut-o� can be pushed to shorter wavelengths if the crystalline-
quartz is replaced by LDPE. The spectra of Fig. 8.9 and the bluecurve in Fig. 8.10
are taken in such a condition. The structures in Fig. 8.9 are dominantly water-
absorption. The cut-o� at about 14 � mof the blue curve in Fig. 8.10 is due to
LDPE transmission (see Fig. D.1).
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Figure 8.9: A spectrum taken with re
ectance blazed grating with a pitch size of
g = 40 � min 1.5 m of air after CTR140 exit port from kicked bunch
on o�-axis screen. The interface to air is a LDPE window of 2 mm
thickness.

8.2.3 Spectra in full vacuum and diamond window
condition

This part contains the sample spectra recorded by a full in-vacuum setup. The
red curve in Fig. 8.10 shows the spectra recorded using a re
ectance blazed grat-
ing of the pitch sizeg � 13� m, and the blue curve is in the same conditions but
in air with LDPE window. The valley at about 14 � mdue to LDPE transmission
disappears with a path that is fully in vacuum as it is shown in the red curve.
This is also an indirect way to check the wavelength calibration of the spectrom-
eter (see also Fig. D.1).
The next example (Fig. 8.11) is the extreme short wavelength range and it is a
combined spectra recorded with RMS in vacuum using gratings ofthe pitch sizes
g1 � 6:5 � m, g2 � 4 � mand g3 � 3 � m. The steep drop in the intensity near 5� m
is due to the transmission of the diamond window (Fig. D.1).
Using the RMS spectrometer with two heads, one for �ltering and one as dis-
perser, the spectra of the electron bunches subjected to transition radiation are
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Figure 8.10: Comparison of spectra taken with LDPE as the interface to air, in
blue, and a spectrum in full vacuum condition with diamond window
(which is always there, see the �rst element in the CTR140 beam-line
in Fig. 8.1), in red.
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possibly recorded in di�erent conditions of the machine. In principle, it is possi-
ble to deconvolute the detector response function, gratings e�ciencies and bunch
charge dependence of the spectra and then, combining the spectra that are mea-
sured successively, the broad-band spectrum can be determined inan average
sense. In order to do such a broad-band measurement with RMS, the changes
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Figure 8.11: Combined spectra taken with re
ectance blazed gratings of di�erent
pitch sizes ofg1 � 6:5� m, g2 � 4� mand g3 � 3� m.

in the machine and their e�ect on the spectra should be considered. Despite
the fact that the reproducibility of the result in a qualitati ve sense is proved,
getting reasonable broad-band spectra requires to have the single shot spectrom-
eter. Machine 
uctuations are too large to expect an averagebehavior close to
the instantaneous spectra. This becomes evident when the result of single-shot
spectrometer are discussed.



Experimental investigation on CTR and CDR comparison 81

8.2.4 Experimental investigation on the comparison of CTR
and CDR

An experimental evidence of the suppression of short wavelengthsfor di�raction
radiation is shown in Fig. 8.12. The coherent di�raction radiation spectrum is
from an electron bunch having its centroid 6 mm away from the DR screen (the
o�-axis screen was inserted but no bunch was kicked onto it). The coherent
transition radiation spectrum is recorded when an electron bunch is kicked to
the o�-axis screen. Both spectra are measured in the same conditions of the
FLASH machine, THz beamline and the spectrometer. This shows, qualitatively,
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Figure 8.12: Coherent transition radiation (red) and coherent di�raction radia-
tion (blue) are measured. Golay-cell (see section 5.2) detector was
used with the RMS spectrometer in air. The electron beam centroid
was 6 mm distant from the edge of the di�raction radiator screen
when coherent di�raction radiation spectra was measured.

the strong suppression of generation of (see also Fig. 3.4) short wavelengths when
DR screen is used. In order to study the most interesting part of thespectrum
which is wavelength range well below200 � mTR has to be used.
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8.2.5 Detector response studies

Di�erent detectors including a Golay-cell, standard Infratec LiTaO3 pyroelectric
detector and the specially designedLiTaO3 pyroelectric detectors of di�erent types
(see section 7.2) can be mounted as detector in the RMS. Then theresponse func-
tion of these detectors can be studied. Figure 8.13 shows the etalon resonances
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Figure 8.13: Relative response function of two pyroelectric detectors: X003 and
X009.

of the standard pyroelectric detector, X003, relative to a specially designed one,
X009 (for more details see section 7.2). The ratio is measured using three dif-
ferent transmission gratings. For larger pitch sizes the resolution decreases. For
a poor resolution the resonance becomes less pronounced and partially averages
out.
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8.3 Sample experiments with the prototypes of
the single shot spectrometer

Experiments with eight-channel single-shot spectrometer

In Fig. 8.14 and Fig. 8.15 the raw spectra as they appear in the ADC channels
are shown. Each �gure shows a shot recorded when the grating withpitch size
of g = 40 � mwas inserted. Figure 8.14 is a shot recorded when one bunch was

Figure 8.14: Single-shot spectrum recorded by eight-channelsingle-shot spec-
trometer. Each individual ADC channel spectrum shows the output
of the integrating ampli�er that corresponds to the speci�c channel.
The horizontal axis is time and every� 13 units correspond to 1� s
(The toroid time scale is in� s and shows 30� s for thirty bunches).
This shot is taken when one bunch is kicked out of the train of many
bunches. In the middle plot of the third row a long tail is present
which is the contribution of the non-kicked bunches that passseveral
millimeters away from the screen and produce di�raction radiation.
This radiation is horizontally polarized and can be suppressedif a
polarizer is used.
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kicked out of a train of many bunches. For short wavelength channels there is
no contribution from non-kicked bunches, but in the last channel, where long
wavelengths are integrated, the contribution is clearly visible. Figure 8.15 is
a single bunch operation and there is no contribution of coherent di�raction
radiation in any of the channels. The pulse width for the signal that corresponds
to the kicked bunch is� 4 �s (The horizontal axis is time and every� 13 units
correspond to 1� s) due to the relatively long integration time of the detector
ampli�er. The shortest bunch spacing at FLASH is1 � s (1 MHz mode as was
the case for the measurements of Figures 8.14 and 8.15), thus a pulse width of
4 � s (or longer) potentially could limit the multi-bunch operation5. The more
interesting short wavelengths appear only when a kicked bunchon o�-axis screen
produces transition radiation. In this case the other bunchesare far enough from
the screen and do not contribute to the short wavelengths content.

Figure 8.15: Same as Fig. 8.14 but for a single bunch operationthat is kicked on
o�-axis screen.

5This applies, for instance, when coherent synchrotron radiation is used as the sourcewith
the present detector ampli�er (response pulse width 4� s) and if single bunch pro�le is desired.
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Elementary SASE correlation studies

The result of a sample measurement made using four-stage ABCM (see sec-
tion 6.2.2), is shown in Fig. 8.16. The o�-crest phase of the �rst accelerating
module has been varied over the range that is shown and for eachphase the
signals in di�erent channels of the ABCM and the SASE signal (fromanother
bunch in the train) were recorded. The signal at wavelengths longer than 90�m ,
which is equivalent to the ordinary pyroelectric BCM variesmonotonically, while
the signals that are in the wavelength range of20 � m, 40 � mand 75 � mexhibit a
peak. In fact the channel that corresponds to a wavelength of� 40 � mhas the
strongest correlation to the SASE signal because they both show a sharp peak at
the same phase.
In Figures 8.17 and 8.18 two correlation runs are shown. These plots are scatter
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Figure 8.16: Spectrally resolved bunch compression study and correlation to
SASE signal using ABCM (see section 6.2.2).

plots of many shots such that in each shot one bunch is kicked to the o�-axis
screen to record the spectra and another bunch is used to read itsSASE signal.
Wavelengths as short as32 � mare resolved. The last plot in each �gure is the
zero-order long wavelengths, which is in agreement with the BCM correlation
plot of Fig. 8.19. The correlation properties at short wavelengths are clearly dif-
ferent from those at longer wavelengths. In Fig. 8.20 another correlation plot
that was made using the four-channel multi-stage device is shown. Here, a weak
anti-correlation for very short wavelengths and correlation for intermediate wave-
lengths to the SASE signal can also be seen.
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Figure 8.17: SASE correlation to the coherent transition radiation spectra
recorded by eight-channel device. In each plot the verticalaxis is
the SASE energy and the horizontal axis is the intensity of CTR at
the wavelength which is mentioned.

Figure 8.18: SASE correlation to the coherent transition radiation spectra, in a
di�erent range of wavelengths than that of Fig. 8.17.
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Figure 8.19: SASE correlation to the integrated di�raction radiation signal of the
bunch compression monitor (�rst bunch compressor BC2).
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Figure 8.20: Four channel multi-stage device is used to study the correlation of
intensities in di�erent wavelengths of the coherent transition radia-
tion to the SASE signal.
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8.4 Experiments with a one-stage spectrometer

The experimental setup is composed of a one-stage spectrometer and two machine
heads (see section 6.1). Operating in single shot mode, CTR spectra for di�er-
ent accelerator settings were recorded. Figure 8.21 is a sample of the combined
results. These spectra were recorded in parallel to the FLASH machine user op-
eration at a SASE wavelength of 13.1 nm. Each color in the �gurecorresponds
to a di�erent grating with a speci�c pitch size to cover the range which is shown.
The plotted spectra are averaged over several hundreds of individual shots that
were recorded single shot.
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Figure 8.21: One-stage single-shot spectrometer used with re
ectance blazed
gratings of di�erent pitch sizes to record CTR spectra over a rel-
atively wide range. These spectra were recorded in parallel tothe
FLASH machine user operation at a SASE wavelength of 13.1 nm.

Bunch length

For a Gaussian bunch pro�le, which can be expressed by1p
�� t

exp(� t 2

� 2
t
), the

full-width at half maximum is given by FWHMt = 2
p

ln 2� t . The frequency do-
main form-factor is also a Gaussian given by 1p

2�
exp(� � 2

t ! 2

4 ). For the short
wavelengths, the single electron transition radiation spectrum can be considered
constant (see Fig. 3.4). Then, the wavelength domain coherentradiation spec-

trum will be proportional to
�

exp(� � 2
t � 2c2

� 2 )=�
� 2

. Di�erentiating the wavelength
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domain spectral intensity with respect to the wavelength, it can be seen that
� I = max = � cp

2
p

ln 2
FWHMt or

� I = max (�m ) = 0 :8 FWHM t (fs ) (8.1)

In Fig. 8.21 the combined spectrum peaks at about� 21 � mand accordingly
corresponds to a� 25 fs FWHM of the peak in time domain pro�le.

The next sample study that is made using the one-stage spectrometer is the
bunch pro�le di�erences along the train when di�erent bunches of the train are
kicked to the o�-axis screen to record their CTR spectra. In Fig. 8.22 the mea-
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Figure 8.22: Di�erences in the CTR spectra of di�erent bunches along the bunch
train. Top and bottom plots are spectra (averaged over severalhun-
dreds single shots) using transmission gratings with the pitch sizes
of g = 200 � mand g = 100 � m, respectively.

sured spectra of seven successive bunches are shown. In the upper plot a trans-
mission grating with a pitch size ofg = 200 � mwas used and for the lower plot
g = 100 � m. These spectra are corrected for their corresponding bunch charge
and, therefore, the relative intensities are directly related to the bunch pro�le
di�erences. The peak of the spectra occurs at the same wavelength and accord-
ing to Eq. 8.1 this means that all bunches have the sameFWHMt in the time
domain. The di�erent intensities at the wavelength of the peak can translate to
the di�erent peak current of the electron bunches.
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8.5 Experiments with the two-stage
spectrometer

8.5.1 Spectra as a function of machine parameters

The bunch compression scheme that is implemented at FLASH uses an energy
chirp that is introduced to the bunch by an accelerating module. The longitu-
dinal pro�le of the electron bunches and accordingly their coherent transition
radiation (CTR) spectra depend strongly on the phases of di�erent accelerating
modules. The two-stage spectrometer is used to study the variation of the CTR
as a function of the phases.
The linac settings that correspond to SASE operation were chosenas the start-
ing point and any change has been made with respect to these reference values.
These would guarantee the necessary conditions on good transmission and elec-
tron beam optics as well as low losses in the undulator. In addition, starting
from these conditions can help to produce useful results for machine operation.
In Fig. 8.23, a snapshot of the interface of the read-out tool ofthe MCP-detector

Figure 8.23: SASE level measured by the MCP detector during February 2007
measurement period (see text for details).

is shown. The MCP-detector is one of the two tools to measure theSASE inten-
sity. The key element of this detector is a wide dynamic range Micro-Channel
Plate (MCP) which detects scattered radiation from a thin gold wire crossing the
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photon beam [62]. Figure 8.23 shows the SASE intensity during the accelerator
study period in February 2007. It shows a relatively high SASE level that is ob-
tainable during a machine study run. For each bunch there are three type of bars
(the �fth bunch was kicked to the CTR140 screen and therefore is absent in the
bar plot) in the lower part of the �gure. In the following the t ime interval from
the shot that the read-out tool is loaded to the actual shot is denoted by Trun .
The green bars are the average of SASE intensity overTrun for each bunch. The
SASE intensities which correspond to each of the bunches in the actual shot are
shown with the blue bars. The yellow bars show the maximum SASE intensities
of the corresponding bunches overTrun . For each shot, the average of the SASE
intensities of all bunches in the train can be considered as a measure for the entire
train. The result of a smoothening of the average SASE intensities of the trains
over the last 20 shots ending to the actual shot is shown in the bluecurve of the
upper plot. The green curve is the average of the blue curve over Trun . The yellow
curve is the maximum value of the blue curve overTrun . The �fth bunch is kicked
to the CTR140 screen and does not enter the undulator (those electrons that are
left after hitting on the CTR screen get absorbed by the collimator upstream of
the undulator).
In Fig. 8.24 the result of a scan over the o�-crest phase6 of the �rst accelerating

module (ACC1) at FLASH is shown. All the other settings of the accelerator
including the RF settings and the electron beam optics are loaded from a SASE
operation mode. The slow feedback system which regulates the compression by
�ne tuning the ACC1 phase was switched o�. The quadratic dependence of the
spectra on the bunch charge reading for each shot are removed from the spectra.
With this format of the plot it is hard to see the entire changesover the scan
range. A top-view can be more useful. The fact that the spectrometer is not
yet calibrated in terms of the absolute intensity (the correction function includes
the detector response function of Fig. 7.7 but there are more factors expected)
requires more careful analysis of the data. Nevertheless any calibration factor
can be removed by dividing the readings over the run for each detector by the
value of the maximum intensity that is read on that detector. The drawback is
that the information contained in the spectra are reduced to only showing the
dependence of the relative intensity (normalized to the maximum intensity) at
each wavelength on the ACC1 phase. The density plot in Fig. 8.25shows the

6The on-crest phase is determined by centering the beam spot on an Optical Transition Ra-
diation (OTR) screen downstream the module. The precision in this method is better than one
degree. The importance of the on-crest phase determination is for the comparison of the mea-
surements with the simulations. Nevertheless, when the signals of the SASE detector and the
CTR spectra are recorded simultaneously, the correlated changes are conclusive, independent
of the phase values.
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Figure 8.24: CTR spectra as a function of the o�-crest phase of the �rst accel-
erating module at FLASH. All the other settings of the accelerator
including the RF settings and the electron beam optics are loaded
from a SASE operation mode. The slow feedback system which reg-
ulates the longitudinal compression by �ne tuning the ACC1 phase
is switched o�. The quadratic dependence of the spectra on the
bunch charge reading for each shot are removed from the plotted
spectra (see text for more details).
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same data as Fig. 8.24. The vertical axis is the o�-crest phase. The horizontal
axis of the density plot is the wavelength of the CTR spectra. The range in 15
to 25 � mis resolved by the RBG unit and the longer wavelengths are covered by
the TG unit. For each of the phase steps, twenty shots are recordedand then the
average values are normalized in the following way. The signals in each of the
individual channels, or wavelength, are normalized to the maximum value of the
signals at that channel over the entire run. In this way all possible calibration fac-
tors including the detector response, are removed. After such a normalization the
possible correlations between the CTR spectra and SASE signals, independent
of the signal level, can show up. In other words, without such a normalization,
when the signal is much stronger at part of the spectra, the variation of the
weak signals are not clearly observable. The single column in the left side of the
density plot shows the normalized (to its maximum over the entire run) SASE
signal. The middle plot is combined to provide information onthe changes of the
accelerating modules, either on purpose or due to machine 
uctuations. All the
gradients and phases of di�erent modules are stable within an acceptable level
and only ACC1 shows the expected changes. The two other strongly
uctuating
signals are the charge of the kicked bunch and the bunch that isused to read its
SASE signal. The lowest plot shows the integrated CDR signals measured using
single pyroelectric detectors (BCM). The PyroBC2 measures the radiation of a
di�raction radiation source at a position downstream of the �rst bunch compres-
sor. PyroBC3 is the same installation at the second bunch compressor. These
signals are read for the bunch that later is kicked to the CTR140 screen. These
bunch compression monitor signals and the CTR spectra are all normalized to the
squared kicked bunch charge. In this way the presumed quadratic bunch charge
dependence of these signals are removed. The same type of the normalization is
made for the SASE signal. The clear conclusion that can be drawn from such
a scan is that the peak of the spectra which is recorded on the relatively short
wavelengths of15 to 70 � m, appears at phases close to the region of SASE mode
operation, while at the same time none of the two classical bunchcompression
monitors (BCM) identify this region. The operating BCMs at FLASH are in a
short distance (� 1 m) in air after the interface with the UHV beam-pipe of the
accelerator which is a crystalline-quartz window. Accordingto the transmission
of the crystalline-quartz window (see Fig. D.1) it is clear that these BCMs do
not detect any intensity from short wavelengths that are shown in Fig. 8.25. The
more basic problem with a BCM that measures the coherent di�raction radia-
tion (CDR) is the fact that the generation of the short wavelengths is highly
suppressed (see Fig. 8.12). A BCM which is housed in vacuum after a diamond
window (see Fig. D.1) as the interface to the UHV of the accelerator can avoid
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Figure 8.25: Top: First accelerating module (ACC1) phase scan.At each phase-
value step in the scan range the CTR spectra of 20 shots are recorded
and for each of these shots the read-back phase (which can be slightly
di�erent with the input-phase) is read and the average value over
these 20 shots (which has very small standard deviation) is used
for the plot. The single column in the left side of the CTR spectra
density plot is the SASE energy (averaged over 20 shots) readings
by the MCP-tool that is normalized to the maximum value over the
run. The two other plots show the machine changes over the run.
For these data the same averaging over 20 shots is carried out.
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the �rst problem. Measuring coherent synchrotron radiation (CSR) provides a
non-invasive source that contains short wavelengths. Nevertheless the results that
can be obtained using an ABCM cannot be expected from a measurement based
on the integrated radiation intensity (see section 8.3).
An extension of the resolved range to shorter wavelengths is shownin Fig. 8.26.
As it was stated in section 6.4, in the set-up of the spectrometer itis foreseen
to have di�erent gratings on the linear movers. For each stage,the gratings of
di�erent pitch sizes can be inserted and by selecting an appropriate combina-
tion it is possible to cover di�erent ranges. The range covered by the re
ectance
grating unit is from 5 to 9 � m. The region 9 to 15 � mcovered by the transmis-
sion grating (with pitch sizeg = 100 � m) is di�erent from the rest of the spectra.
This is due to the fact that this transmission grating cannot disperse this short
wavelength range from the zero-order. In other words, the intensities arrived at
the corresponding detectors in the range 15 to25 � mwere not purely from the
wavelengths that are labeled in the plot. In the scan shown in Fig. 8.25 that
the entire wavelength range 15 to25 � mis covered by the re
ectance grating the
density plot does not show a behaviour similar to what can be seen in Fig. 8.26
over wavelength range 15 to25 � m.
In the range from5 to 9 � mthere are structures in the bunch that are not corre-
lated to the SASE signal, and they appear to become stronger at smaller o�-crest
phases. There is another region (o�-crest phase between -8.5 to -8 degrees) where
at wavelengths longer than� 35 � mintensities show a local maximum and no
SASE signal is observable. Two samples of studies on other modulesare shown
in Fig. 8.27 for the gun phase and in Fig. 8.28 for the second accelerating module
(ACC23). The range over which the phase of the gun can be changed is limited.
For phase values far from the so called \start of the charge"7 phase for the gun, a
complex mixture of the transverse and longitudinal beam dynamics e�ects brings
the machine to a situation with no transmission to the CTR140 screen. In general
the results of these scans are di�cult to interpret but the maxima of the spectral
signal still are close to the high SASE regime.

7Dependent on the gun RF phase, the electrons at the cathode may feel a decelerating �eld
and not able to leave the region close to the cathode. With increasing accelerating �eldon the
cathode region electrons start to escape the region, this condition is called \start of the charge".
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Figure 8.26: Same as Fig. 8.25 but shorter wavelengths are covered, too. The
range covered by the re
ectance grating unit is from5 to 9 � m. The
rest is covered by a transmission grating of the pitch sizeg = 100 � m.
In the scan shown in Fig. 8.25 that the entire wavelength range 15 to
25 � mis covered by the re
ectance grating the density plot does not
show a behaviour similar to what can be seen here over wavelength
range 15 to25 � m. This is due to the fact that the used transmission
grating cannot disperse short wavelength range9 to 15 � mfrom the
zero-order (see text for more details).
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Figure 8.27: GUN phase scan. The range covered by the re
ectancegrating unit
is from 5 to 9 � m. The rest is covered by a transmission grating of
the pitch sizeg = 100 � m(see text for more details).
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Figure 8.28: ACC23 phase scan. The range covered by the re
ectance grating
unit is from 15 to 25 � m. The rest is covered by a transmission
grating of the pitch sizeg = 100 � m.
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8.5.2 SASE mode spectra and SASE correlation studies

In this section measurements are presented which were carried out during stable
SASE operation. This means that machine was tuned for a relatively high SASE
intensity during either an accelerator study or VUV photon user period. During
these measurements, none of the machine parameters changed intentionally. The
only small but controlled change happens when the slow feedback system (that
stabilizes the longitudinal compression) or the charge feedback act to keep their
target parameters. The remaining changes, which are dominant, are unwanted
drifts of phases or gradients of the accelerating modules or other perturbations like
injector instabilities. SASE itself is a statistical process in thesense that starting
from noise ampli�cation has naturally its relatively large 
uctuations. In Fig. 8.29
an example of a stable run is shown. The data presentation is donein the same
way as it was explained for the density plots of the previous section. The only
di�erence is that the SASE signal and the CTR spectral data are averaged with
a moving window in which the data points are averaged (smoothening the data)
with a step size which is mentioned in each of the plots. Instead ofchanging an
o�-crest phase, only successive shots are recorded, therefore the\o�-crest phase"
values are replaced by \shot number" which means an average spectrum over the
last n shots that are recorded (n is the number of the shots over which the data
is averaged). For stable run measurements an average spectra over the entire run
makes sense. This is shown in Fig. 8.30 for the same shots as Fig. 8.29. The
density plot shows a very clear correlation of the spectral changes and the SASE
signal variations (with the CTR spectra one cannot study the correlation of the
CTR spectra and the SASE signals of the same bunch and these correlations
correspond to the changes of the entire train). In Fig. 8.29 the spectra of the
bunch number �ve of each train are recorded while the SASE signals, in this run,
are from �rst bunch. In order to interpret these results in a qualitative manner,
three di�erent regions could be identi�ed. The wavelength region shorter than
� 35 � m, the region between35 to 45 � mand the region longer than45 � m. For
relatively strong signals in the �rst and the third regions, SASE signal drops to the
half of its maximum value. In the contrary, when these regionsexhibit relatively
weak signals and the signals in the second region are strong, SASE signal is at
maximum. Therefore, if the spiky part of the bunch pro�le is uniform it could
produce higher SASE signals. The wavelength region35 to 45 � m(in this run
which was to produce the 30 nm wavelength VUV SASE) are the most correlated
part of the spectra to the SASE signal. Quantitative correlation function gives
the same impression about the most correlated part of the spectra,Fig. 8.30.

The signals in every single channel (CTR spectra or SASE signal) during the run
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Figure 8.29: Density plot of the CTR spectra and SASE signal during stable
operation of FLASH and the machine changes during the run. The
SASE signal and the CTR spectral data (as well as data shown in
the lower two plots) are averaged with a moving window in which
the data points are averaged (smoothening the data) with a stepsize
which is mentioned in the density plot which is in this analysis20).
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can be considered as vectors with the dimension equal to the number of shots.
The angle between any of the spectral channels vectors,~S, and the SASE signal
channel,~L, can be de�ned as8

cos ^( ~Sc; ~L c)=
~Sc � ~L c

�
�
� ~Sc

�
�
�
�
�
� ~L c

�
�
�

where the superscript 'c' means the centered vector9. This gives a value between
-1 and 1. Fully correlated and anti-correlated events correspond to 1 and -1,
respectively.
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Figure 8.30: Top left: The correlation plot for Fig. 8.29. Top right: The aver-
age spectrum. Bottom: The absolute SASE energy during the run
(SASE wavelength 28 nm).

8It can be shown that this is the same as the Pearson's product moment coe�cient:
Corr (X; Y ) = n

P
x i y i �

P
x i

P
y ip

n
P

x 2
i � (

P
x i )2

p
n

P
y2

i � (
P

y i )2

9A vector is centered if from each component of it the average value of all of its components
is subtracted.



102 Experimental Setups and Measurements at FLASH

In Fig. 8.31 a second example of a stable run is shown. This time the kicked bunch
for the CTR spectra and the SASE bunch are very close. The combination of the
gratings has been changed as well. This makes a slight change in the coverage of
the two stages of the spectrometer. The qualitative explanation is still valid but
not as good as for the previous run.
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Figure 8.31: Density plot of the CTR spectra and the SASE signal during a stable
run. The SASE signal and the CTR spectral data (as well as data
shown in the lower two plots) are averaged with a moving window
in which the data points are averaged (with a step size which is
mentioned in the density plot which is in this analysis 20).
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The quantitative correlation is also shown in Fig. 8.32. From the average spectra
it is clear that the CTR spectra are more uniform and produce higher aver-
age SASE over the run according to the SASE signal data in lower part of the
Fig. 8.32.
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Figure 8.32: Top left: The correlation plot for Fig. 8.31. Top right: The aver-
age spectrum. Bottom: The absolute SASE energy during the run
(SASE wavelength 28 nm).
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Another run during the February 2007 accelerator study periodis shown in
Fig. 8.33. In this run a combination of the grating was chosen to cover longer
wavelengths. The purpose of recording such a long wavelength range spectra was
for the bunch pro�le determination. For the correlation studies, such a combi-
nation is not appropriate10. In this run after about 400 shots the longitudinal
compression has increased. Accordingly, shorter wavelengths became stronger
and at the same time SASE has vanished. For the shots after� 400 in the wave-
length range26 to 41 � m, the spectral content in the wavelengths shorter than
26� mappear as the higher orders, therefore they correspond to wavelengths two
or three times shorter.

Figure 8.33: Density plot of the CTR spectra and the SASE signal for a run with
unwanted sudden increase in the longitudinal compression. After
about 400 shots ACC1 phase has changed by 0.2% and has not been
corrected. This translated to a stronger compression that can be
seen in PyroBC2 and PyroBC3 signals (for more details see text).

10Wavelengths shorter than 26 � mappear as the higher orders in the RBG unit. For the
extraction of the spectrum, one can remove these higher orders by using a run that has data of
shorter wavelengths. In this way an average spectrum can be obtained over a wide range.
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Correlation to the SASE intensity using GMD

When FLASH is operated for SASE users, in parallel and parasitically, a bunch
can be kicked onto the o�-axis screen to record the CTR spectra.This gives the
possibility to study the correlations and bunch pro�le when theSASE level is
very high. In Fig. 8.34 the SASE pulse energy is shown which was measured with
the GMD11 and can be considered as one of the highest records achieved. As it
can be seen in the picture, the 21st bunch was used to record the CTR spectra.
The bar plots are made using the electron signals and the upper plots are made
using the ion-signals. The meaning of the bar plot and the upper plot is the same
as what was explained for the MCP-tool [63].

Figure 8.34: GMD-signal during a FLASH user run of a wavelength of 13.5 nm
in March 2007. The 21st bunch is kicked onto the CTR140 screen
to record the CTR spectra for this very high SASE intensity.

In Figures 8.35 and 8.36 the analysis of a sample run under these conditions is
shown. The GMD has two detectors, Ion-detector and Electron-detector. The
Electron signals, that are the faster signals, were not availableduring this run.
The Ion-signals are slow and an averaging over a large number ofshots (much
larger than the values used with the MCP-detector read-out) is necessary to
correlate them to the CTR spectral data. Doing such a strong datasmoothening
will raise an overall shift in the correlation plot, the reason why an integrated

11Gas Monitor Detector (see reference [64])
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Figure 8.35: GMD-detector SASE signal and the CTR spectra. The SASE signal
and the CTR spectral data (as well as data shown in the lower two
plots) are averaged with a moving window in which the data points
are averaged (with a step size which is mentioned in the density plot
which is in this analysis 100).
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signal can be used in a slow feedback compression control. The shiftin the peak
value of the most correlated wavelengths compared to those in Figures 8.30 and
8.32 can be related to the fact that during this run the accelerator was tuned for
a SASE wavelength of 13.5 nm. Thus a di�erent compression settingwas used
which could result in a di�erent longitudinal pro�le.
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Figure 8.36: Top left: The correlation plot for Fig. 8.35. Top right: The aver-
age spectrum. Bottom: The absolute SASE energy during the run
(SASE wavelength 13.5 nm).



Chapter 9

Bunch Pro�le Determination

The wavelength range coverage of the two-stage spectrometer is limited to about
2 octaves1. The measured average spectra can be combined to get the spectrum
over a wider range. Such a combined spectrum represents the average CTR
spectrum over a large number of shots and can be used to reconstruct the time
domain pro�le.

9.1 The extraction of an ultra broad-band spec-
trum

Any bunch-pro�le measurement based on reconstruction of the time domain pro-
�le from a measured spectrum can give a more precise result as the measured
spectral range becomes wider. The two-stage spectrometer can be used in several
successive measurements that cover di�erent spectral ranges andthe measured
average spectra can be combined. The range covered by the �rst stage of the
spectrometer depends on the pitch size of the selected grating.Di�erent gratings
can be inserted to cover the entire wavelength range shorter than � 40 � m, the
range that corresponds to the spike in the time-domain bunch-pro�le. The �rst
stage of the spectrometer can resolve this range with high resolution. In the sec-
ond stage of the spectrometer, dependent on the range that is covered by the �rst
stage, a transmission grating can be chosen to disperse longer wavelengths. It is
assumed that the intensities that are measured at the shortest wavelength range

1As a next development it is planned to construct compact stages which make it possibleto
setup four stages of the spectrometer in a vacuum chamber that is only one meter in diameter
(see Fig. 6.13).
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(with a grating of the pitch size g1 = gmin) are free from higher order contribu-
tions. Starting from such a spectrum of the shortest measured wavelengths and
using the e�ciency calculations for the higher orders of the grating (see Fig. 4.3)
that is used in the next range (covered by the �rst stage but in another mea-
surement with a grating of the pitch sizeg2 > g1), it is possible to calculate the
contribution of the higher orders that are not �ltered. In Fig. 9.1 the result of
such a calculation is shown2.
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Figure 9.1: Correction of higher order contributions from ameasured spectrum.
A: A spectrum which is free from higher order contributions, mea-
sured with a grating with a pitch size ofg1 = 20 � m. B: Contributions
from the spectrum in 'A' if it illuminates a grating with a larger pitch
size ofg2 = 35 � m. C: The measured CTR spectrum using a grating
with a pitch size of g2 = 35 � m before correction for contributions
from shorter wavelengths. D: Spectrum 'C' corrected by spectrum
'B'.

The spectrum that is shown in Fig. 9.1.A has been measured with a grating
of pitch sizeg1 = 20 � m. Without loss of generality it can be assumed that this
spectrum is free from higher order contributions. When exchanging the grating
with one of pitch sizeg2 = 35 � m, the short wavelength spectrum of 'A' will show
up as higher orders mixed with a �rst order spectrum. Using the theoretical
expectations for the higher order e�ciencies, the contribution from short wave-

2When unfolding these contributions from the measured signal in the next range the relative
detector response has to be taken into account.
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lengths like in 'A' when illuminating a grating with larger pitch size ofg2 = 35 � m
can be calculated as 'B' in Fig. 9.1. In 'C' a measured spectrum is shown in which
the incoming CTR illuminated a grating with a pitch size ofg2 = 35 � mwithout
any preceding �lter grating. Therefore a contribution likein 'B' can be subtracted
from 'C' to obtain the spectrum that is shown in 'D'.
The range that is unfolded from the higher order contributions can be used in a
similar way on the next longer wavelengths range. This processcan be repeated
until the entire spectrum becomes free from higher orders. Then the absolute
detector response can be used to get the spectrum in absolute unitsof energy per
bandwidth. The obtained spectrum can be corrected for the transfer function
of the beamline plus diamond window and transmission of the polarizer. The
result of application of this process to the March 2007 measurements is shown in
Fig. 9.2. The error bars are calculated in terms of the standard deviation of the
signals over the run and no further possible systematic errors like uncertainties
on the detector response or other sources are considered.
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Figure 9.2: Combined spectrum of March 2007 measurement.

The TR single electron intensity emitted into the frequency band d! , as is de-
scribed in chapter 3, shows a 
at spectrum over the range of frequencies larger
than � 1 THz. Therefore, factorizing the 1

� 2 dependence, a wavelength domain
spectrum like in Fig. 9.2 is proportional to the form factor squared (see Eq. 3.3).
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9.2 The time pro�le reconstruction method

The form factor that is de�ned by Eq. 3.1 is a complex value function. From a
measured coherent radiation spectrum only the magnitude of the form factor can
be extracted directly. In order to reverse the Fourier transformation and obtain
the time domain pro�le, phases are needed. An ordinary method is to use a
Kramers-Kronig relation for phase reconstruction. In this method extrapolations
on both shorter and longer wavelengths limits of the measured spectrum can be
used to obtain a spectrum that extends over all wavelengths. Then this extended
spectrum can be used to get a minimal phase that gives a most likelytime pro-
�le [25]. In the following a more intuitive method based on theextraction of the
bunch pro�le by making a �t to the measured spectrum is described. Gaussian
pro�les of di�erent standard deviations (� i ) with di�erent weights ( Ai ) that peak
at di�erent times ( t i ) can be considered as the building blocks of the �t

gi (t) =
A ip
2�� i

exp
�

�
(t � t i )2

2� 2
i

�
(9.1)

A superposition of such pro�les can be written as

T(t) =
X

i

gi (t) (9.2)

wheregi (t) is given by Eq. 9.1. The frequency domain conversion of T(t) can be
written as


( ! ) =
X

i

Gi (! )

where

Gi (! ) = A i exp(�
! 2� 2

i

2
) exp(� i!t i )


 (! ) is proportional to the form factor3. The wavelength domain intensity spec-
trum can be written as (for wavelengths shorter than� 300 � mwhere the single
electron spectrum is roughly a constant multiplied by1

� 2 )

U(� ) /
2�c
� 2

�
�
�
� 
(

2�c
�

)

�
�
�
�

2

(9.3)

where c is the speed of light. With� i and t i in femtoseconds and� in microme-
ters, c = 0:2996 � m

fs . For the �t method the \fminsearch" command of MATLAB

3With Eq. 9.2 normalized to the total bunch charge 
 (! ) would give the form factor.
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is used which is based on the Nelder-Mead [65] simplex algorithm4 and it �nds
a local minimum of a scalar function of several variables, starting with an initial
estimate. The rate of the convergence and the �t itself (which is the local mini-
mum closest to the initial) is highly dependent on the initial starting pro�le. The
developed code for the bunch pro�le determination works in the following way.
A measured spectrum can be loaded and then as a starting point a reasonable
initial can be introduced. The initial pro�le is based on the superposition of up
to eight Gaussian pro�les like Eq. 9.1. The variation of the initial as a function of
the parameters (Ai s, � i s and t i s) can be seen in comparison with the measured
spectrum in a combined plot (like Fig. 9.3). When the initial is enough close to
the spectrum, the �t routine can be started to �nd a possible �t. Wi th appro-
priate values for the �t parameters a wavelength-domain spectrum can be found
that is proportional to a measured spectrum (see Eq. 3.3).

It is possible to start with a well de�ned time domain pro�le, for instance a
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Figure 9.3: An example of two time domain pro�les that �t to the same spectrum.
The values of Gaussian components like Eq. 9.1 that result in these
�ts are given in table 9.1.

superposition of eight Gaussian pro�les as is described in Eq. 9.1, and calculate
the form factor. Then this wavelength domain form factor canbe used in a
reconstruction process. The fact that the Gaussian pro�les are not orthogonal
functions makes it possible to have di�erent expansions in terms of this set of

4This simplex search method is a direct search method that does not use numerical or
analytical gradients. At each step of the search, a new point in or near the current simplex is
generated. The function value at the new point is compared with the function values at the
vertices of the simplex and, usually, one of the vertices is replaced by the new point, giving a
new simplex. This step is repeated until the diameter of the simplex is less than the speci�ed
tolerance [66].
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functions for an arbitrary time pro�le. In other words, it can be seen that a
time domain �t like Eq. 9.2 to a measured form factor is not unique but this
does not necessarily mean that the time domain pro�le that �ts to a measured
spectrum is degenerate. An example is shown in Fig. 9.3 with the values as are
listed in table 9.1. For a wavelength spectrum and its time domain pro�le like
the dashed-red curves in Fig. 9.3 there is another �t like the solid-blue curves.
Within the precision that can be achieved experimentally, the two spectra are
identical and therefore the two time pro�les are indistinguishable. There is no
physical argument to identify a �t that is more likely than the other.

Table 9.1: The values of the parameters used for the �ts of Fig.9.3

i 1 2 3 4 5 6 7 8
� i (fs ) 20 15 20 25 30 32 35 30

�t1 t i (fs ) 0 35 50 105 -30 -40 -50 -60
A i 150 450 75 150 150 150 75 37.5

� i (fs ) 16.36 14.9 33.9 46.23 30 26.4 22.3 13.6
�t2 t i (fs ) 67.75 90.4 -46.3 18.2 -39.2 121 101 12.2

A i 239 98 75 80 12.9 130.5 326 278.4

The fact that for a measured spectrum there are always errors inthe in-
tensity level increases the number of possible �ts. The results of two �ts to the
spectrum of Fig. 9.2 are shown by the blue and red curves in Fig. 9.4. The cor-
responding time domain pro�les are shown with the same color in the lower plot.
In table 9.2 the parameters that are used for the two �ts of Fig.9.4 are given.

Table 9.2: The values of the parameters used for the �ts of Fig.9.4

i 1 2 3 4 5 6 7 8
� i (fs ) 83.25 6.73 16.86 80 17.08 6.28 15.63 25.38

�t1 (blue) t i (fs ) -74.6 321.7 200.3 0 225.3 282.8 113.2 2.8
A i 9.25 0.78 2.3 0.323 10.65 1.98 2.235 0.379

� i (fs ) 5.65 17 10.1 21.7 20.4 16 26 5.52
�t2 (red) t i (fs ) 105 203 81 209 110 268.7 130.6 93.4

A i 1.67 2.01 1.48 1.58 4.07 1.25 4.53 2.71

In Figures 9.5 and 9.6 the same time-domain pro�le reconstruction method is
applied to the measurements of Figures 8.29 and 8.31, respectively. The numerical
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Figure 9.4: Combined spectrum of March 2007 measurement with two possible
time domain pro�les that their wavelength spectra �t to the measured
spectrum.
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Figure 9.5: Average spectrum and a corresponding time domain pro�le for mea-
surement of Fig. 8.29. This spectrum is not a combination of spec-
tra of successive measurements and therefore covers a limited spec-
tral range in comparison to Fig. 9.4. The possible contributionfrom
wavelengths shorter than11 � mare not corrected here. Thus show-
ing several �ts does not give any further insight into the time domain
pro�le.
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Figure 9.6: Average spectrum and a corresponding time domain pro�le for mea-
surement of Fig. 8.31. This spectrum is not a combination of spectra
of successive measurements and therefore covers a limited spectral
range in comparison to Fig. 9.4. The possible contribution from
wavelengths shorter than8 � mare not corrected here. Thus show-
ing several �ts does not give any further insight into the time domain
pro�le.

Table 9.3: The values of the parameters used for the �ts of Figures 9.5 and 9.6.

i 1 2 3 4 5 6 7 8
� i (fs ) 9.8 33.1 20.2 19.06 15.6 17.2 24.6 {

�t t i (fs ) -112.5 -80.1 64.6 0.55 -143 219.4 -81.9 {
Fig. 9.5 A i 4.6 3.52 4.4 9.34 3.6 1.08 11.4 {

� i (fs ) 13.04 38.8 9.85 10.8 11.1 26.07 20.2 8.5
�t t i (fs ) -12.29 -197.07 -105 -54.4 -48.2 -261.9 -85.9 -83.1

Fig. 9.6 A i 0.82 3.33 3.4 0.51 2.67 1.55 5.8 4.46
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values of the �t parameters are given in table 9.3. The average SASE intensities
produced during these runs are shown in Figures 8.30 and 8.32, respectively.
They show an average SASE intensity of about� 10 � J for 28 nm wavelength
which is much less than� 45 � J average SASE signal, in 13.5 nm wavelength,
of Fig. 8.36 that corresponds to the spectrum and bunch pro�le of Fig. 9.4. It is
unlikely to be able to explain the di�erence in the SASE intensity level in these
measurements in terms of the reconstructed longitudinal pro�les of Figures 9.4,
9.5 and 9.6. The possible reason is the tunings of the machine that usually
is performed downstream of CTR140 screen. As it was mentioned before, the
measurements that resulted in the spectrum of Fig. 9.4 are made parasitically
in parallel to a user operation with a very high SASE level whilethe other two
measurements (Figures 9.5 and 9.6) are made during a machine study period
with an intermediate SASE level and much less e�orts made to achieve high level
SASE intensity.
In order to conclude this section a few remarks can be made. According to
the arguments of this section, any bunch pro�le reconstruction from a measured
spectrum, taking into account the presence of systematic errors,cannot result
in a unique (or a most likely) result. Nevertheless a measured spectrum can be
used to tune the accelerator. Intensities in di�erent spectralranges can be used
in a feedback loop to keep/tune, for instance, RF parameters of the accelerating
modules to achieve an optimal longitudinal compression. Further study has to
be made to use the information about the longitudinal bunch pro�le which are
encoded in the coherent radiation of the electron bunches.



Chapter 10

Summary and Outlook

Summary

For an FEL based on the SASE principle, electron bunches with a high peak
current in the kA range over at least one coherence length (which is related
to the FEL wavelength) is required. Due to the space charge repulsive forces
the realization of such a high peak current is not possible before electrons are
accelerated to ultra-relativistic energies. When electronsare ultra-relativistic a
magnetic-chicane bunch compressor can be used to convert a correlated energy
chirp, introduced by the sinusoidal accelerating �eld, into alongitudinal compres-
sion. Such a compressed electron bunch has a spike with high peak current and
a long tail. Diagnostics of the spike in the electron bunch pro�le is very crucial
for the operation and stabilization of the accelerator that drives the high-gain
SASE-FEL. One of the important parameters that has to be monitored is the
longitudinal bunch pro�le. Operation of accelerators likethe linac of FLASH
shows that the shot to shot changes in the longitudinal bunch pro�le is not nec-
essarily small, requiring a single-shot longitudinal diagnostics. One way for the
longitudinal bunch pro�le diagnostics is to measure the coherent radiation that
an electron bunch emits when it is subjected to a radiation process such as tran-
sition radiation.
It has been shown that a transition radiation source can provideinformation on
short structures in the bunch pro�le that correspond to the coherence length and
shorter.
Following theoretical investigations on di�erent approaches to build up a spec-
trometer, a grating spectrometer has been found to be very advantageous in many
respects. The result of the theoretical investigations that resulted in an optimized
grooves geometry for a re
ectance-grating spectrometer setup is demonstrated.
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Experimental proof-of-principle measurements on the theoretical calculations for
the grating setup are presented. The optimization of the setup was carried out to
achieve very high dispersion e�ciency of the gratings over a wide range in each
stage and at the same time sustain a very high e�ciency of the zero-order for
the longer wavelengths. A layout to stage several units to enlarge the wavelength
range coverage of the spectrometer has been designed.
It has been demonstrated that room temperature detectors canbe used in the
detection unit of the spectrometer even though the coherent radiation is dispersed
into its components and the sorted intensities are much less than the integrated
intensity that usually can be measured by the detection system of the classical
bunch compression monitors.
A scanning mode grating spectrometer has been designed and tested. This spec-
trometer has been used in further developments towards the realization of the
broad-band single-shot spectrometer.
Prototypes of the single-shot spectrometer were designed and mounted and a va-
riety of experiments including the �rst studies on the correlation of the spectral
changes in the emitted coherent radiation of the electron bunches and the SASE
intensity has been carried out.
Finally a rather compact two-stage single-shot spectrometer based on an inte-
grated collecting optics and detectors has been designed, mounted and used in
several series of measurements that are demonstrated in this thesis.
The correlation studies show di�erent wavelength ranges of the Coherent Transi-
tion Radiation (CTR) spectra that correlate or anti-correlate to the SASE inten-
sity. Dependent on the parameters that are used to tune the longitudinal com-
pression of the electron bunches (to tune for a desired SASE-FEL wavelength),
the CTR wavelength range that correlates or anti-correlates to the SASE inten-
sity was found to be di�erent. For example, for a set of parameters that provide
20 � J single-pulse SASE intensity at a wavelength of 28 nm the range from 25
to 40 � min the CTR spectra correlates to the SASE intensity while the shorter
wavelengths of 15 to 20� mshow a strong anti-correlation. In another run where
the accelerator was tuned for 13.5 nm SASE wavelength, the strongest correla-
tions showed up in the 15 to 25� mwavelength range.
The limited space of the vacuum tank at the CTR140 beamline plus the relatively
big size of the �rst design of the integrated collecting and detection systems did
not allow to mount more than two stages of the single-shot spectrometer, thus the
wavelength coverage in the single-shot mode was limited to about two octaves.
A wider spectrum was derived only in an average sense by combining the average
spectra that were measured in series by inserting gratings with di�erent pitch
sizes. The e�ect of the higher orders which were present in the �rst stage of the
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two-stage spectrometer were always removed from the measured spectra (the lack
of space did not allow to follow the proposed layout to start withthe �rst grating
to resolve the shortest wavelengths which were present in the coherent radiation
spectra and still catch the range of interest towards longer wavelengths).
For the bunch pro�le determination from a measured broad-band spectrum a �t
method has been developed and used. It has been shown that the time domain �t
to an experimental data is not unique. In the presence of un-avoidable systematic
errors the number of possible �ts to a measured spectrum increases.Although
the presence of the short structures can be studied, a bunch pro�le reconstruction
is not feasible due to the missing phase information. It has been generally shown
that this is an intrinsic problem with a wavelength-domain measurement that
measures only the intensities, and not the phases, therefore cannot result even in
a most-likely bunch pro�le. An example is given which shows thatno reconstruc-
tion method can overcome this intrinsic problem. The attemptto reconstruct the
bunch time pro�le is probably not the most appropriate way of extracting the
useful information contained in the spectra.

Outlook

There are several areas that are not covered by this thesis and could improve
the device. Detector calibration has to be continued, in particular, for the short
wavelengths below 35� m. Transmission gratings are not studied in terms of an
experimental evaluation of di�erent order e�ciencies. An experiment similar to
those which have been done for the re
ectance grating has to beperformed. After
having good experimental knowledge on these calibrations the entire spectrom-
eter has to be calibrated to obtain a measured transfer function of the entire
device. In a later step systematic errors have to be studied as well.
The ongoing e�orts to setup a multi-stage device composed of more compact de-
tection units could provide a wider wavelength range coverage in a single-shot
mode. It is planned to have two gratings on each of the four grating holders in
each stage to keep the possibility to cover di�erent parts of thespectra (about
four octaves with each combination of the gratings).
It is obvious that the spectrally resolved single-shot measurement of the coherent
radiation could help to tune the longitudinal compression of the electron bunches.
Advanced bunch compression monitors can be used in di�erent parts of an ac-
celerator where the electron bunches undergo longitudinalpro�le changes. For
feedback purposes a dedicated study can help �nding how to use the information
encoded in the measured online spectra to tune di�erent parameters of the accel-
erator.
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Installation of the described single-shot spectrometer in di�erent parts of an ac-
celerator such as FLASH (for instance at the dipoles of the magnetic chicanes,
where the coherent synchrotron radiation is emitted anyhow)could help to carry
on correlation studies in a more dedicated way with much larger rate of data
acquisition. In particular at FLASH, a CTR-screen coupled to a short THz
beamline inside the tunnel, after all undulators, could provide a source of CTR
containing information about all �ne structures including microbunching. Such
an installation provides a source that is theoretically well predictable over a wide
range of far-infrared down to the visible wavelengths.



Appendix A

Vector Di�raction Theory for
Gratings

A.1 Perfectly conducting grating

The physical problem of di�raction grating has been describedin section 4.1. In
the following the notation of section 4.1 and Fig. 4.1 is used. For a perfectly
conducting R� , the electromagnetic �eld vanishes in this region1. The di�racted
�elds are de�ned in region R+ by ~E d = ~E � ~E i and ~H d = ~H � ~H i .

Maxwell equations in free space are given by

r � ~E d = i!� 0
~H d r � ~H d = � i!� 0

~E d

r � ~E d = 0 r � ~H d = 0

Introducing the components of the di�racted �elds on the three axes, the following
equations can be derived:

@yE d
z = i!� 0H d

x @yH d
z = � i!� 0E d

x

@xE d
z = � i!� 0H d

y @xH d
z = i!� 0E d

y

@xE d
y � @yE d

x = i!� 0H d
z @xH d

y � @yH d
x = � i!� 0E d

z

(A.1)

and for the boundary conditions for the �elds on the grating surface:

bN � ( ~E d + ~E i ) = ~0 bN � ( ~H d + ~H i ) = 0

1There are experimental evidences [67] that the model of perfectly conducting gratings fails
in the visible and near infrared despite the re
ectivity of aluminum, silver or gold exceed 90
percent.
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Here bN is the unit vector in the direction normal to the grating surface and is
pointing to the region R+ . It su�ces to write the �rst equation as:

E d
z = � E i

z NxE d
y � N yE d

x = � (NxE i
y � N yE i

x )

Regrouping Eq. A.1 for TE and TM modes, will result in two sets of di�erential
equation systems. For TE mode

@yE d
z = i!� 0H d

x @xE d
z = � i!� 0H d

y @xH d
y � @yH d

x = � i!� 0E d
z

with boundary condition E d
z = � E i

z. For TM mode:

@yH d
z = � i!� 0E d

x @xH d
z = i!� 0E d

y @xE d
y � @yE d

x = i!� 0H d
z

with boundary condition2 d
dN Hd

z = � d
dN Hi

z.
These two sets of equations can be written as Helmholtz di�erential equation for
the magnitude of the �elds, F, as:

r 2F + + k2F + = 0 (A.2)

with boundary conditions on the surface of the grating:

�
F + = � F i = � exp[ikx sin� � ikf (x) cos� ] TE mode

d
dN F + = � d

dN F i = i (kNy cos� � kNx sin� ) exp[ikx sin� � ikf (x) cos� ] TM 3 mode
(A.3)

and F+ satis�es a radiation condition4 when y ! 1 .

A.1.1 The Rayleigh expansion above the grooves

It can be shown that F+ (x; y) is a periodic function with the period of groove
spacing, g, or in other words the period of the function f(x) (see [34]). F+ (x; y)
can be expanded in Fourier series as:

2 d
dN is the directional derivative in the direction of bN or d

dN = bN � r
3TM mode (S-polarization) is when the electric �eld is perpendicular to the grooves andTE

mode (P-polarization) is when the electric �eld is parallel to the grooves.
4The integrated power over a large enough surface that surrounds the entire volumeunder

consideration is �nite.
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F + (x; y) =
P

tn (y) exp(i� nx) (A.4)

with � n = k sin� + nK whereK = 2�
g .

Substituting Eq. A.4 into Eq. A.2 results in a di�erential equation for tn

d2 tn
dy2 + ( k2 � � 2

n )tn = 0 above the grooves (A.5)

With the de�nition:

� n =
�

(k2 � � 2
n )1=2 if k 2 > � 2

n

i (� 2
n � k2)1=2 otherwise

the general solution can be written in the form:

tn = An exp(� i� ny) + Bn exp(+i� ny) above the grooves (A.6)

The �rst term with coe�cient An becomes in�nite wheny ! 1 if k2 < � 2
n , or it

represent incoming plane wave propagating toward the grating surface ifk2 > � 2
n .

Thus

F + (x; y) =
P

Bn exp[i (� nx + � ny)] above the grooves (A.7)

Introducing � n as the angle of wave-vectorkn = ( � n ; � n ) (Fig. 4.1) one can derive:

sin� n =
� n

(� 2
n + � 2

n )1=2
=

� n

k

or after substitution from � n = ksin� + nK the grating equation5 results:

sin� n = sin � + n
�
g

(A.8)

5The sign convention for direction of angles could be considered di�erently and then this
may result in a minus sign di�erence with Eq. 4.3.
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A.1.2 E�ciencies of di�erent orders

It can be seen thatEn (de�ned in section 4.2.2) is related to theBn by [34]:

En = Bn
�Bn cos� n=cos� (A.9)

where �Bn is the complex conjugate ofBn . The e�ciencies obey the energy bal-
ance criterion

P
En = 1 and Bn is given by the integral equations (for detailed

derivation see [34]):

for TM case

Bn =
1

2ig� n

Z g

0
exp[� i (� nx + � n f (x))] � (x)dx (A.10)

where� (x) = (1 + f
02

(x))1=2 d
dN (F + + F i ), and for TE case

Bn =
1
2g

Z g

0
(1 �

� n

� n
f

0
(x)) exp[� i (� nx + � n f (x))	( x)dx] (A.11)

where 	( x) = F + (x; f (x)) + F i (x; f (x)) and F+ is given by Eq. A.7.
These are the integral equations to be solved for complete solution of the grating
problem. Fortunately there are several di�erent methods to calculate Bn coe�-
cients described for instance in [34].
There are many techniques developed more recently to calculate e�ciencies for
instance in [61] which is a method based on a theorem of analyticity of the electro-
magnetic �eld with respect to variations of the interface forperfectly conducting
gratings6.

A.1.3 A numerical method for e�ciency calculation
for perfectly conducting grating material

In this part a numerical method to solve Eq. A.11 or in other words, e�ciency
calculation for P polarization, is described. Similar method can be used to solve
Eq. A.10 of the S polarization. De�ne an internal product onC(1) ([0; g]) as

hk(x)jl (x)i =
1
2g

Z g

0
k(x)l(x)dx

Following de�nitions are used in the forthcoming algorithm
6Therefore applicable to infrared range.
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hn (x) = 1 � � n
� n

f
0
(x) � n (x) = exp( i� nx + i� n f (x))

Then Eq. A.11 can be written as

Bn = hhn (x)� �
n(x)jF i (x; f (x)) i + hhn (x)� �

n (x)j
+ 1X

m= �1

Bm � m (x)i

Sorting this equation in terms of the unknown coe�cientsBm it can be written as

+ 1X

m= �1

(hhn(x)� �
n (x)j� m (x)i � � m;n )Bm = �h hn (x)� �

n (x)jF i (x; f (x)) i (A.12)

As it has been stated in section A.1.2 theBm coe�cients are directly related
to the e�ciencies of di�erent orders and depend on the ratio�= g. There will be
a limited number of orders that carry energy, therefore the summation can be
truncated to a �nite range -N to N. The lower limit for the number of coe�cients
can be found by checking the convergence of the coe�cientsBm when N varies.
The system of equations given by truncated form of Eq. A.12 can bewritten as,

NX

m= � N

(hhn (x)� �
n(x)j� m (x)i � � m;n )Bm = �h hn(x)� �

n (x)jF i (x; f (x)) i

n = 1; 2; ::::; 2N + 1

These are 2N+1 linear equations of 2N+1 unknown coe�cientsBm that can be
solved. Generally when the ratio�= g decreases, N increases and theBm coe�-
cients do not converge quickly.

A.2 Normal conducting metallic gratings

In this part it is assumed that the regionR� is a dielectric or metal of complex
refraction index � . As a result, for the complete solution of the grating problem
the electromagnetic �eld in the regionR� has to be taken into consideration.



vi Vector Di�raction Theory for Gratings

Similar to the approach of section A.1 it can be seen that the magnitude of the
�eld, F� (for both polarizations), satis�es the di�erential equation Eq. 4.1 with
boundary conditions Eq. 4.2 (see [34]).
De�ning the �eld generated at a point P of the regionR+ by a single elementary
current placed at M2 � (Green function method), the di�racted �eld F� (P) can
be deduced by integrating on� the e�ects of all currents. Using the notation
of [34] the integral equation forF� (P) can be written as

F � (x; y) =
X

n

D �
n exp(i� nx � i� ny)

whereD�
n =

Rg
0 T�

n (x)� (x)dx and the expressions forT�
n and � for the two polar-

izations are given by

T �
n (x) =

(
1

2ig� n
exp (� i� nx � i� n f (x)) TE mode

1
2g

�
� 1 � � n

� n
f

0
(x)

�
exp (� i� nx � i� n f (x)) TM mode

� (x) =

8
<

:

�
1 + f

02
(x)

� 1=2 h
dF +

dN (x) � dF �

dN (x)

i
TE mode

F + (x) � F � (x) TM mode

The coe�cients Bn used in section A.1.2 for the e�ciency calculation take a com-
plicated form and will not be given here (see [34]).



Appendix B

THz Filter Calibration
Measurements at BESSY

THz �lters 1 and their precise transmission curves play an important role in the
wavelength calibration of the grating spectrometers. For this reason, several
measurements were carried out at BESSY. An interferometer (Bruker IFS66v)
with KBr beam splitter and the glowbar source and Bolometer as the detector
was provided2. Air pressure during measurements was about 3.5 mbar.

Figure B.1: Transmission curves of several THz �lters

1The producer of the THz �lters, QMC [68], provides the measured transmission curves for
a restricted wavelength range.

2These measurements as well as the DTGS pyroelectric calibration measurements were sup-
ported by U. Schade (BESSY).



Appendix C

Infrared Polarizer

Figure C.1: Transmitted polarization for G30 and G25 MICROTEK THz polar-
izers (Courtesy of MICROTEK).

In Figures C.1 and C.2 the transmission of polarizers G30 and G25(MI-
CROTEK) over millimeter and sub-millimeter wavelength range in both polar-
izations are given. The electric �eld is perpendicular to the wires of the polarizers
for the radiation that gets through the polarizers.
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Figure C.2: Blocked polarization for G30 and G25 MICROTEK THzpolarizers
(Courtesy of MICROTEK)



Appendix D

Transmission of Several Materials
in the THz Range

For those materials that are used in di�erent measurements of this thesis the
transmission over the wavelength range3 to 300 � mis given in Fig. D.1 [69].
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Figure D.1: Transmission of diamond, LDPE and crystalline-quartz window with
the thickness that is mentioned in the plot [69].

Water absorption lines are shown for one meter of humid air in Fig. D.2. The
absorption of radiation over the infrared range by humid air shows the importance
of making the entire setup in vacuum.
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Figure D.2: Transmission of one meter humid air [70]



Appendix E

Geometrical Design of Collecting
Cones

In Eq. 6.1 a way to trace rays re
ected from a surface is given. The sketch
in Fig. E.1 illustrates the situation. Each ray incident upon the surface of the
cone may enter to the throat dependent on the vertical distance between the �rst
point that it hits the cone and the throat. The red ray hits at a point above
the acceptance and therefore does not enter the throat. The solid blue ray shows
the starting point of the acceptance for rays that hit parallel to the cone axis. If
a ray, like the dashed blue, enters to the acceptance region with angles smaller
than the cone angle, it will get through (dashed blue and green). The limit of
the acceptance region can be determined by considering rays that enter to the
throat after multiple re
ections like the solid green ray.

Figure E.1: A pure geometrical computation on the collecting properties of a
cone.
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With cone angle of about18� , the ratio of the area where the acceptance begins
(indicated by the broken line in Fig. E.1) to the throat area is � 4. This is
determined by considering all rays that may enter after multiple re
ections. This
ratio is the basis of the design for the cones that are used in the collecting optics.
This optimizes the inlet radius of the cones. For larger values there is no higher
collection e�ciency.



Appendix F

Auxiliary Measurements

One important aspect of setting up any experiment that measuresthe spectral
intensities of the coherent transition radiation of the electron bunches at CTR140
is the optimization of the kicker strength. The optimum strength varies depending
on the electron energy and the actual electron orbit.

Figure F.1: Kicker strength optimization for the machine study period Feb. 2007.
The H.V. setting equal to 2.5 kV has been selected to center the
kicked bunch on the o�-axis screen.
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The strength is optimum when the electron beam hits the central part of
the o�-axis screen. In Fig. F.1 a systematic study on this issue in a stable run
is shown. As it is clear from the density plot, the optimum kickerstrength
is for a high voltage of� 2:5 kV. This run corresponds to the February 2007
measurements that are presented in section 8.5.
The dependence of the CTR spectra on the target screen position is studied in
Fig. F.2. This shows a sample comparison made in short wavelengths (using the
RMS device thus it is not single shot) to see the di�erences when the o�-axis
screen or a full screen1 is used. These measured spectra show that these modes
of operation are identical.
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Figure F.2: The sample spectra measured for the comparison of thetwo types of
radiation screens.

The CTR spectrum over the shortest wavelengths, which have ever been
measured at FLASH, is shown in Fig. F.3. With the same conditions ofthe
machine and shortly after measuring the short wavelengths spectrum, the wave-
length range that corresponds to the spiky part of the spectrum is covered and

1A full screen blocks the users mode operation of the machine. Therefore, it is foreseen to
kick a bunch out of the train to the o�-axis screen.
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shown in the same plot.
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Figure F.3: The comparison of the intensity of the CTR in the shortest measured
wavelengths together with the one over the range that is known to
correspond to the peak of the CTR wavelength spectrum.

In chapter 3 it was mentioned that the charge density distribution of the
bunch is a three dimensional one and there are conditions under which one can
use the line charge approximation. The in
uence of the transverse size on the
measured spectrum is discussed in [25]. An experimental study on this issue using
the two stage single shot spectrometer has been carried out at FLASH. A setting
of the machine is installed to make high intensities over the short wavelengths.
The optics of the machine kept as the optics for the SASE mode operation. The
measured average spectrum is shown in Fig. F.4 in blue color. In the next step,
adjusting the settings of several quadrupoles2, the transverse size of the electron
beam has been blown up by a factor of� 3:5 at the closest OTR-screen (4 m
downstream CTR140 screen). The averaged measured spectrum is shown in red.
The ratio of these two measured spectra is shown in green and theoretical calcu-
lation of the ratio is also shown in dashed-black. For the theoretical calculation
Eq. 16 in reference [25] for the wavelength domain form-factor of a 3D-Gaussian
pro�le is used. In the theoretical calculation the in
uence of the blown-up beam
size on the transmission is taken into account. This shows a qualitative agreement
which can be considered as the basis for further investigations.

2Thanks to Nina Golubeva and Vladimir Balandin for their electron beam optics calculations.
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Figure F.4: Transverse beam-size e�ect on the CTR spectrum. An RF phase
of the �rst accelerating module was set to maximize the short wave-
lengths with a SASE operation electron-optics. The blue curveshows
the recorded CTR spectrum in such conditions. Then the electron-
optics was changed in the region nearby an OTR screen (the closest
screen down-stream the CTR140 screen) to blow up the transverse
beam size by a factor of� 3:5. The red spectrum is measured in
this condition of blown up electron-beam transverse size. The ratio
of this two curves is shown in green curve. A theoretical calculation
of the ratio is carried out as it is described in reference [25]which is
shown in black (dashed) curve.
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