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Abstract

The longitudinal pro le of electron bunches plays an impornt role in the design
of single-pass free electron lasers and future lineare colliders. For the free
electron laser FLASH in Hamburg, a longitudinal compression schems 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-ga SASE-FEL
process to produce high intensity (about 70J) femtosecond photon pulses in the
XUV wavelength range.

The required high peak current of the electron bunch is reakd by con ning
a large number of electrons in a width, measured in time units,f dew tens of
femtosecond, making the diagnostics of such bunches a challengurthermore,
the operation of facilities such as FLASH shows that single-shotagjnostics is in-
dispensable. It is intuitive to use a time domain method to measarthe electron
bunch length. However, when the structures present in the bungbro le fall in
the femtoseconds range, this is beyond the resolution of timesolved methods
developed so far. In this thesis, a wavelength-domain technigis described that
can ful Il both requirements of single shot and high resolutiorreaching to the
femtoseconds range. The amount of charge that is con ned in gpical length of
several femtoseconds (FWHM of the spike) can be determined by avebsingle-
shot spectrometer that resolves the coherent radiation (e.g.oleerent transition
radiation) in the far-infrared and mid-infrared range. Futhermore the extension
of this single-shot spectroscopy to shorter wavelengths reachithe near-infrared,
makes it possible to investigate the presence of structures in thanch pro le that
might correlate or anti-correlate to the SASE intensity.

Zusammenfassung

Das longitudinale Pro | von Elektronenpaketen spielt eine uchtige Rolle beim
Design von Freie-Elektronen Lasern und zuksnftigee® e Linearbeschleunigern.
Das beim Freie-Elektronen Laser FLASH in Hamburg angewandte Ktgres-
sionsschema fahrt zu asymmetrischen longitudinalen Strahlpien mit einem
\Spike". Dieser \Spike", der einen sehr gro en Spitzenstrom bstzt, fuhrt in
einem SASE-FEL-Prozess zur Erzeugung von Femtosekunden-Rira¢npulsen
mit hoher Intensit@at (ungefahr 70 J) im XUV-Wellenlangenbereich.

Den notwendigen hohen Spitzenstrom der Elektronenpaketehalt man, indem
eine gro e Anzahl von Elektronen auf eine sehr kurze Lange kgressiert werden,
deren longitudinale Ausdehnung, in Einheiten der Zeit gemesseamr wenige zehn



Femtosekonden betragt. Die Diagnose solcher Elektronenpa&dst eine au eror-
dentliche Herausforderung. Desweiteren zeigt der Betrieb vdrichtquellen wie
FLASH, dass Diagnostik mit Einzelschussau®sung unverzichtbar istZur Mes-
sung der Lange der Elektronenpakete warde man intuitiv eia Methode in der
Zeitdomane wahlen. Fallen die im longitudinalen Pro | de Elektronenpakete vor-
liegenden Strukturen jedoch in den fs-Bereich, so stehen bisuke keine zeitauf-
gelsten Methoden zur Verfagung. In dieser Doktorarbeit wid eine Methode
beschrieben, die auf einer Wellenlengenmessung basiert, und dowohl das Kri-
terium der Einzelschussauesung als auch das der hohen zeitien Auesung
im fs-Bereich erfullt. Die Ladungsmenge, die sich in Struktien mit einer typis-
chen Lange von einigen Femtosekunden (volle Breite bei habHehe des \Spike™)
be ndet, kann mit einem neuartiegen Einzelschussspektrometgemessen werden,
welches die koharente Strahlung (z.B. koharent®bergangsstrahlung) im fernen
und mittleren Infrarotbereich auest. Die Erweiterung dieser Einzelschussspek-
troskopie zu karzeren Wellenlangen, bis in den nahen Infratbereich hinein,
ermeglicht Untersuchungen bezsglich des Vorhandenseinsv&trukturen, in der
Ladungsverteilung welche meglicherweise mit der SASE-Inteiat korrelieren
oder anti-korrelieren.
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Chapter 1

Introduction

Intense photon-pulses reaching up to several giga-watts of fepower with a
pulse-width in the femtosecond range have been sought for by nyaexperiments
which are designed to explore the unknown territories in ulafast physical, chem-
ical and biochemical processes at sub-molecular and atomic Hason. For these
experiments the required photon wavelengths range from théUV down to the
Angstrom regime. Third generation light sources have achievery high peak
brilliances of 10%®° Smrifl’o',}"%wover a wide range of the electromagnetic spec-
trum down to the hard X-ray region, but still several orders of mgnitude below
the desired brilliances. In a typical third generation light sarce the photon
pulse-width is several orders of magnitude longer than the wads desired in many
experiments. A great leap forward was achieved when free ¢ten lasers based
on the Self Ampli ed Spontaneous Emission (SASE) principle benge available.
At FLASH, for instance, a single photon-pulse energy of 70J with pulse-width
of 10 fs at a photon wavelength of 13.7 nm has been obtained. A highiga
SASE-FEL such as FLASH, ampli es part of the existing intensity in he white
shot noise to several GW of peak power and is not limited to a seesbér wave-
length. The FEL wavelength is tuneable over a wide wavelertgrange with the
undulator eld and/or electron beam energy adjustments.

1.1 Free Electron Laser

A Free Hectron Laser (FEL) produces coherent electromagnetic radiation kka
classical laser, but uses entirely di erent principles to formhe lasing medium.
The lasing medium is a relativistic electron beam, which corsponds to the bound
atomic or molecular states for conventional lasers. In an FEL, relativistic elec-
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tron beam passes through a periodic transverse magnetic eld of aindulator,
where it is forced to perform a wiggling path. The accelerain of the electrons
along this path results in the release of photons. Mirrors capte the released
photons to generate resonant gain through the combined intsstion 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 wherao good mirrors
exist, a high gain FEL (see below) can reach a resonant gain and wate in a
single passage along the undulator. The wavelength of the phatcan be tuned
using the electron beam energy and the magnetic eld strengtlf the undulator,
see Eqg. 1.3. Compared to conventional lasers, this gives mor«ilality to the
FELs in the wavelength range coverage and tunability. Opet@nal FEL facilities
currently are ranging from microwaves to VUV and they are usuatleasy to tune.

From single electron radiation to the FEL

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

P/ o %3 (1.1)

with = p% where = .. This indicates that one gains a large increase in

radiation power when accelerating to ultra-relativistic errgies. The key feature in
terms of FELs is the quadratic dependence on charge. Re-vimg Eq. 1.1 in terms

of N, the number of electrons in an electron bunch, the quadratdependence on
N shows up

P/ N2 42 (1.2)

The radiation per electron is proportional toNe? 4 2 which is N times larger than
single electron power intensity in Eq. 1.1. In practice a largeumber of electrons
are involved. The main condition for Eq. 1.2 to hold is that dlelectrons have
to make a point-like charge distribution compared to the wavength of the light
given by Eq. 1.3. This imposes some very tight requirements ohéd electron
beam quality with respect to transverse and longitudinal distbutions, which are
impossible to meet in practice if sub-micrometer wavelengthseadesired.

1The contribution from the longitudinal acceleration is negligible.
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Microbunching

The typical length of the highly compressed electron bunches in the range of
few micrometers which is still much longer than the light wavength in the VUV

and X-ray range. Thus, coherent emission in the spirit of Eq. 1.2 oaot take

place. The FEL mechanism, however, provides an e cient way t@enerate a
longitudinal density modulation in the electron bunch on thescale of the optical
wavelength resulting in a periodic sequence of bunchlets bgishorter than the
optical wavelength. This phenomena which is called \micramching" gives the
essential advantage to the FEL radiation because a large numbef electrons
radiate coherently [3].

FEL wavelength

The equation of motion for electrons in the presence of the ualdtor magnetic
eld is considered in literatures e.g. [2, 3]. The energy trafer from the electron
beam to the co-propagating light wave exhibits resonance bahor as a function
of the light wavelength. In terms of the undulator parameteK = % (whereBis
the peak magnetic eld), undulator magnetic period ,, and normalized electron
energy , the strongest resonance happens at a wavelength given by [3]

o=t ) (1.3)

SASE principle and gain length

The ampli cation of radiation in an FEL can be considered in tvo general cases.
If the changes in the electromagnetic eld due to FEL gain in &h passage are
small it can be described by a low-gain FEL model (see e.g. chaptein [2]).
In order to make this low gain useful, an optical resonator mustéoused where
the radiation is ampli ed over many cycles of interaction wih a large number
of subsequent bunches. In the extreme ultraviolet and X-ray rages, however,
there are no suitable mirrors to build an optical resonator.

The high gain FEL model describes the situation that the changeof the elec-
tromagnetic eld are strong in a single passage through the undator (see e.g.
chapter 2 in [2]). The radiation intensity grows exponentidy with a characteris-
tic e-folding length Ls. To start the process, there are two general options. One
may \seed" the FEL using photons generated by an external lasef the same
wavelength as the FEL wavelength (Eq. 1.3), or could start fio 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 seitins. The
latter is referred to as_®If Ampli ed Spontaneous_HEnission (SASE) of high-gain
FELs [4].

The gain length, Lg, is given by

1 2mc 3 2 )13

Lo = (— T~
¢ p_3( oerkz

(1.4)
where 2 is the beam cross section anidis the peak current. The more complete
picture is given in the 3D-FEL model where, for instance, the ect of transverse
emittance of electrons and di raction e ects of the radiaton can be explained [2].
With given undulator parameters, in order to have short gain legth, the emit-
tance of the electron beam should be small and its peak currerdrgjer than

1 kA The latter requires to compress the electron beam longituaglly with-
out defecting the emittance.

1.2 FLASH Linac

The Free Electron LASer in Hamburg (FLASH), the successor of TTF4, at
DESY is a FEL based on SASE principle and can deliver very intendight in
the wavelength range 32 nm [7] to 13 nm [8] in the rst harmonic Installation
of further accelerating modules has been done to achievelieg electron energies
and thereby achieve even shorter wavelengths as 6.5 nm in thest harmonic.
The peak brilliance of FLASH and some other future FELs are shown Fig. 1.1.
The peak brilliance of third generation synchrotron radiatbn sources are orders
of magnitude lower than FELs over a wide range of photon eneeg.

The layout of the FLASH linac is shown in Fig. 1.2. The FLASH injetr con-
sists of a photo-cathode RF-gun which emits electrons when tlgain laser hits
the cathode. Acceleration happens in 5 cryo-modules (aftene recent upgrade
6 cryo-modules), each with eight 1m-long superconducting @it cavities. This
acceleration provides energies between 450 to 700 MeV (emtty up to 1 GeV).
Two magnetic chicanes accomplish the main longitudinal comgssion of the elec-
tron bunches. Six undulators compose the FEL for FLASH, each 4.5 long 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-gihed spon-
taneous emission (SASE) principle [5, 6]

3Experiments that are described in this thesis were carried out when the maximum elecon
energy was 700 MeV (that corresponds to 13 nm SASE-FEL wavelength). The installatin of
new modules to achieve energies up to 1 GeV has been done later.
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with a magnetic period of 2.73 cm. The bypass has been foreseenptotect
undulators from high beam losses during accelerator studies.

The time structure of the electron bunches at FLASH is as follosv There are
two modes, short pulses mode: maximum 30 bunches in each trainaeno-pulse)
and long pulse mode: up to 800 bunches in each train. In the shqgrtilse mode
the spacing between successive bunches in a train can be any of,14,25, 10,
20 and 25 s. The repetition rates of the macro-pulses that FLASH is alread
operated are 2 and 5 Hz.

Bunch Compression Scheme

One of the challenging requirements on the electron bunchas FLASH is to
achieve peak currents as high as 2500 A. Increasing the chargmglty in RF
gun region is limited due to space charge e ects. In contrast, vh electrons are
ultra-relativistic, it is possible to compress them longitudimlly. Here the velocity
bunching is not possible because electrons have very small valodi erences.
One way to compress the electron bunches is to introduce an ege chirp and
then pass a dispersive section (Fig. 1.3). Upstream of a magnetidozine!, depen-
dent on the o -crest phase of an accelerating module, an energyirp (%) can be
introduced that leads to longitudinal compression when the ettron bunch passes
through the chicane. The path length of electrons in a magnietchicane is depen-
dent on their energy, higher energy electrons make a shorteatp. In this scheme
the tail of the bunch should have higher energy than its head. ¥én the bunch
passes through the compressor, tail electrons can catch up witkedd electrons
and the electron bunch gets longitudinally compressed. In exences [10, 11] the
magnetic chicane bunch compressors are discussed in detail. Imte of g, the

Low energy path
reference energy path
. =.= high energy path

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 reltive energy deviation
can be written as [11]

_ .o ) 2 D3 ...
z= () = Rse + Tses “+ Usges: ~ + i

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

L 4
Rse = 25(%Ct §|—B)

where ¢ is the chicane's bend anglel,., is the active chicane length andg is
the dipoles length.

The change in the energy of a particle at, (longitudinal coordinate with respect
to a reference particle) after acceleration in an RF sectios given by

E(z) = eVcos( + kzp)

where is the o -crest phase of the bunch to the RF wave and k is the RF
wavenumber k = Z—RF). The linear term in the accelerating eld is de ned as
energy 'chirp' factor h [11]

eV
h= —sin
E

In terms of h, the correlated energy spread along the bunch JE(EZ—O) = = hz,.

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

q
F = (1+ hR56)2 i2+ R%G 2 (15)

where | is the uncorrelated energy spread. The maximum compression Ipgns

where1+ hRg = 0, in this case the bunch length is given by = jRsj .. In

Eqg. 1.5 with high quality beam of RF-photocathode gun, the ucorrelated energy
spread can be neglected and

= j1+hRsgj = —
f J 56) i C
In addition to the bunch length compression, the uncorrelateénergy spread is
magni ed by the compression factorC thus preserving the longitudinal emit-

tance [11].
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Figure 1.4:
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Longitudinal phase space and bunch current distution before (left
two plots) and after (center two plots) a bunch compressor chican
The right two plots show the phase space after the chicane if a
39 harmonic RF section is used to compensate the non-linearities
of the fundamental frequency and magnetic chicane. ThBss is
increased here to achieve the same 1.8 kA peak current (adapted
from [11]).

The nonlinear RF accelerating eld results in strong non-linarities in the
chirp and this together with Tsgs Of the chicane dominates the shape of the bunch
and develops a spiky shape (Fig. 1.4). In a 4-dipole chicane lmlincompressor
scheme, a way to compensate for this nonlinearities is to limgze the accelerating

RF eld by

means of a3 harmonic RF. In this case the shape of the chirp and

resulting bunch shape after magnetic chicane is shown in the higside of Fig. 1.4.
The e ect of the second bunch compressor of FLASH, the S-shape bunabm-
pressor, can be considered in a similar way and can be found in thefarences

e.g. [10, 11].



Chapter 2

Longitudinal Beam Diagnostics

The role of the longitudinal compression of the electron bunels to achieve the
required high peak currents is outlined in section 1.1. As thdextron bunches
get longitudinally compressed the measurement of their pro Ibecomes more im-
portant and di cult. There are theories that try to describe t he longitudinal
compression of the bunches and experimental data are requirtm investigate
these models. The present investigations might help to improvée current un-
derstanding and ultimately get closer to the design of the desttecompressors.
The expected longitudinal pro le of the electron bunches aFLASH has struc-
tures as short as a few femtoseconds, this requires a high resolutounch pro le
diagnostics. The tail of the bunch may extend to a few picoseconidWhen a full
bunch pro le measurement is required this long tail determies the range that has
to be covered by the diagnostics toél The changes of the bunch pro le from shot
to shot have to be monitored. Therefore, single shot capabilifypr the diagnostics
tool is required. In other words, the ideal longitudinal diagostics tool should be
single shot, broad-band, and with high resolution. Additional@equirements would
be: easy to operate and maintain, non-invasive, compact andsgao incorporate
in di erent parts of the machine, operating independent of rachine parameter
changes. Several longitudinal diagnostics experiments amaplemented in the
diagnostic section between the second bunch compressor (BC3) dine FEL un-
dulator (Fig. 1.2). The transverse @ 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 measng 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 electroftic crystals close

IFor 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 brefringence) of the
crystals are changed proportional to the electric eld strenp and the cumulative
e ect on a co-propagating short laser pulse can be detected. Ihis way, the tem-
poral (longitudinal) structure of the bunch charge is impresskin a polarization
modulation of the optical pulse [13]. Detection of coherentndulator radiation

produced by an electron beam already modulated by an opticldser is the ba-
sis of a method which is called optical replica. Single shot specof coherent
radiation can be measured to reconstruct the longitudinal et¢ron bunch pro le.

2.1 The transversely de ecting RF structure

One way to measure the bunch length is to streak the bunch using eahsverse
RF de ecting structure (TDS). Such a device, which was consteted and tested
at SLAC in the 1960's [12], has been installed at FLASH [14] in kaboration with

SLAC. The S-band (2.856 GHz) TDS cavities are similar to the didkaded S-band

vertical RF field1Ey(t)
fast horizontal kicker

e \;mrmw% 'ﬁ/m%
. - e L —| = 1 o
[ S—
o By rALLTUTCE T ETE v v
7

Sz = e——————366m _
vertical streak
and horizontal kick

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

accelerating structures of SLAC except for the irises that haumode-locking holes
that result in excitation of the TM; hybrid mode [16]. When electron bunches
enter the TDS which is already lled with this mode, they exhbit a transverse
streak in the vertical direction. The streaked bunch is kickedut of the train (by
means of a fast kicker) and hits an o -axis screen, Fig. 2.1. Thethe produced
optical transition radiation can be measured with an optical sstem 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 tle electron beam on
the screen. Optimizing the electron beam optics, the time resdion of a TDS
can reach 15 fs (rms) [17]. For the beam optics used during stamdaccelerator
operation the beam size is bigger and therefore the resolutialimited 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 basedmthe Pockels e ect
in which an applied voltage causes the detector crystal to baoe birefringent.
When the optical sampling pulse travels through the crystal atlie same time
as one temporal point of the THz pulse, its polarization is sligly rotated. The
magnitude of rotation is proportional to the magnitude of tre THz eld, and
the direction of rotation is dependent on the sign of the eld.In this way, the

||Tg l Tc \ grating E
optical I L

fs laser |
stretcher "P

<o B

Spectral decoding

P
fs laser L cylindical
telescope

Spatial decoding

T

i fixed

i delay
fs laser
optical

stretcher

Temporal decoding

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

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

N

EO signal

N

2 6 8 10 12 14 16
time in ps

Figure 2.3: Longitudinal bunch prole measured at FLASH with he electro-

optic temporal decoding technique using a 100mthick GaP crystal.
Adapted from [18].

can be split in two parts, one to go through the same process as spattiecoding
and the other to be used to make a time-space mapping [18]. An oview on
the di erent single shot electro-optical methods is shown in Ei. 2.2. Single-shot
EO bunch length measurements were pioneered at FELIX [20] Withe spectral
decoding, the more recently developed spatial decoding [2hd temporal decod-
ing [22] techniques o er higher resolution at the price of erdmced complexity. An
overview on the electro-optical techniques for bunch lengtdiagnostics is given
in [13, 19]. In Fig. 2.3 a measurement performed at FLASH is showh shows a
FWHM of about 100 fs for the spike in the time domain pro le [18, 3].
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2.3 Optical replica

The method proposed recently by Saldin et al. [24] is based onteletion of coher-
ent undulator radiation produced by modulated electron bea. A seed optical
laser is used to produce an optical replica of the eld of the elron bunches. The
electron bunch and the laser pulse overlap by adjusting the timg of the laser
puls€ in a modulator that consists of an undulator (tuned for the resoance at
the laser wavelength) and a dispersion section (a chicane willgg = 50 n). In

this step, the density modulated (same as the laser wavelengthlpetron bunch
enters to another undulator (radiator) which is also tuned tothe laser wave-
length. This results in the coherent radiation in the laser waslength. Then
an ultrashort optical-pulse measurement device can be used toopide real-time
single-shot measurements of the electron bunch structure [24].

2.4 Coherent radiation diagnostics

The most common coherent radiation sources for diagnostics jpases are tran-
sition radiation (TR), diraction radiation (DR), synchrotr on radiation (SR),
Smith-Purcell radiation (SPR) and edge radiation (ER) (seeleapter 3). For wave-
lengths of the radiation longer than or comparable to the disince of electrons,
these electrons radiate \in phase" or coherently, the intensitof this coherent
radiation scales with the square of the number of contributinglectrons. The in-
tensity integrated over the coherent radiation spectrum candoused as a relatively
simple tool to control the compression of the electron bunchesrdf spectrally
resolved measurements of the intensity of the emitted cohererddiation, infor-
mation about the longitudinal form factor and thus the char@ distribution can
be obtained. This can be done either using a Fourier transfornmterferometer
or using grating spectrometers. Although only the magnitude otfhe form factor
can be measured, the bunch pro le can be reconstructed withiredain limita-
tions using parametrized bunch pro les that can be t to the masured spectra.
Alternatively, the Kramers-Kroning relation can be used to esthate the phase
(e.g. see [25]). These are described in more details in sectia 9.

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 bunaks can be focused on
a single pyroelectric detector (see chapter 5) to get a signalgportional to the
total radiated intensity. This provides a simple tool to contol the compression
of the bunches, called Bunch Compression Monitor (BCM). The ieigrated sig-
nal described above is dominated by relatively long waveletgcontributions and
accordingly is not very sensitive to the short wavelengths cost in the spec-
trum of the coherent radiation. The compressed bunches at FLASkhve a spike
which contains roughly 10% of the electrons. The rest of the eteons which
are in the tail contribute to intensities in the long wavelenths of the coherent
radiation spectrum when bunch is subjected to radiate. The speally resolved
coherent radiation contains more information on the compssion process than
the integrated radiation. A device which is called Advanced &hch Compression
Monitor (ABCM) [26] can be used to detect any part of the coherdrradiation
spectrum. The basic principles of this device are described incien 6.2.2. The
detected regions might cover the wavelengths corresponditgythe 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, drent spectrom-
eters have been developed to measure the spectra that can be aayt of the
electromagnetic spectrum. Steady phenomena can be resolvethwourier 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 dmet spectral behav-
ior of the entire instrument (e.g. grids, mirrors, lenses, polazer and detectors),
one could extract the spectrum with high resolution. A recent ark conducted at
FLASH using a Martin-Puplett interferometer is reported in rderence [27]. The
bunch pro le is reconstructed from the measured coherent synairon 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 shdb shot, non
single-shot spectroscopy is not very useful. Most of the operataninterferom-
eters as bunch length diagnostics tool, e.g. the Martin-Pugtlt interferometer,
have a movable element (a linearly moving arm or a rotating gting) and the
signals in each step of the moving element are recorded to forhetinterferogram.
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 serent transition
radiation of the electron bunches in a linac-driven FEL, it$ straightforward to
think of dispersive elements that are capable of sorting the ré&tion in terms
of wavelengths. Well known single element optical devices thean 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 specfor individual

shots provided a suitable detection system is in place. Prisms cée used for
visible to mid-infrared light. The dispersive power of a typichprism is not
strong and single-shot high resolution spectra cannot be recoddeven over their
limited range of coverage. Diraction gratings are availale for almost the entire
electromagnetic spectrum. Depending on the application, aappropriate choice
can be made. The description of gratings problem as dispersivieraents of
spectrometers is given in chapter 4. The basic principles of elient 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 buhes is the measure-
ment of the emitted spectrum when electrons are subjected to adiation process.
The most common radiation sources are Transition Radiatidn(TR), Synchrotron
Radiation (SR), Smith-Purcell Radiation (SPR) and Edge Radtion (ER). In
order to compute the coherent radiation spectrum, one shoulagthe single elec-
tron spectrum from the theory. Then for any given electron distbution along
the bunch, it is straight forward to derive the spectral energyensity of the en-
tire bunch, the quantity that can be measured. The generalidecase of a three
dimensional charge distribution of the electron bunches carften be simpli ed
(see Fig. F.4) by considering it as a line charge distribution ahg 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 ctamt.
The normalized line charge distributiord, &(t), can be converted to the frequency
domain to derive the "longitudinal form factor" of the bunch as
z 1
Flong (1) = e(t)exp( ilt )dt (3.1)

1

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

d?U,
did

d?Uy
d'd

= N+ N(N  1)jFiong(!)j? (3.2)

Yincluding its special case of Di raction Radiation (DR)
2Normalized to the total bunch charge
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where (;’,2—;’1 is the radiation intensity emitted by a single electron into tle solid
angled in the frequency bandd! of the speci c radiation process . In general
the single electron spectrum depends on the electron energy(the angular fre-
guency), the point of observation and details on the physics tfie generation of
the radiation. For a large enough numbérof electrons Eg. 3.2 can be simpli ed
to

dZUN d2U1

d'd d'd
The interpretation is simple, the term N jFRong (! )j? is @ measure of how well, for
a given frequency , the entire charge acts as a single macro-charge.

= szFlong(! )JZ (3-3)

3.1 Transition radiation

The following section outlines, mainly based on reference [28pw to calculate
the single electron spectrum for transition radiation. The prblem of synchrotron
radiation is also addressed in the next section. When a chargedrpiele traverses
the boundary of two media of dierent dielectric propertiesits self eld gets
modi ed and this results in a radiation which is called transiton radiation. One
example of such a radiation process is when a thin screen of a cactdr is in
the passage of relativistic electrons. In the ideal case of in mttransverse size of
the screen the radiation intensity is frequency independentn contrast, for real
screens of nite size the radiation intensity is frequency depeéent.

3.1.1 Ginzburg-Frank formula

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

2 2 cin?
d Uck _ e SIn (34)
d'd 43451 2cog )2
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, proded one stays well
below the plasma frequencyof the metal.

3This approximation is valid when N Eongq(! ) 25> 1.

4The plasma frequency is given by! = %, 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, angd is the
permitivity of free space. As a typical value, the plasma frequency of copper is 16 PHz



18 Coherent Radiation Sources for the Electron Bunch Diagno stics

i/
i/
.4
:7\
./

0

Figure 3.1: Ginzburg-Frank spatial distribution for the transition radiation by a
single electron. The angle against backward direction is shovay .
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]:

d’U i d’U
ge:je!rgllzed GF — d!dGF [1 Ta( ;! )]2 (3.5)
where
la la sin la la la sin la
= =
Ta(;!) c Jo( c )Kl(c )+ c 2 2an Ja( c )Ko(c ) (3.6)
This form reduces to the Ginzburg-Frank formula whera andD 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]:

Z a 2 2

dZUgeneraIized GF / J (k S|n )K (k_) exp(lk—) d
d'd 0 ' ' 2R

In order to orient this back re ected radiation to an experinental setup the target
screen normally has an angle af5 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 rie screen,
the radiation energy acquires ant dependence. The spectral energy density
given by Eqg. 3.5 can be evaluated with numerical integrationIn Fig. 3.2 the
TR energy per frequency intervalf = 1 GHzhat is emitted by an electron with

= 1000 is plotted as a function of the TR screen radiug. 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 astotically to
~2 _(In +In2 0:5) (see chapter 3.5 in [28]).

2 2 4c

(3.7)




Coherent transition radiation by an electron bunch 19

=
ES
T

[107 eVIGHZz]
o o I
(2] [e] = N
—

I
N

a [mm]

Figure 3.2: Transition radiation by single electrons. The TR egrgy in eV per
GHz bandwidth is shown as a function of screen radiues 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, theatrsverse distri-
bution was neglected. For a cylindrically homogeneous trawerse distribution
with radius ry, the spectral energy density of the entire bunch is given by E§.3
with [28]

d’U; 2c Ir pSin 2c
did = Ja( )

Ir ,sin C Ity
where T,( ;! ) is given by Eq. 3.6. More general bunch pro les can be studied
numerically.

dZUGF
d'd

(TGP

3.1.4 Diraction Radiation

For a di raction radiation screen of radius a which has a hole of radius, the
single electron spectral energy is given by [28]
2 2
S = mG) TGP

In Fig. 3.3 a comparison for the far- eld angular distributionof TR, produced at
a disk with radiusa = 20 mpwith that of Di raction Radiation (DR) at the same
size disk but with a central hole of radiud = 2 mns shown. The distributions are
all normalized to the maximum value of the transition radiaton at the longest
wavelength of50 m Diraction radiation intensity reduces dramatically with
decreasing wavelength. This loss is much more pronounced at deraenergies
( = 500is shown in Fig. 3.3 in the left). In Fig. 3.4 a comparison for thepectra
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Figure 3.3: Angular distribution of transition and diraction radiation from a

circular disk (radius a= 20 mintarget. Solid curves are TR on a
disk without hole, the other curves refer to DR on a disk of radsi

a = 20 mmvhich has a central hole of radiu® = 2 mngsee Fig. 11 in
reference [28]).
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Figure 3.4: Single electron spectra as a function of the wagalth for two targets,

a full circular disk of radiusa = 20 mnin red (dashed), and a same
disk with a hole of radiusb = 6 mnin 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 waeelgth 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 walength cut-o
is shown in Fig. 8.12.

3.2 Synchrotron radiation

Dipole magnetic eld de ects a relativistic electron and cetripetal acceleration
produces radiation which is known as synchrotron radiation.The fully non-
invasive nature of this source makes it very attractive for th@urpose of diagnos-
tics. Synchrotron radiation is broad-band and the shorter waslengths are more
con ned to narrower emission angles.
The electric eld of an electron moving along an arbitrary tajectory is given by
the Lienard-Wiechert formula [1]
" # " #
Em)= o, N . 2 0D
L T O R L CJf] @a n ")

et

(3.8)

ret

wherenf is a unit vector along the direction from the emission point tole obser-
vation point. The quantity in the brackets has to be evaluatd in the retarded
time t’ =t % #t°) . Using this formula one can get the spatial spectral density
of a single electron moving along a circle known as Schwingerriula. When
the electron trajectory is not a complete circle, e.g. wherleztron travels along
a short dipole magnetic eld, one has to perform numerical calilation starting
from eld given by Eq. 3.8 [31].

In reference [31], synchrotron radiation from a short magnes idiscussed in de-
tails. For a very small bending angle comparable with the spatial and spectral
radiation density from an electron could be given by an analid form (see sec-
tion 3.2.2 in [31]).

In general, for a full reconstruction of the bunch pro le, wha the absolute inten-
sities are important, SR sources seem to be more complicated th&R. In appli-
cations like bunch compression monitoring where the relativatensity changes
are important, if enough care is taken, SR can be used insteadTdR. Measured
spectra of SR should be unfolded for contribution that may comiom di erent
dipoles of a chicane or wiggler as well as the complicationathmay arise be-
cause of waveguide e ect of vacuum chamber that may bring thediation from
upstream magnets to the measurement port.



Chapter 4

Electromagnetic Theory of
Di raction Gratings

The coherent radiation of electron bunches is broad-bandnging from a few mi-
crometers to millimeter wavelengths. For single shot spectrogmoof the emitted
coherent radiation, gratings can be used to disperse the polyomatic radia-
tion into its components. The widest free spectral range of a dgrag 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. Thefore a single
grating unit cannot cover the entire range of interest. A propr design of the
grooves geometry and the grating setup can make it possible to geathe pro-
cess of dispersing the radiation. In each stage, for a wide randetlte shortest
present wavelengths, the grating acts as a very e cient dispeng element and
at the same time it Iters the longer wavelengths from any shortwavelengths
content [32]. These longer wavelengths can then be resolveditater stage with
an appropriate grating pitch size. In each stage the disperseddiation is well
separated from the longer non-dispersed wavelengths. With théhort introduc-
tory remarks it becomes clear that a deeper understanding dfe grating physical
problem has to be established.

For several decades physicists were trying to solve the problen di raction
grating energy distribution within a given order. Earlier agroaches ended with
approximate solutions applicable only to low=g, where is the wavelength
and g the groove spacing. Later, Pavageau and Bousquet [33]riduan integral
formalism with only restriction of a perfectly conducting surdce. The next break-
through was made by Maystre who derived an e cient single inteigl equation
formalism that could handle real metals with no geometric resgttions for both S
(TM mode, electric eld perpendicular to the grooves) and P (E mode, electric
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eld parallel to the grooves) polarizations [34].

Maystre has discussed the rigorous computational treatment ohé di ractive

e ciency of a plane grating. In general, there are two limitng 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 was 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 theoriearcbe used [35, 36].
Both types of gratings used in the grating spectrometer discusséd 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 diacted 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 regiorR. (y > Yy) normally contains air and its
index of refraction will be assumed as being equal to 1. The regiR (y < Yy

lled with a metal or a dielectric with complex refraction index . Suppose an
incident plane wave given by (the time dependence exp(! t) is omitted)

E'= A exp(R X)= A expli(kesin  kycos)]
H' = B exp(iR X)= B expli(ksin  kycos )]

which illuminates the grating of Fig. 4.1 where8= -k A and kK = 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 preserve by the di racted

radiation. Starting from Maxwell equations one can formulge a boundary value
problem for the magnitude of the di racted eld (in both polarizations), F, that

models the above physical problem

r2F*+k**=0 inR*

rer +k*?F =0 inR (41
with the boundary conditions (on )
Fr(;f(x)+ Fi(xf(x)=F (xf (X)) TE mode 4.2)

NFTOGE )+ FFGF (X)) = GarF (xf(x)) TM mode

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-
gionsR (y<Yy and R (y> Yy. An incident plane wave upon
grating surface propagates alon§ while K, describes the di racted
n" order. The period of the function f(x) is equal to g = OG. The
grating shown here is called \blazed grating”. The blaze anglis
denoted by and the apex angle by .

and F satisfy a radiation conditio® wheny ! 1  where

1 P polarized
< S polarized

QJ:

F is the magnitude ofE, (for TE mode or P polarization) or H, (for TM mode
or S polarization) andN is the unit vector in the direction normal to the grating
surface and is pointing to the regionR.. % is the directional derivative in
the direction of N or % =N r. The boundary conditions of Eq. 4.2 are the
continuity equation for the transverse eld components g, for the TE mode and
H for the TM mode). In [34] the solution of this boundary value poblem 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 sectiodescribes the

distribution of the dispersed light. A general solution is a supeosition of eigen-
functions of Eq. 4.1 with boundary conditions of Eq. 4.2. Edceigenfunction is

2The integrated power over a large enough surface that surrounds the entire volumander
consideration is nite.
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called a di raction order. Each di raction order carries a faction 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 distribubn of the n'" re ected
order® as (for a derivation see appendix A.1.3)

sin ,+sin = n§ (4.3)

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

Dispersive power

Another aspect of Eq. 4.3 is the dispersive power. The quantity
COos p (4.4)

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

3For transmission orders this equation has the form sin {’ +sin = ng.
“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 fom = 1, this
normalization factor is

o

1 1

d ~ gcos;

4.2.2 E ciency of di erent orders

The e ciency E, in the n'" diracted order is de ned as the ratio of di racted
energy in this order to the energy incident on the grating. Imrappendix A.1.3
an integral method for a perfect conductor, adapted from [34is presented that
gives the relation betweerk, 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 conmartial code that
can handle complicated problems of di raction gratings is &Solver" [38].

100 T T T T T T T T
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80

70k . .
, Zero-order, q=20.5
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b=27", First-order, q|:20.5°
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b:27°, Second-order, qi=20.5°

40

Efficiency [%]

b=27°, Third-order, qi=20.5°

30 o, Fourth-order, qi:20.5°

20

10

1.05 12 1.35 15

0.3 0.45 0.6 0.75 0.9
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Figure 4.2: E ciency curve of a re ectance blazed grating $olarized incident
radiation. The e ciency of the rst order is larger than 50% when
3 2 [0:78; 1:31].
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In Fig. 4.2, an example of e ciency curves is shown. This is foB-polarized
(electric eld normal to the grooves) light incident on the gating with an angle of
20:5 to the grating normal. The horizontal axis is the wavelengtmormalized to
the pitch size (= g). There are several important features as this parameter vias
over the range0:3 < 3" For 0:3< 3 < 0:78, many orders carry energy and if the
incident radiation contains these wavelengths they get dispsed to the entire
range of de ection angles of Fig. 4.3. Whe0:8 < 7 < 1:3, most of the radiation

— First order
- - - - Second order
15+~ Third order -

0, G, A, [deg]

0 | | | | | | | | | | |
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

Wavelength / Pitch

Figure 4.3: De ection angle for the most intensive orders of §i 4.2

goes to rst order and only a little intensity leaks to zero-or@r. This window can
be used to record spectra if the spectral range contains wavejéims longer than
= 0:78g. If 7> 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 tearly that
the S-polarized radiation is much better suited to resolve a de spectral range.
If the radiation under study is not linearly polarized (like transition radiation), a
polarizer with known spectral behavior should be used (see appenC).

Angular distribution as a function of wavelength

Equation 4.3 describes the propagation direction as a funot 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 cemd this is
true, but e ciencies need to be considered as well. Dependimgn the details of
the groove geometry, e ciencies change and accordingly, like the prediction of

Eq. 4.3, there might be no intensity appearing in an order for see wavelengths.
The incident radiation shows up only in orders that have nonero e ciencies.

Therefore for a complete description of the energy distribuan 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 sbkand
dashed lines, respectively. Green, blue and black correspondzero,
rst and second orders, respectively. For S-polarized radiatiothe
rst order e ciency is larger than 50% when 3 2 [0:75; 1.8].
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4.3 Design considerations for broad-band grat-
iINng spectrometer

In the ordinary applications of the re ectance gratings (eg. monochromators),
a blaze-wavelength condition (Littrow moun®) is satis ed to maximize the e -
ciency by a proper selection of the angle of incidence on theaging (e.g. rotating
the grating to obtain the blaze wavelength condition for dierent wavelengths).
When it is desired to resolve broad-band polychromatic radiain (like coherent
radiation of the electron bunches) in a single shot mode, the degof 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 word#e widest rst-
order dispersive window with high e ciency that exhibits minimum intensities
leaking into other orders is desired. The dispersed radiationtd rst order ex-
tends over a large angular spread and may, without a careful slgn, overlap with
the incident radiation. In addition, the optimized con guration should provide
a sharp change from the dispersive window to the range of longeawelengths
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 spdeure ection) in a
next stage this region has to be kept free from any other di ra@n 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 ptimized to achieve
the broadest high-e ciency rst-order dispersive range. The dspersed radiation
propagates in the direction ;( ) where3 < 4( ) < 75. This imposes on com-
plications in the design of collecting optics of the disperseigiht when the incident
radiation is broad-band polychromatic (like the spectra of @herent radiation of
the electron bunches in a linac-driven FEL). An intuitive simgpe solution is to
orient the dispersed light out of the plane of incident radiabn. 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 ofdtdispersed
light. With the angle of incident ; = 19 the dispersed radiation spans the range
27 < 41( )< 78. The eciency curves are very close to those of Fig. 4.2. A
setup with ; = 57 has been used in the experimental veri cation of e ciency
curves at FELIX (see chapter 8).

SA 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 ectargm@ting in
a non Littrow mount to do single shot spectroscopy of broad-bandadiation.
Suppose the incident radiation is composed of wavelengths ¢@am than 4. If
the rst order dispersive window starts at o for a re ectance grating with the
pitch size of g it resolves the spectra to a wavelength, such that ;> ¢ (in
reference to Fig. 4.2, which is for an incident angle of = 20:5 on the grating,

o= 0:78gand ;= 1:31gwhich results in ; = 1:65 ;). Then for wavelengths
longer than ; the entire, not yet resolved, radiation goes to zero-order whe the
grating acts like a mirror. This re ected radiation can be sed to the next grating
with appropriate grating geometry to repeat the same processhil the region of
interest is covered. A very important objective in the designfahe grooves and
the layout arises in this context. The direction of the speculare ection has to
be free of any di racted order. This staging concept is shown iRig. 4.5.

Reflectance grating G3 I o< | 1< I 2% I 3

— | »1651

pItCh size g3 Dispersed radiation
I > 139
Dispersed radiation
L (| —_—

\
Incident radiation

| > \

_

Reflected from G .
incident on G2

Reflected from G
2 1>

incident on 63 _ 1

1>, \ Reflectance grating Gl
pitch size g,
. Dispersed radiation
Reflectance grating G, ...l
pitch size 92 — / Reflec:tle:iI from G,
) 3

Figure 4.5: A multi-stage mount of re ectance gratings. An indent radia-
tion (S-polarized) composed of wavelengths longer thar, illumi-
nates the grating G1 with a pitch sizeg;. The wavelength range
[0:780:;1:31g:] = [ o; 1] is then dispersed to the rst-order and radi-
ation composed of wavelengths longer than, 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 (eitherransmission or
re ectance) is given by the speci cations of the grating. Theefore it is reasonable
to de ne for any grating setup the number of stages as the numbef 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 diemt options:
rectangular (lamellar grating) , sinusoidal (holographic gatings) and triangular
(blazed grating). Lamellar gratings have low e ciencies (he maximum rst or-
der e ciency is about 40%). Holographic gratings are not as ecient as blazed
gratings and they are not easily available in the FIR range. Bked gratings have
the highest e ciencies and it is possible to rule them with groog sizes in the
range of a fraction of a micrometer to several millimeters. Thgeometry of the
grooves with a known groove length, g, can be distinguished blget 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 blazegratings with
di erent blaze angles are shown in a Littrow mount. The resultdr a non Littrow
mount ( xed angle of incident) is shown in Fig. 4.7. In both caseit 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 blazeyrating is to
mix up the orientation of the grooves. A typical blazed gratig may have several
hundred grooves per millimeter which makes it di cult to see he grooves without
appropriate tools. With an apex angle of = 90, the grating with blaze angle

can be used as a grating with blaze angle . In Fig. 4.8 this circumstance
is simulated and it can clearly be seen that the orientation ofhie gratings plays
an important role.
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Figure 4.6: Optimization of dispersion versus blaze angle in aticow mount.
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Figure 4.7: Optimization of dispersion versus blaze angle in @am-Littrow mount.
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Figure 4.8: How to orient the grating with respect to the incidat radiation.

The role of apex angle

Another degree of freedom in the design of the triangular groes is the apex angle
. In Fig. 4.9 the e ciency for three apex angles o8B0 ; 90 and 100 has been
calculated. The rst-order curve that shows a at, high e ciency corresponds

to =90.
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Figure 4.9: In uence of apex angle on the e ciency
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4.4 Transmission gratings

The simplest type of Transmission Grating (TG) is a piece of rectgular 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

sin(ua) sin(Nug) °

M ua sin(ug)

(4.5)

with u= % where k is the wavenumber, X is distance in the observation plan
from the origin in the direction perpendicular to the slits anl R is distance from
the grating to the observation plane (Fig. 4.10, top). It can le 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 transmissigrating 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% ohé incident
radiation. The free spectral rang® seems to be very broad: it is limited towards
long wavelengths by the pitch size g and towards short wavelahg by the incident
beam spot siz& The grating equation Eq. 4.3 with = 0 takes the simple shape
sin , = ”E 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 resultsFor g > 0:2,
scalar theory results cannot be used.

In order to get some insight into the vector diraction theory description of
transmission gratings the approach of previous section is apgidi to this problem
and two sample results are shown in Fig. 4.11, for a TG with pitchzég = 200 m
and g = 0:05 and pitch sizeg= 100 mand g = 0:1. It is evident that for thin
TG the suppression of higher orders is stronger and for gratingdat can be
realized in practicé, the free spectral range is not very large.

Transmission gratings of the described type are very useful to régthe part of
the radiation with relatively long wavelengths. When they ae made thin enough
to suppress the higher orders, they are daintily re ned and hartb incorporate

SFree spectral range is a continuous range of wavelengths over which there is ordyspeci ed
di racted order.

"The zero-order spot has the same size as incident beam and shades the short wavelengths.

80ne technique to fabricate such gratings is to cut, by a laser, slits out of a metllic sheet.
This has limitations in the achievable pitch size and thickness. The current valies that have
been reached by the producer of these gratings amgmin = 100 mand hyin = 10 m
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Figure 4.11: E ciency curves of transmission gratings with picth size of
g=200 m g: 0:05 (TG5) and g= 100 m 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 thiais a measure of the
radiation intensity incident on the device. Depending on theaarget wavelength
range, the intensity level and type of spectroscopy, a suitablestéctor needs to
be chosen.

General requirements

As is described in section 1.2, the distance between successive haaauring rou-
tine operation at FLASH is as short asl s. The spacing between the bunches
will reduce to 200 nsfor the European XFEL [39]. Therefore the entire method
of single shot detection should be as fast 4s s for FLASH and have the poten-
tial to be reduced to 200 ns for the XFEL.

The other important issue is the intensity level that should be dected by the
individual detectors of the grating spectrometer. Simulatin results show that
the spectral range of the coherent radiation that corresponds 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 axed geometrical
aperture of the detector, the signals at longer wavelengthseintegrated over a
narrower frequency bandwidth (see Eq. 4.4). Consider an elemh 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 thesgmmetric
bunch pro le, the number of electrons that radiate coherey can be calculated.
For the single electron spectral density the value 10 ’ g—xz can be used (see
Fig. 3.2). Then Eqg. 3.3 can be used to calculate the radiatiomtensity by the
electron bunch at the source. For a wavelength @0 m Fig. 8.2 shows a trans-
mission of 80% for the THz beamline and Fig. D.1 a transmission of 7086the
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diamond window. The polarizer blocks half of the intensity ath the e ciency
of the grating is about 80%. The other factor is the bandwidtrover which the
geometrical aperture of the detector integrates. The angulapread of the de-
tector aperture is2 or 35 mrad. From Eqg. 4.4 with =200 mg= 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 needsa be an array of
detectors that are located close to each other along the pathadt is given by the
collecting optics. In order to avoid water absorption lines (&Fig. D.2) the entire
detector unit should be usable under vacuum condition of thevel of 10 mbar
In the following sections the detection mechanism of some THzdiation detec-
tors is discussed.

5.1 Pyroelectric detector

The pyroelectric e ect

Among the crystals of noncentrosymmetrical structure there areen classes that
can exhibit spontaneous electric polarization In particular, if the temperature

of the crystal is changed, the dipole moment may also change arabult in an ex-
ternal electric eld. For conductors, the mobile charge carers rearrange quickly
such that there will be no external electric eld. However if tle crystal is an
insulator, stray charges will be attracted to and trapped on tk surface until the
surface charge associated with the polarization is neutralie This process is
not very quick and the relaxation time of the crystal is long eough to detect
the resulted external electric eld. The coe cient that relates the polarization
charge to the temperature change is called pyro-coe cientln other words, the
pyro-coe cient is the rate of change of polarization with tenperature at constant
stress. In general the pyro-coe cient depends on the temperatea but the changes
are about 0.5% per one degree of the changes at the equilibnitemperature [41]
and will be neglected in this thesis.

There are di erent ways to use the pyroelectric e ect for signladetection. One
way is to use the pyroelectric element to store the total chargiberated by a
transient signal. In Fig. 5.1 a drawing of a pyroelectric sensos ishown. The
top black layer, which is used to make the detector more suitabdto measure the

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

total energy?, is followed by a thin metallic layer that acts as an electrog of the
capacitor. The next layer is the pyro-crystal which producea polarization charge
dependent on the temperature change. The bottom layer is theecond electrode
of the capacitor. The detector of Fig. 5.1 can be integratedhia circuit as demon-
strated in Fig. 5.2. The left part shows the pyro-sensor and the pampli er, and
the equivalent circuit for the sensor and preampli er in the rght.

Q‘D —-C, Rd V R/é C.—/ QD —C, Re \Y

Detector Preamplifier Equivalent
Circuit Circuit Circuit

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

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

In order to characterize the pyroelectric detector, both te thermal and electrical
circuits must be considered. When the responsive element absodys amount
of infrared radiation, its temperature rises, changing its stéisace charge. With
the appropriate external circuit, this change in surface chige leads to a signal
voltage.

For a given thickness of a pyroelectric crystal, electroded dyoth sides, the non
absorbed part of primary incident radiation might be re ectal back into the crys-
tal when it reaches the metallic bottom electrode (etalon eect). This enhances
the absorbed intensity in the crystal and generates an additiah wavelength de-
pendent resonance.

Thermal and electrical circuits

The change in temperature, T, of the responsive element is related to its thermal
capacitance,Cr, and its thermal conductanceC, by the following equation:

d
Cryy T+C T= (5.1)

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

[1+12(%)1 =
C
where! is the angular frequency of 3. This analysis assumes that the radiation
is absorbed uniformly throughout the sampte For a periodic incident infrared
radiation, Putley [43] has derived the voltage responsivitR y, for a pyroelectric
detector in terms ofV, the preampli er output voltage:

IA 4 R

e R e R B (5.3)

jTi= (5.2)

as Vv
Ry = — (5.4)

where = pyro-coe cient, Ay = sensitive area of the responsive crystalR =
equivalent input resistance of the detector-preampli er cruit, G = 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 ofli erent
temperature, then the average temperature change can be used in Eq. 5.2 [42].
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capacitance and 1 = C;=C, . = RG are thermal and electrical time constants,
respectively. When the incident infrared radiation is a shorpulse compared to the
repetition rate®, the periodic pulse formalism is not applicable and the solutio

of the Eq. 5.1 for a short pulse of incident radiation has to be osidered. In

references [44, 45] the pyroelectric response to single ind@drlaser pulse as a
function of time constants and the parameters of the signal isedcribed. In

Fig. 5.2 the charge ow can be described by

dv. VvV _dQ
Cea + R dt (5.5)
and for voltage respons&/
av + Vo Ad dT (5.6)

dt . C. dt
For su ciently small loads®, 1, the solution of (t) with the boundary
conditions (0) = V(0) =0 is given by
Z t
V()= exp( t=¢) explt’=,)( t)dt (5.7)
0
where = % is a constant for any sensor-ampli er set. A typical radiation
pulse of coherent radiation produced by electron bunches i$ the length of a
few picoseconds, therefore, is much longer than the entire pulse duration. The
exponential term in Eq. 5.7 can then be replaced by 1,

Rt 0, 0
V()= ()t

i.e. the response is rising as Iorlgg as the signal persists. At the eridhe signal,
V (t) reaches a peak valu¥, = gs ( to)dt0 = | aps, Which is proportional to the
energy absorbed from the radiation pulsd,,ns, and independent ofRR..

Pyroelectric resonances

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

SWhen 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 gs= G=C. This is
di erent to an 1MHzoperation of the pyro-preampli er where the thermal circuit cannot relax
as fast asl s.

6Any thermal e ects occur on time scales many orders of magnitude slower than the eledtal
signals.
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initiated the need to have these detectors calibrated over aider range. Since
at least 2 decades the need to characterize pyroelectric ddta, including their
resonances, has been realized [46]. The layers of a pyroeledensor are com-
posed of di erent materials. The optical properties of these ntarials determine
the transmission and absorption of the radiation. In each inteaice between two
adjacent layers re ection and transmission occur. For a multiayer slabs of dif-
ferent materials one has to carry out careful simulations obtal absorption and
transmission coe cients [47, 48, 49]. The results of such calcuians are strongly
dependent on the knowledge of the optical properties of theaterials of the dif-
ferent layers and their thicknesses. For some of these layers whiage evaporated
on the substrate one needs to know the optical properties of tlevaporated type
of the material which normally happens to be di erent than tre normal material.
Unfortunately, these properties are not available over the wile range of inter-
est, making it more complicated to use the simulation results. Inif. 5.3 the

12r T T T T T T
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Figure 5.3: Dependency of the response voltage on the crystaickness for a
LiTaO; pyroelectric detector over the range 150 to 215nf. Accord-
ing to the crystal speci cations, its thickness in the directionof the
pyroelectric axis should be betweef5 to 100 m The experimental
result is shown as points; the blue, red and green curves are cédted
for crystal thickness of 95, 98 and 100m 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 kiTaO; pyroelectric detector is
shown in comparison with the result of simulation. The three cues correspond
to simulation results for crystal thickness of 95, 98, 100min the direction of

"The experimental result is from a DTGS pyroelectric detector calibration performed at
FELIX [50].



Thermopneumatic detectors (The Golay-cell) 43

pyroelectric axes. The best t to the experimental result corrsponds t098 m
which is shown in red. The change of response voltage as a funetaf crystal
thickness is large and this means that experimental calibrain is mandatory for
each individual detector.

5.2 Thermopneumatic detectors (The Golay-cell)

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

11
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Figure 5.4: Sketch of a Golay cell detector taken from [54]. ight: the entire
detector including the mechanism that measures the distortioon
the exible mirror; left: a zoom to the thermopneumatics degctor is
seen.
1. Polished metal input cone to increase the radiation angulaccep-
tance 2. Input window 3. Absorbing Im 4. Signal and compensatio
channel 5. Sensitive mirror membrane 6.Vacuum chamber 7. o}

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 oawvelength. This
has been investigated and to a high extent, con rmed experim&lly. The at
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response function is a big advantage for such a room temperatutetector and
makes it a reference detector. For the studies on the resonasc# the responsiv-
ity of the other detectors one could use the Goaly-cell detemt [46].

There are some disadvantages of the Golay-cell as a detectartfe grating spec-
trometer. First of all, when the operation in vacuum is desiredthis detector

is not robust. Secondly, the available detectors of the Golagell type are rela-
tively slow such that, for instance at FLASH, they can be used only tstudy

the macro-pulse®. Finally, the realization of an array of Golay-cell detects, if

not impossible, is hard to achieve. For these reasons, Golay-aglhot considered
as the detector for the single shot grating spectrometer. A remework on the

characterization of the Golay-cell detector can be found ireference [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 OR
have been made (see Fig. 8.12).



Chapter 6

Grating Spectrometer

In this chapter the technical layout of the grating spectromters are described.
The principles that are applied here for the spectroscopy in ¢infrared spectral
range can easily be extended to other parts of the electromagit spectrum.
High-resolution one-stage spectrometers can be designed eitharrow-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 fams this radiation
to the detection unit. A THz longitudinal diagnostics of electon bunches can be
realized by two types of spectrometers: scanning or single-shoesfrometers.
Figure 6.1 shows a schematic of the Rotating Mirror Spectromat (RMS)!. An
o0 -axis focusing mirror can be used to collect the dispersed compents of the
light incident on the grating. To capture di erent wavelenghs, such a mirror,
oriented with its axis along the radial dispersed rays, has to bmoved along the
arc that is centered at the center of the illuminated region fothe grating in the
optical plane. The angular extension of this arc should be laegenough to cover
the entire range of the dispersed light. A detection unit can benounted at the
focus of the rotating mirror to give a signal corresponding tdte incident intensity
at di erent angles (and corresponding wavelengths). An RMS is sh a device
that has in addition the possibility to move, remotely controled, the detection
unit on a three dimensional linear mover. A hexagonal rotatio stage with six

IRMS with Re ectance Blazed Gratings is shortly called RMS-RBG and similarly RMS with
Transmission Gratings is called RMS-TG.
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Figure 6.1: Rotating mirror spectrometer; re ectance blaz# 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

Transmission gratings
of different pitch sizes

Figure 6.2: Rotating mirror spectrometer; transmission gratig mount.
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grating holders is placed such that when the incident radiatn illuminates the
grating the center of the spot on the grating is at the center ahe circular path
of the arc. When six gratings of di erent pitch sizes are placedn the holders it
is possible to cover about six octaves of the wavelength rangeittweach 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 degned re ectance
grating setup and in rst order, the interval [0:78 o; 1:31 o] where g is the central
dispersed wavelength (see chapter 4), is the largest possible martigat can be
resolved with a speci c re ectance grating. Simulations showhat the wavelength
dependence of the focus over such a range is small enough to bmpmnsated
with a cone that slightly enlarges the geometrical acceptaacof the detection
unit2. In order to cover an entirely di erent wavelength range it § necessary to
change the grating. One of the movers of the RMS (the mover 6 ifig. 6.1)
is foreseen to have the possibility to change the distance fromehmirror to the
detection unit. The other two directions in the set of detectomovers are for the
tangential to the arc and the distance to the center of the spotrothe grating
from the center of the mirror.

The detection unit can house either pyroelectric or Golay-tiedetectors. This
gives the possibility to cross check detectors that work based entirely di erent
physics and, for instance, get some insight into the detector respse. The signal
from the detector ampli er goes directly to an ADC which is inegrated 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 registerettsampled
signal to a le or produce online plots from the data.

The grating holders can be changed to use either transmission @ ectance
gratings. In re ectance grating mount, there are two hexagaa heads each with
six grating holders. One set of six gratings is to Iter the short weelengths out
of the incident radiation and the second head, right at the ceer of the arc,
is used to disperse the radiation. In other words, when it is desd€o resolve
wavelength range 0:78 o;1:31 o] where  is the central dispersed wavelength,
in the dispersive head one has to have a grating with a pitch sizé about ¢
while the Iter head has to lIter shorter wavelengths using a gating of a pitch
size close to ; where1:31 ; = 0:78 ( (See Fig. 4.2).

A head used in transmission mode can be equipped with a maximum dfr¢e
gratings, otherwise the dispersed radiation gets blocked (Fi§.2). In practice
assembling a setup composed of heads and RMS, as well as its aligmnand

2A calculation based on pure geometrical considerations results in a design critemoof an
optimal collecting cone (see appendix E)
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wavelength calibration needs a lot of e ort. Figures 6.1 an6.2 show RMS-RBG
and RMS-TG, respectively. When the heads rotate, in additiorio a changed
angle of incident, the position of the illuminated region onte gratings changes.
This additionally complicates the alignment of the entire spctrometer. A newer
version of RMS 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 spectrometerndze realized by
putting several detectors at the focus of the mirrors which &roriented radially to
collect the dispersed radiation by the grating. In the followig 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 thest device with

which the short wavelengths in the coherent transition radiabn of the electron
bunches were measured. Figure 6.3 shows the layout of the devin left and

1001

60

Y[mm]

40+

201

Figure 6.3: Eight-channel single-shot spectrometer; incidemadiation in solid
red, dispersed to the rst order in cyan, re ected to the zero ordr
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 thernfrared undulator
setup at FLASH [55].
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illuminates the re ectance grating and the components of th dispersed radia-
tion (dashed cyan rays) are directed to the corresponding detemn units. One
detection unit is also mounted to collect the re ected radiaibn into the zero-
order (dashed red ray). The collecting optics is composed ofjet 90 o -axis
parabolic mirrors with one inch diameter. The axis of the pabolic curvature of
the paraboloids are parallel to the radially dispersed rays otered at the illumi-
nated part of the grating. The center of the circular curvatue of the paraboloids
are at their corresponding detector sensor. In other words, moyg along the
optical path, all the paraboloids are oriented \to focus". As he 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 secti4.3.1) has been
realized in the four-channel multi-stage mount as shown in thphotograph of
Fig. 6.4. This device detects intensities at wavelengths thare quite far from
each other. The rst three signals correspond approximately tovavelengthsg;,
ggl and %Sgl whereg; is the pitch size of the rst grating and the next gratings
obey the staging criterion. The last channel gives a signal progional to the in-
tegrated intensity over wavelengths longer than %591. This device can be used
to study the compression of the electron bunches, on a single shosisaand spec-
trally resolved, over a wide range. The resolved wavelengthsthe eight-channel
single-stage device are much closer to each other compared togh of this multi-
stage device. This makes it possible to be sensitive to the strucalichanges that
correspond to di erent parts of the broad-band spectrum. Thiss the conceptual
idea behind an Advanced Bunch Compression Monitor (ABCM) [26]. Ae clas-
sical bunch compression monitor based on coherent radiation isncposed of a
detector, usually a pyroelectric, that detects the integragd di raction radiation
produced by a screen target on the path of the electron bunclesThe signal of
such a detector is used to control the compression of the electrbonches and
used in a feedback loop to stabilize the phase of accelerating dates to some
desired degree of compression. Compared to the ordinary bunabmpression
monitors that work based on the integrated signals, with a multchannel spec-
trometer such as ABCM, it is possible to extract informations thaare directly
related to the density of electrons in the spike. Sample measurent 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 spectrometeA polychromatic
radiation of wavelengths longer than ¢ incides upon the rst grating
with pitch size g;. A 90 o -axis parabolic mirror oriented radially to
the dispersed radiation with its axis, can be used to focus a seledt
part of the dispersed radiation onto a detector. The re ected ero-
order radiation by grating G1, can be send to the next grating ith
appropriate pitch size to repeat a similar process. After severaleges
(three stages in this case) the re ected radiation can be focusen a

detector (detector 4 in the picture) to get a signal that corrsponds
to the integrated intensity over relatively long wavelengti.
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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 propagatetime same direc-
tion. Transition radiation is radially polarized, therefore polarizers are needed to
ful Il the requirements on the polarization. Polarizers ae available that could be
used over a wide range of the spectrum under study (see appendix The require-
ment on propagation direction is satis ed by transition radiaton (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 incomingdiation stay con-
vergent and do not assume the beam waist before the detector sessorhe THz
beamline CTR140 ful lls this requirement by providing an opical path length of

2 minside the vacuum vessel at the end of the beamline before reahithe
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 nght be required

to change the beam spot size that illuminates the grating, or imay become
necessary to correct the propagation direction. This can beldeved by a combi-

nation of two focusing mirrors of appropriate focal length. i order to decrease
the beam spot size, such a combination has been used for both tharfohannel

multi-stage and eight-channel one-stage single-shot spectrders because the ge-
ometrical acceptance of the collecting mirrors were small.

The wavelength calibration relies on the precision under wth the incident angle

on the gratings and the adjusted orientation of the collectig optics are known.

THz Iters and materials that have known transmission for THz radation are a

good probe for wavelength calibration. Therefore a Iter wkel that could house
several such lters has been considered as part of the prepamtooptics (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 depdnon the polariza-
tion of the radiation as discussed in detail in chapter 4. The esdction of the
wavelength spectra is only possible if the properties of the ditag are properly

than 80 m
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matched to the polarization. Wire grid polarizers are avadble over a very wide
range in infrared spectral region. In appendix C the transmisgioof 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 spot There are analytical
expressions, applicable only to ordinary lenses, which estimateetblur spot size
for the given conditions. For these ordinary lenses, when the anlgr spread
of the incident radiation is large, numerical calculationsare indispensable. For
the design of an optimal lens with appropriate principle cumatures (that ts to
speci ¢ requirements), even in geometrical optics approxintian, 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 radiaon, there will be
a large angular extension of the dispersed light. From the arguant above, and
the fact that coherent radiation of electron bunches is brakband, it is evident
that the required lens for the collecting optics has to be dagied 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 piot X, = ( Xo; Yo; Zo)
(see Fig. 6.5), the vector in the direction of re ected ray,™, is given by

C=~ 2(- NN (6.1)
where i = j:';j'
these relations can be used to nd the intersection of the re eed 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 cant glee projection
of the beam spot re ected by the mirror to an image plane or surée. This
procedure can be used for all propagation directions over asttibution which
is given, for instance, by the dispersed components in a gratirsgtup. In the
following this method is applied to the special case of a paralba® of E ective

Given the propagation direction towards the mirror surface

5Blur spot is the diameter of the best focused spot containing all of the geometdally 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 mirrdr For the P parabolic
mirror of Fig. 6.5 the surface is given by

xX?+(y P)? 4P(z+P)=0 with  r<x<r r<y<r

<'IS

<>

S=(0,aP,-P)

Figure 6.5: A parabolic mirror and the coordinate system thats 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 coatinates
(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. Ténvector
in the direction of incident ray on the surface of the parabati mirror
is ~ and that of re ected ray is ™. X = ( Xo; Yo, Zo) is the intersection
point on the surface with the incident ray.

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

— . . H — x+ P 2P ;
T=-+(xo¥ Pi 2P) Q  with Q= gL R
A 90 o -axis parabolic mirror is given by = 2. In general, for a o -axis parabolic

. . 2
mirror in terms of  parameter, =90 + arctan 4—4.
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Consider the trivial case of the rays incident on a 900 -axis parabolic mirror

( = 2) parallel to its axis. In terms of the notation of this section his means
~ =(0;0; 1) and it is easy to see™ = (XoQ;(Yo 2P)Q; 1 2PQ) with
Q= ﬁ. The parametric equation for the re ected ray isX(s) = Xp+ s
where s is the line parameter. It can be seen thalk(y = 2P) = (0;2P;0)
independent ofX,. 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 agular spread incide
upon a paraboloid is shown. In the left plot, the angle to the 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 paraboloidgeen from a view
perpendicular to the xz-plane. Each of the red points are thiatersection of the
individual rays, re ected by the mirror, with the observation planey = 2P. The
projected spot size increases for increasing angle of incideAt.sharp focus can
be found in the center but only when rays are parallel to the ax of the parabola.
On the right, an error of 5% of the maximum y-component is invduced as the
x-component, which makes the situation worse such that even tleentral angle
with no y-component does not form a point-like focus. In bothases 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 tb yz-plane is shown.
The dispersive element resembles a source that generates wangiledependent
propagation direction. For each angle to the z-axis one colés used; red is
used for the largest angle (longest wavelength) and violet is wstr the smallest
angle (shortest wavelength). For a transmission grating as thegfiersive element,
there are identical diraction orders in both sides of the cenal zero-order (see
section 4.4). In Fig. 6.7 a transmission grating is considered aet dispersive
element. Therefore rays with the same absolute angle to the xig are shown
with the same colof. For those rays that have negative angles to the z-axis, blur
spot happens in distances larger than the nominal focal lengthThe red rays
correspond to the largest blur spot; the violet rays have made ¢hminimum blur
spot. For those rays that have positive angles to the z-axis, blgpot can be seen
at distances smaller than the nominal focal length. For this satf rays the blur
spot is very large and in order to avoid a fuzzy plot, only two agles to the z-axis
are shown. The blur spot locus is on a curved surface, which candgproximated
by an inclined plane. The simulation result for an optimal inahed plane seen
from a view perpendicular to xz-plane is shown in Fig. 6.8. Thieansverse coma
has not improved and the minimum spot size is still huge for largangles. The

8Nevertheless the optical properties that can be concluded are quite general and for a mer
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 diretton o -parallel to
the paraboloid axis incident on the paraboloid (for detailsee text).

Dispersive element
(e.g. transmission grating)

90" off-axis («=2)
parabolic mirror ‘
0 2P

Focal point

Figure 6.7: View of rays moving in the yz-plane. Rays start at th source (which
Is considered a dispersive element) with di erent angles to the-
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. Redays
correspond to the largest angle (longest wavelength) and vibleys
correspond to the smallest angle (shortest wavelength). For more

details see text.



56 Grating Spectrometer

60"
40-
20~
= -
E 0
N -
oD e
20 e -
-40 & F
40 20 0 20 40
X [mm]

Figure 6.8: Same as the left picture of Fig. 6.6 but for an optiized inclined plane
of detection (see text for further explanation).

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

Ring-mirror

Consider a surface that has a parabolic principle curvature tated about an axis
normal to the axis of the parabola which is in the distance equ@a 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-mirrd', to focus rays
that emerge from the source in radial directions. All componestof the dispersed
light that propagate in the radial directions, when incide upn the ring-mirror
see an optimal \to focus" mirror. An ordinary paraboloid does nbhave 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 parabloid get focused
to a point-like focus, and with non-zero angles to the axis ohée paraboloid,
angle dependent strong aberrations are take place. A ring4mor is the improved
extension of the multi-mirror collecting optics of the eighichannel single-shot
spectrometef. The multi-mirror collecting optics has parabolic mirrorswhich

9Ring-mirror is not an exact extension of the collecting optics scheme of the eightf@annel
spectrometer. For ring-mirror the circular curvature is centered at the center of the source (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 compieents of dispersed
rays. The acceptance of each unit is limited to the size of the gjile mirror of
the unit. With ring-mirror the entire dispersed radiation is mllected and focused
on the detectors. Figures 6.9 and 6.10 show schematics of thegemirror. The

Components of the dispersed radiation _
are focused along an arc that copies
circular curvature of the ring-mi ¢

2P

Comy

onents.of the dispersed radiation
by the grating, propagate
radiglly and incide™upon the ring-mirror

Ring-mirror

" radiation

" Reflectance
grating . -

~

2P
2P

Figure 6.9: Perspective view to a stage of the spectrometer. Thwave-front of the
incident plane wave is shown in two spatial points along the déction
of propagation. The incident radiation is dispersed into its @ampo-
nents after it hits the re ectance grating. These dispersed raation
components propagate radially until they hit the ring-mirror. Ring-
mirror focuses these components to distinct point-like spotsalg an
arc which has a radius equal to the circular curvature of theimg-
mirror and is located in Z=2P plane.
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blur spot of all the components, incident upon the ring-mirrorover very large
extensions of the angular spread (larger thaB0 ), is close to the detector sensor
size. The simulated properties of this mirror have been checkexperimentally
using a large-spot laser pointer. Illuminating a grating of appriate pitch size
with such a laser light, many spots of high enough intensity can ljgroduced (see
Fig. 4.2). When the illuminated part of the grating is locatel at the center of
the ring-mirror (see Fig. 6.10) such that the dispersed radiatiolies 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 gen#han the
detector sensor size (see Fig. 6.11). These spots are located onplhee 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-mirmo

In the ring-mirror mount of Fig. 6.12 it is possible to adjust thedistance which

Components of the
dispersed radiation
by the grating

Reflectance
grating

Incident
radiation

~.._ Center of the circular curvature of the ring-mirror
~~ is overlapped with the center of the illuminated
area of the grating by the incident radiation

0 2P
X

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

resembles the focal length. The drawing shown in Fig. 6.12 isghunit used in
the single shot spectrometers of the next section.
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s ——ring-mirror limited size
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Figure 6.11: Diraction limited focus and ring-mirror limited focus. The diam-
eter of the central Airy disk is calculated as the di raction lmited
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 6the
focused spot size that can be achieved when rays are traced origi
nated from the entire incident beam size of 25 mm. In other wosg
the ring-mirror is not a perfect lens for wavelengths shortethan

130 mbut focuses the entire dispersed radiation to a size smaller
than the detector sensor size. For longer wavelengths the focigs
di raction limited and the ring-mirror acts as a perfect lers.

Figure 6.12: Collecting optics unit as it is used in one stage ttie 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 spectrometerra described.
The development of an integrated 30-channel pyroelectricetector unit made it
possible to realize the single shot spectrometer [57].

In the rst series of experiments only one stage, based on the unithich is
shown in Fig. 6.12, was used. The 30-channel electronic cirtcwith pyroelectric
detectors was located under the exit part of the cones that ndbe seen in Fig. 6.12
along the arc at the focus of the ring-mirror.

The pyroelectric sensorX 009 (see section 7.2) were used for the one-stage setup.
In the two-stage setup, the stage for the shorter wavelengths waguipped with

a re ectance grating and the sensor typeX 003 (see section 7.2). For the stage
with transmission gratings, the sensor typ& 009 was used. In one-stage mount,
both options, the transmission and re ectance blazed gratings, ete used with
and without Iter 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. Theident radiation
(red line) enters the spectrometer setup from the THz beamlin€€TR140) on the
left. The remote controlled Iter wheel has six Iter holderswhich can be used to
introduce di erent band-pass or low-pass lters as describecdhiappendix B. These
THz Iters provide a tool for wavelength calibration of the sp&trometer. The
next element in the optical path is the polarizer G30 (see appdix C). After the
polarizer there is an out-coupling mirror that can be movedto the light path to
focus it onto an infrared pyro-camera. This device can be usemrecord, in single
shot, the transverse pro le of the radiation (see Fig. 8.5). Whethe parabolic
mirror is out, the beam illuminates one of the re ectance blzed gratings which
are housed on a vertical mover. The dispersed radiation (bluenéis) propagate
towards the detection unit, which is shown in Fig. 6.12, equped with detector
sensors X003 (see section 7.2). The zero-order radiation of theeo¢ance blazed
grating incides upon the next grating which is one of the trasmission gratings
that are housed on a vertically movable linear stage. Both theero-order and
rst-order dispersed radiations of the transmission grating propgate towards the
second detector unit (again of the same type as Fig. 6.12) whietas 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 pyroelctric detectors and
the characterization of the re ectance gratings, several sgbs have been mounted
at FELIX [58], where infrared FEL radiation in the wavelengh 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 raliation pulses at
FELIX is shown. The width of a micropulse is in the range of a fewigoseconds
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Figure 7.1: Right: Radiation pulse time structure at FELIX. Let:
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FELIX [58]).
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and the spacing of the micropulses are either 1 ns (1 GHz mode) éris (25 MHz
mode). The micropulses form a train (the macropulse) with a dation 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 macrogdse intensity
development for80 mwavelength is shown (the micropulses cannot be seen in
this gure, due to the bandwidth of the detector used). The rstfew s of the
macropulse are needed for the radiation intensity to build uprém noise toward
saturation. This typically takes3 4 s. A saturated output is available during
the subsequent part of the macropulse5( s). The electron pulse ends aB s

in this example and the laser power drops to zero. Variation dhe macropulse
duration and/or its repetition frequency can be done by adjstment of timing
devices. The energy per macropulse is in the level of few tensraf (see Fig. 7.4)
which is several orders of magnitude higher than the level athich 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 wasder 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 detor with thick crystal
that makes the absorption almost independent of the wavelergt(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 fohd individual
detectors and the joule-meter. A pyroelectric camera (SPIRON Pyrocam lIl)
was also mounted in the setup to be calibrated in the same way. Tipgroelectric
detectors are all followed by the same type of ampli er$ and their sensors are
given in table 7.1. None of the detectors in the setup of Fig. 7i& faster than 250
kHz, they sample the macropulse over rsé s after the trigger signal, while the
joule-meter samples the entire macropulse. The measuremenbpedure was as
follows. The FEL radiation was focused on one of the detectors joule-meter by
adjusting the remotely controlled focusing mirror. In each s the attenuation
level was set such that the signal was not saturating within the soarange. A
LabVIEW program and GPIB readout was sampling the spectrum of té signals
on an oscilloscope and recording the data on the local disk. Dag the scan and
for each wavelength, eight shots were sampled and the averagercthese eight

1CR-110 is a charge sensitive ampli er and CR-200 is a Gaussian shaper. Speci dah of
these two ampli ers are given at [59].
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Figure 7.2: Experimental setup for the detector calibratiorat FELIX.

Table 7.1: Speci cations of the pyroelectric detectors

Detector Pyro-crystal Black Ampli er
type,thickness ( n) | coated | integrator, shaper
LIE-301-X003 LiTaGs, 25 v CR-110, CR-200

LIE-301-X004 LiTaG;, 25 CR-110, CR-200
LIE-301-X006 LiTaG;, 75 CR-110, CR-200
LIE-301-X009 LiTaGs, 25 CR-110, CR-200

T T~
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signals used to calculate the response. Taking into account thé#emuations that
were used in the corresponding scan, the measured spectrum forhedetector
has been normalized to the corresponding joule-meter specatruresulting in a
response function that di ers only by a constant factor with respct to the abso-
lute calibration. This factor can be determined in one (or en better, in a few
wavelengths) wavelength by reading the energy on the calitieal joule-meter.
In Fig. 7.3 the results for four pyroelectric detectors are skm. Infrared-FEL
radiation was provided in three runs in the wavelength rangef 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 shbwavelengths
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Figure 7.3: Top: Comparison of the response of di erent deteat® to the same
FEL radiation intensity. Bottom: The plots in the top picture are nor-
malized to the maximum response for each detector. At wavelghg

87;97 and 115 mthere are resonance responses for detectors X003
and X004. The dierence of these standard sensors with the other
two specially designed sensors is in the design of their multi-iy
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 pyroeledt
detector of the joule-meter.
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Figure 7.4. The absolute macro-pulse energy of the FEL radian at FELIX
measured with a MOLECTRON joule-meter (type J50LP, low pro ke
joule-meter) which has a thick pyroelectric detector as theensor and
accordingly no etalon resonances were expected.

range, which are covered by three di erent settings of FELIX, @& shown. In
these plots the normalization is made to the detector X003. Theeason for this
is that the joule-meter scan has been found to be not useful foormalization due
to an unknown wavelength dependent attenuatioh 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 understooddm Fig. 7.5. The
clear nding is that the X009 detector is not appropriate for slort wavelengths.
This result is in agreement with the fact that at FLASH, measuringshort wave-
lengths CTR of kicked bunches with the detector X009 shows sigeahat are
much weaker than those measured with X003. For this reason the detor X003
has been installed on the rst stage of the two-stage single-shot spe@meter.
Theoretical computation of the relative response, taking it consideration the
resonance absorption of infrared radiation in a pyroelectricrystal has been de-
scribed in [47]. In Fig. 7.6 a comparison between the theoreticcalculation
(carried out by B. Schmidt [48, 49]) and measurement is shown.h€& vertical line
at 44 mis the transition point of the two spectra measured by the two staep
of the spectrometer shown in Fig. 6.13. The conclusion is thatéftheoretical de-
scription is in qualitative agreement, in terms of the wavelggths of spikes in the
spectrum, with the measurement over the range where experimiehdata exist.
Therefore, for the short wavelengths where there are no rdli@ measurements

3In fact, for the short wavelengths an attenuator appropriate for the wavelenghs 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 hat were
going toward the setup and making the read-out useless.
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Figure 7.6: Comparison between theoretical calculation fohe detector response
and measurements. The theoretical computation which is caed out
by B. Schmidt [48, 49] cannot take into account the role of thelack
coating due to the non-available optical properties of the aterial [47].
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the theoretical calculations is used to deduce the detectoesponse. In Fig. 7.7
the absolute response of the detector assembly of the two stage spmuieter is
shown.
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Figure 7.7: Absolute response of the detector assembly of the twage spec-
trometer.

The same method as it was described for the pyroelectric detecs calibration

was used for a SPIRICON pyroelectric camera calibration. Thewer overall

responsivity of this camera required much less attenuation fno the unit inside

the setup. Therefore the data collected over short wavelengttshould su er less
from the uncertainties on the wavelength dependent attendian in comparison

to the pyroelectric detectors data. In Fig. 7.8 the measuredesponse function is
shown. Response is given in terms of counts which are read overddlipse that

surrounded the area of the illuminated pixels, therefore thisesponse function
assumes a linear behavior of the pixels as a function of depoditnergy.

J

B
o ® O N
S o & ©°o
T T T

N
o
T

response [ counts / nJ ]

N
o o
T

-5; 1I0 2IO ?;0 4IO 5I0 GIO SIO 1(I)0 léO 1-40
wavelength [mm ]
Figure 7.8: Response of the SPIRICON Pyrocam Il to the infrageshort pulses.

The vertical axis is in terms of counts which can be read by ugirthe
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 distribtion of dispersed

radiation in a grating spectrometer set-up, the experiments ekcribed in this
section have been performed. The experimental setup is sketdhe Fig. 7.9.

Incident radiation pigbg\':if-ca;(n‘?rror\
/(57' to the grating normal) f

—
—
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o
—_— -
e \Zero-order

— (raflactian)

90" off-axis
parabalic mirrar

First-order

‘ &————Reflectance grating

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

The angle of incidence on the gratings has been chosen to3& (angle to the
grating normal, see Fig. 4.4). The simulation showed that thisrajle gives the
widest and most e cient dispersion in a non-Littrow mount. The reectance
grating was selected from one of the gratings with a pitch sizd g; = 127 m
or g, = 50 mdependent on the experiment. Two identica0 o -axis parabolic
mirrors (2 inches diameter) were used as the collecting opticone 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 meamgnts were
conducted in air and several in vacuum. In each experiment rsa gold plated
mirror has been installed instead of the re ectance grating teend the attenuated
FEL radiation to the same path as it would go if the gratings wee installed. Then
the intensity as a function of FEL wavelength was measured. Irhe next step,
by putting in either a grating with a pitch size ofg; = 127 mor g, = 50 m the
intensity of the re ected light, which is the diracted zero-order, was recorded.
The ratio of the two recorded spectra, one with a grating and awith the mirror,
gives the zero-order e ciency of the grating. In general, tB e ciency of the
grooves is larger than zero-order e ciency of the gratiny Six measurements were
performed independently with di erent gratings and varioss FEL wavelengths
such that for several ranges of the normalized wavelength (segF7.10), the
e ciency values were measured more than once (by di erent gtangs, G1 with
g: = 127 mand G2 with g, = 50 m and/or di erent absolute wavelengths).

“For 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 theetical 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 haing the detection
system (pyroelectric detector), was moved over the entire posk angular range.
At angles close to the value that is given by Eq. 4.3 there wereggsials, for which
the peak signal corresponded to the actual FEL wavelength. Thetegral of the
intensity over the range of rst-order dispersed light turned otito be more than
three times stronger than the re ected intensity to the zero-aler.

L |G1:7.9 grooves/mm
G2:20 grooves/mm
80r . —
theoretical zero-order effi. —
- zero-order effi. measured in .
—_ vaccum with G1 runi @00
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Figure 7.10: Experimental veri cation of e ciency calculation for a re ectance
grating mount. Theoretical calculation is in agreement wh the
measurements. In particular, the expected sharp change at aliou
3 1:7 can be seen in two measurements (runs 4 and 6) which cover
a range of normalized wavelength that include§ 1:7.



Chapter 8

Experimental Setups and
Measurements at FLASH

8.1 THz coherent transition radiation
source at FLASH

In order to facilitate longitudinal bunch diagnostics based o coherent transition

radiation (CTR), a THz beam-line, shown in Fig. 8.1 has been degied [40]. It
guides the CTR from the accelerator tunnel over a distance o81m to an ex-
perimental hut. An ultrahigh vacuum chamber, housing severalransition and

di raction radiation screens (the left sketch in Fig. 8.1), islocated between the
last acceleration module and the collimator section upstreaniné undulator. The

radiation is coupled out from the UHV chamber of the linac throgh a 0.5 mm
thick diamond window (see Fig. D.1) and is transported by an optal system
consisting of four focusing and four plane mirrors to the expenent (the right

hand sketch in Fig. 8.1). The THz beam is transported in a tube of9D 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 competd THz transmis-
sion using \THz-Transport" as the simulation toolbox (see next pat), is plotted

in Fig. 8.2 as a function of wavelength. The acceptance of theHz beam-line
is small for wavelengths longer tharBOO mdue to di raction e ects, and rises

steeply with decreasing wavelength to a plateau, which is priacally 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 screers of CTR140 beam-
line. The red spots show the nominal electron orbit with respedb
the inserted screen. The blue spot on the o -axis screen shows wher
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 beamé using \THz-
Transport".
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\THz-Transport" as simulation tool-box

\THz-Transport" ! generates the transition radiation from a single electron for
a speci ed radiator-screen geometry and frequency. It can gragate all kinds
of radiations, including transition radiation, to optical elements using Fourier
transformation optics. Optical elements which can be descridénclude parabolic,
elliptical, toroidal, spherical and at mirrors and windows of di erent materials.
The code provides the complex electric eld amplitude at anplane perpendicular
to the optical axis and allows simulating complex optical bea-lines with respect
to transmission functions or propagation of THz pulses. It is wrign as a set of
Mathematica routines and is able to handle frequencies ing¢lrange 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 presentedda demonstrate
the current understanding of the generation and transport of TR. For a single
electron that hits on a screen and generates transition radian, the simulation
result for the transverse pro le is shown in Fig. 8.3. The view pat is 1.5 m
after M4 in Fig. 8.1 and the calculation is done for the horiagtal polarization
at a wavelength of50 m The coherent transition radiation of electron bunches
is broad-band and using THz band-pass lIters a band-width can bgelected. In
order to get only one polarization the polarizer G30 of appéeix C may be used.
A band-width centered at50 mof the horizontally polarized radiation is used
to measure the transverse pro le, Fig. 8.4. The simulated and msared pro les
should show the same pattern. The product of the values of the farfactor (see
Eq. 3.3), transmission of the beam-line plus the THz Iter and pdarizer, and
the detector response ab0 mgives the scaling factor for the two pro les. The
computed pro le shown in Fig. 8.3 and the measured pro le of Fig8.4 show a
gualitative agreement. The measured pro le has not been dorsingle shot and
possible machine changes are imprinted there. For a Itered (R at a wavelength
of 80 ma single shot measurement result is shown in the right side of Fig58.
which is made using SPIRICON PyroCamlll (see section 7.2) locad at the focus
of a paraboloid at the end of CTR140 beam-line (see Fig. 6.13yhe 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 5én wavelength compo-
nent.
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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 ! mbar).
At the exit port of this beamline in the experimental hut a vaaium vessel is placed.
During the time between end of beamline commissioning and therizal of the
vessel all experiments had to be done in short distance of air. Aystalline-
quartz window was the interface of the beamline to the air anthe length in
air, dependent on the setup, normally was close to 1.5 m. At a kat time a
LDPE? window also became availabfe 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 seen) 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 interses
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 corcéed for geometrical
acceptance factolgcos ; nor for grating e ciency. Structures are mostly either
water absorption lines or pyroelectric detector resonances.h& transmission of
the crystalline-quartz, adapted from reference [69], is shawin Fig. D.1. At

2Low Density PolyEthylene
3The transmission of several materials including those that are used in the measements 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 tlere are small
intensities leaking in down to 50 mwhich can be seen in Fig. 8.6 too. Intensities
in the range belows0 m(which is not anymore labeled with the same wavelength
scale) is just the non-dispersed zero-order polychromatic radion (with 4 mm
thick crystalline-quartz window there is no transmission belovs0 n).

In order to check the wavelength calibration, THz Iters wereinserted in the path
of the incoming radiation. The 155 mband-pass lter* is inserted in the path
of the radiation in the conditions similar to Fig. 8.6 and the esult is shown in
Fig. 8.7. The correction of the small discrepancies can be dohg setting the
angles in the readout code. In this way the precise angle of idence of the
radiation on the grating is determined.

A sample for longer wavelengths spectra which is recorded inetkame conditions

100

80 *

[%]

60 i
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T
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Figure 8.7: Sample wavelength calibration check (with 155mband-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 thate 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 conditionsrfthe 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 wavelengshif the crystalline-
quartz is replaced by LDPE. The spectra of Fig. 8.9 and the blusurve in Fig. 8.10
are taken in such a condition. The structures in Fig. 8.9 are damantly 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).

0.8 b

0.6 q

0.4r b

0.2 b

Intensity [normalized to the max. ]

36 38 40 42 44 46 48 50 52 54

wavelength [ mm ]

Figure 8.9: A spectrum taken with re ectance blazed grating Wth 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-vacm setup. The
red curve in Fig. 8.10 shows the spectra recorded using a re eota 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 tle red curve.
This is also an indirect way to check the wavelength calibrain of the spectrom-
eter (see also Fig. D.1).

The next example (Fig. 8.11) is the extreme short wavelengttange and it is a
combined spectra recorded with RMS in vacuum using gratings tife pitch sizes
0gr 65 mg, 4 mandgs 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 Itering and am as dis-
perser, the spectra of the electron bunches subjected to traneit radiation are
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Figure 8.10: Comparison of spectra taken with LDPE as the intéace to air, in
blue, and a spectrum in full vacuum condition with diamond widow
(which is always there, see the rst element in the CTR140 beaitime
in Fig. 8.1), in red.
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possibly recorded in di erent conditions of the machine. In pnciple, it is possi-
ble to deconvolute the detector response function, gratingscencies and bunch
charge dependence of the spectra and then, combining the spadhat are mea-
sured successively, the broad-band spectrum can be determinedam average
sense. In order to do such a broad-band measurement with RMS, thieaoges

o I o o e o o
() s [&] <] ~ [e5) © =
T T T T T T T
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25 3 35 4 4.5 5 55 6 6.5 7 7.5 8 8.5
Wavelength [ nm ]

Figure 8.11: Combined spectra taken with re ectance blazedafings of di erent
pitch sizesofgy;, 65 Mg, 4 mandgzs 3 m

in the machine and their e ect on the spectra should be considate 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 gl& shot spectrom-
eter. Machine uctuations are too large to expect an averagkeehavior close to
the instantaneous spectra. This becomes evident when the rdasof single-shot

spectrometer are discussed.
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8.2.4 Experimental investigation on the comparison of CTR
and CDR

An experimental evidence of the suppression of short wavelengties di raction

radiation is shown in Fig. 8.12. The coherent di raction radation spectrum is
from an electron bunch having its centroid 6 mm away from the R screen (the
0 -axis screen was inserted but no bunch was kicked onto it). Té coherent
transition radiation spectrum is recorded when an electron mch is kicked to
the o -axis screen. Both spectra are measured in the same condits of the
FLASH machine, THz beamline and the spectrometer. This shows, diatively,

Noise level

Intensity [ a.u. ]

45 60 75 90 105 120 135 150 165 180 195 210 225

Wavelength [nm ]

Figure 8.12: Coherent transition radiation (red) and coherd di raction radia-
tion (blue) are measured. Golay-cell (see section 5.2) detectwas
used with the RMS spectrometer in air. The electron beam ceniicb
was 6 mm distant from the edge of the diraction radiator screen
when coherent di raction radiation spectra was measured.

the strong suppression of generation of (see also Fig. 3.4) short elangths when
DR screen is used. In order to study the most interesting part of thepectrum
which is wavelength range well belo\00 mTR has to be used.
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8.2.5 Detector response studies

Di erent detectors including a Golay-cell, standard Infraec LiTaO; pyroelectric
detector and the specially designediTaO; pyroelectric detectors of di erent types
(see section 7.2) can be mounted as detector in the RMS. Then tlesponse func-
tion of these detectors can be studied. Figure 8.13 shows the letaresonances

Transmission grating of pitch size g = 2 mm
Transmission grating of pitch size g = 1 mm
Transmission grating of pitch size g = 0.4 mm

2.5F 1

1.5F b

Relative responsivity [ X003 / X009 ]

0.5 1

1 L L L
30 150 250 700 1700
Wavelength [ mm ]

Figure 8.13: Relative response function of two pyroelectricetectors: X003 and
X009.

of the standard pyroelectric detector, X003, relative to a spedly designed one,
X009 (for more details see section 7.2). The ratio is measured githree dif-
ferent transmission gratings. For larger pitch sizes the resoloth decreases. For
a poor resolution the resonance becomes less pronounced andiglr 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 ADchannels
are shown. Each gure shows a shot recorded when the grating withtch 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-channgingle-shot spec-
trometer. Each individual ADC channel spectrum shows the outpu
of the integrating ampli er that corresponds to the speci ¢ clannel.
The horizontal axis is time and every 13 units correspondto 1l 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 nmgy
bunches. In the middle plot of the third row a long tail is presen
which is the contribution of the non-kicked bunches that passeveral
millimeters away from the screen and produce di raction radition.
This radiation is horizontally polarized and can be suppresseatia
polarizer is used.
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kicked out of a train of many bunches. For short wavelength chaels there is
no contribution from non-kicked bunches, but in the last chanel, where long
wavelengths are integrated, the contribution is clearly wible. Figure 8.15 is
a single bunch operation and there is no contribution of cohent di raction
radiation in any of the channels. The pulse width for the signaliat 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), thuswdsp width of
4 s (or longer) potentially could limit the multi-bunch operation®. The more
interesting short wavelengths appear only when a kicked bunadm o -axis screen
produces transition radiation. In this case the other buncheare far enough from
the screen and do not contribute to the short wavelengths conte

Figure 8.15: Same as Fig. 8.14 but for a single bunch operatitirat is kicked on
0 -axis screen.

5This applies, for instance, when coherent synchrotron radiation is used as the souracgith
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 ecelerating
module has been varied over the range that is shown and for eaghase the
signals in di erent channels of the ABCM and the SASE signal (fromanother
bunch in the train) were recorded. The signal at wavelengthehger than 90 m ,
which is equivalent to the ordinary pyroelectric BCM variesnonotonically, while
the signals that are in the wavelength range @0 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 ghaeak at
the same phase.

In Figures 8.17 and 8.18 two correlation runs are shown. Theslis are scatter
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Figure 8.16: Spectrally resolved bunch compression study andrraation to
SASE signal using ABCM (see section 6.2.2).

plots of many shots such that in each shot one bunch is kicked toeho -axis
screen to record the spectra and another bunch is used to read 8ASE signal.
Wavelengths as short a82 mare resolved. The last plot in each gure is the
zero-order long wavelengths, which is in agreement with the@/ correlation
plot of Fig. 8.19. The correlation properties at short wavelgths are clearly dif-
ferent from those at longer wavelengths. In Fig. 8.20 anothewowelation plot
that was made using the four-channel multi-stage device is shoewHere, a weak
anti-correlation for very short wavelengths and correlatio 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 radtion spectra
recorded by eight-channel device. In each plot the verticalxis is
the SASE energy and the horizontal axis is the intensity of CTRta
the wavelength which is mentioned.

Figure 8.18: SASE correlation to the coherent transition radtion 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 ediation signal of the
bunch compression monitor ( rst bunch compressor BC2).
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SASE intensity [a.u.]

75 pm
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0.2 0.4 06 08 1 12 15 2 25 3 35

Spectral intensity [a.u.]

Figure 8.20: Four channel multi-stage device is used to studydhcorrelation of
intensities in di erent wavelengths of the coherent transiton 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 spectrometedt awo machine
heads (see section 6.1). Operating in single shot mode, CTR spactor di er-
ent accelerator settings were recorded. Figure 8.21 is a samplf the combined
results. These spectra were recorded in parallel to the FLASH mank user op-
eration at a SASE wavelength of 13.1 nm. Each color in the gureorresponds
to a di erent grating with a speci ¢ pitch size to cover the range which is shown.
The plotted spectra are averaged over several hundreds of mdiual shots that
were recorded single shot.
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Figure 8.21: One-stage single-shot spectrometer used with retacce blazed
gratings of di erent pitch sizes to record CTR spectra over a e
atively wide range. These spectra were recorded in parallel the
FLASH machine user operation at a SASE wavelength of 13.1 nm.

Bunch length

For a Gaussian bunch prole, which can be expressed byi—texp( t—;), the

full-width at half maximum is given by FWHM: 2" In2 ;. The frequency do-

main form-factor is also a Gaussian given byo12= exp( tzjz). For the short

wavelengths, the single electron transition radiation spectra can be considered
constant (see Fig. 3.4). Then, the wavelength domain cohererdadiation spec-

2 2¢2

2
trum will be proportional to exp( =)= . Dierentiating the wavelength




Experiments with a one-stage spectrometer 89

domain spectral intensity with respect to the wavelength, it ca be seen that
| = max= p—E;mEZFWHI\Abr

l=max (M ) =0:8 FWHM(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 spectromei®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 Fig8.22 the mea-
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Figure 8.22: Di erences in the CTR spectra of di erent bunche along the bunch
train. Top and bottom plots are spectra (averaged over severhln-
dreds single shots) using transmission gratings with the pitch sizes
of g= 200 mandg= 100 m respectively.

sured spectra of seven successive bunches are shown. In the uppérgptoans-

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 cha
and, therefore, the relative intensities are directly relad to the bunch pro le

di erences. The peak of the spectra occurs at the same wavelengind accord-
ing to Eqg. 8.1 this means that all bunches have the samEWHMn the time

domain. The di erent intensities at the wavelength of the pel 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 arery
chirp that is introduced to the bunch by an accelerating modie. The longitu-

dinal prole of the electron bunches and accordingly their @herent transition

radiation (CTR) spectra depend strongly on the phases of di er# accelerating
modules. The two-stage spectrometer is used to study the variatiof the CTR

as a function of the phases.

The linac settings that correspond to SASE operation were choses the start-
ing point and any change has been made with respect to these refece values.
These would guarantee the necessary conditions on good transnassand elec-
tron beam optics as well as low losses in the undulator. In addn, starting

from these conditions can help to produce useful results for niace operation.
In Fig. 8.23, a snapshot of the interface of the read-out tool dfie MCP-detector

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

is shown. The MCP-detector is one of the two tools to measure tI®ASE inten-
sity. The key element of this detector is a wide dynamic range igro-Channel
Plate (MCP) which detects scattered radiation from a thin gadl wire crossing the
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photon beam [62]. Figure 8.23 shows the SASE intensity duringehaccelerator
study period in February 2007. It shows a relatively high SASE Vel that is ob-
tainable during a machine study run. For each bunch there ardatee type of bars
(the fth bunch was kicked to the CTR140 screen and thereforesiabsent in the
bar plot) in the lower part of the gure. In the following the time interval from
the shot that the read-out tool is loaded to the actual shot is deted by Ty, .
The green bars are the average of SASE intensity ov&f,, for each bunch. The
SASE intensities which correspond to each of the bunches in thetaal shot are
shown with the blue bars. The yellow bars show the maximum SASE iesities
of the corresponding bunches over,,, . For each shot, the average of the SASE
intensities of all bunches in the train can be considered as a aseire for the entire
train. The result of a smoothening of the average SASE intensitieof the trains
over the last 20 shots ending to the actual shot is shown in the blweirve of the
upper plot. The green curve is the average of the blue curveen,,, . The yellow
curve is the maximum value of the blue curve over,,,. The fth bunch is kicked
to the CTR140 screen and does not enter the undulator (those eteons that are
left after hitting on the CTR screen get absorbed by the collim@r upstream of
the undulator).

In Fig. 8.24 the result of a scan over the o -crest pha8eof the rst accelerating
module (ACC1) at FLASH is shown. All the other settings of the acderator
including the RF settings and the electron beam optics are Idad from a SASE
operation mode. The slow feedback system which regulates therqmession by
ne tuning the ACC1 phase was switched o. The quadratic depenehce of the
spectra on the bunch charge reading for each shot are removeanfrthe 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 spectragter is not
yet calibrated in terms of the absolute intensity (the correagbn function includes
the detector response function of Fig. 7.7 but there are morectars expected)
requires more careful analysis of the data. Nevertheless anyliloation factor
can be removed by dividing the readings over the run for eactetkctor 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 my showing the
dependence of the relative intensity (normalized to the maxium intensity) at
each wavelength on the ACC1 phase. The density plot in Fig. 8.ZHhows 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 oh¢ mea-
surements with the simulations. Nevertheless, when the signals of the SASE detectond the
CTR spectra are recorded simultaneously, the correlated changes are conclusive, indepenten
of the phase values.
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Intensity [a.u.]

Figure 8.24: CTR spectra as a function of the o -crest phase of ¢h rst accel-
erating module at FLASH. All the other settings of the accelerato
including the RF settings and the electron beam optics are ldad
from a SASE operation mode. The slow feedback system which reg-
ulates the longitudinal compression by ne tuning the ACC1 phae
is switched o. The quadratic dependence of the spectra on the
bunch charge reading for each shot are removed from the pladte

spectra (see text for more details).
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same data as Fig. 8.24. The vertical axis is the o -crest phase.h& horizontal
axis of the density plot is the wavelength of the CTR spectra. Térange in 15
to 25 mis resolved by the RBG unit and the longer wavelengths are coeel by
the TG unit. For each of the phase steps, twenty shots are recordadd then the
average values are normalized in the following way. The sigean each of the
individual channels, or wavelength, are normalized to the mxamum value of the
signals at that channel over the entire run. In this way all posbie calibration fac-
tors including the detector response, are removed. After such amrmalization the
possible correlations between the CTR spectra and SASE signalsdependent
of the signal level, can show up. In other words, without such a nmalization,
when the signal is much stronger at part of the spectra, the vatian of the
weak signals are not clearly observable. The single column iretteft side of the
density plot shows the normalized (to its maximum over the entée run) SASE
signal. The middle plot is combined to provide information orthe changes of the
accelerating modules, either on purpose or due to machine wations. All the
gradients and phases of di erent modules are stable within anceeptable level
and only ACC1 shows the expected changes. The two other stronglictuating
signals are the charge of the kicked bunch and the bunch that ised to read its
SASE signal. The lowest plot shows the integrated CDR signals measd using
single pyroelectric detectors (BCM). The PyroBC2 measures ¢hradiation 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 compressd hese
signals are read for the bunch that later is kicked to the CTR1# screen. These
bunch compression monitor signals and the CTR spectra are all moalized to the
squared kicked bunch charge. In this way the presumed quadmatbunch charge
dependence of these signals are removed. The same type of thenatization is
made for the SASE signal. The clear conclusion that can be drawroifn such
a scan is that the peak of the spectra which is recorded on the agVely short
wavelengths ofl5 to 70 m appears at phases close to the region of SASE mode
operation, while at the same time none of the two classical bun@ompression
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. Accordingp the transmission
of the crystalline-quartz window (see Fig. D.1) it is clear thathese BCMs do
not detect any intensity from short wavelengths that are showmi Fig. 8.25. The
more basic problem with a BCM that measures the coherent di ramon radia-
tion (CDR) is the fact that the generation of the short wavelegths is highly
suppressed (see Fig. 8.12). A BCM which is housed in vacuum after imardond
window (see Fig. D.1) as the interface to the UHV of the accelemt can avoid
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Figure 8.25: Top: First accelerating module (ACC1) phase scait each phase-
value step in the scan range the CTR spectra of 20 shots are recatde
and for each of these shots the read-back phase (which can be shgh
di erent with the input-phase) is read and the average value \er
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 he
run. The two other plots show the machine changes over the run.
For these data the same averaging over 20 shots is carried out.



Spectra as a function of machine parameters 95

the rst problem. Measuring coherent synchrotron radiation (GGR) provides a
non-invasive source that contains short wavelengths. Nevertlesk the results that
can be obtained using an ABCM cannot be expected from a measurerbased
on the integrated radiation intensity (see section 8.3).

An extension of the resolved range to shorter wavelengths is shownFig. 8.26.
As it was stated in section 6.4, in the set-up of the spectrometer is foreseen
to have di erent gratings on the linear movers. For each stagdhe gratings of
di erent pitch sizes can be inserted and by selecting an apprapte combina-
tion it is possible to cover di erent ranges. The range coveredylthe re ectance
grating unit is from 5t0 9 m The region9 to 15 mcovered by the transmis-
sion grating (with pitch sizeg = 100 n) is di erent from the rest of the spectra.
This is due to the fact that this transmission grating cannot disprse this short
wavelength range from the zero-order. In other words, the iansities arrived at
the corresponding detectors in the range 15 t85 mwere not purely from the
wavelengths that are labeled in the plot. In the scan shown in §i 8.25 that
the entire wavelength range 15 t@5 mis covered by the re ectance grating the
density plot does not show a behaviour similar to what can be seem Fig. 8.26
over wavelength range 15 t@5 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 shea o -crest
phases. There is another region (o -crest phase between -8.5 &degrees) where
at wavelengths longer than 35 mintensities show a local maximum and no
SASE signal is observable. Two samples of studies on other modudes shown
in Fig. 8.27 for the gun phase and in Fig. 8.28 for the second algrating module
(ACC23). The range over which the phase of the gun can be chadge limited.
For phase values far from the so called \start of the chargé'phase for the gun, a
complex mixture of the transverse and longitudinal beam dynaits e ects brings
the machine to a situation with no transmission to the CTR140 scree 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.

"Dependent 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 elan the
cathode region electrons start to escape the region, this condition is called \sta of the charge".
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Figure 8.26: Same as Fig. 8.25 but shorter wavelengths are emd, too. The
range covered by the re ectance grating unitis fronbto 9 m The
rest is covered by a transmission grating of the pitch sizp= 100 m
In the scan shown in Fig. 8.25 that the entire wavelength range&sto
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 ranggto 15 mfrom the
zero-order (see text for more details).
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8.5.2 SASE mode spectra and SASE correlation studies

In this section measurements are presented which were carriagt during stable
SASE operation. This means that machine was tuned for a relagly high SASE
intensity during either an accelerator study or VUV photon user pgod. During
these measurements, none of the machine parameters changedrtionally. The
only small but controlled change happens when the slow feedkagystem (that
stabilizes the longitudinal compression) or the charge feedtlaact to keep their
target parameters. The remaining changes, which are dominardre unwanted
drifts of phases or gradients of the accelerating modules dher perturbations like
injector instabilities. SASE itself is a statistical process in theense 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 doimethe same
way as it was explained for the density plots of the previous g&m. The only
di erence is that the SASE signal and the CTR spectral data are araged with
a moving window in which the data points are averaged (smoothmg the data)
with a step size which is mentioned in each of the plots. Instead ofianging an
0 -crest phase, only successive shots are recorded, therefore Whecrest phase”
values are replaced by \shot number" which means an average sppam over the
last n shots that are recorded (n is the number of the shots over wh the data
is averaged). For stable run measurements an average spectrarahe entire run
makes sense. This is shown in Fig. 8.30 for the same shots as Fig98.Zhe
density plot shows a very clear correlation of the spectral chgas and the SASE
signal variations (with the CTR spectra one cannot study the coelation of the
CTR spectra and the SASE signals of the same bunch and these cortielas
correspond to the changes of the entire train). In Fig. 8.29 #thspectra of the
bunch number ve of each train are recorded while the SASE siglsain this run,
are from rst bunch. In order to interpret these results in a quatative manner,
three di erent regions could be identi ed. The wavelength egion shorter than
35 m the region betweer35 to 45 mand the region longer thard5 m For
relatively strong signals in the rst and the third regions, SASE ginal drops to the
half of its maximum value. In the contrary, when these regionexhibit relatively
weak signals and the signals in the second region are strong, SASghal is at
maximum. Therefore, if the spiky part of the bunch pro le is unform it could
produce higher SASE signals. The wavelength regi@b to 45 m(in this run
which was to produce the 30 nm wavelength VUV SASE) are the most celated
part of the spectra to the SASE signal. Quantitative correlatia function gives
the same impression about the most correlated part of the spectraig. 8.30.

The signals in every single channel (CTR spectra or SASE signal) rthg the run
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Figure 8.29: Density plot of the CTR spectra and SASE signal durgn 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 stepze
which is mentioned in the density plot which is in this analysi®0).
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can be considered as vectors with the dimension equal to the noen of shots.
The angle between any of the spectral channels vecto, and the SASE signal
channel,C, can be de ned a8

St
S

cos(SC/;\I:C):

where the superscript 'c' means the centered vecforThis gives a value between
-1 and 1. Fully correlated and anti-correlated events corspond to 1 and -1,
respectively.
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Figure 8.30: Top left: The correlation plot for Fig. 8.29. T right. The aver-
age spectrum. Bottom: The absolute SASE energy during the run
(SASE wavelength 28 nm).

8]t can be shown that thjs is,the same as the Pearson's product moment coe cient:
Y ) = o N XiViopXp Vi
comrX;v) = P oy G
9A vector is centered if from each component of it the average value of all of # components
is subtracted.
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In Fig. 8.31 a second example of a stable run is shown. This timestkicked bunch
for the CTR spectra and the SASE bunch are very close. The combiian of the
gratings has been changed as well. This makes a slight changé¢hie coverage of
the two stages of the spectrometer. The qualitative explanatn 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 dung 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. Fromhe average spectra
it is clear that the CTR spectra are more uniform and produce lgher aver-
age SASE over the run according to the SASE signal data in lower npaf the

Fig. 8.32.
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Figure 8.32: Top left: The correlation plot for Fig. 8.31. T 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 periogs shown in
Fig. 8.33. In this run a combination of the grating was choserotcover longer
wavelengths. The purpose of recording such a long wavelengtimga spectra was
for the bunch pro le determination. For the correlation studes, such a combi-
nation is not appropriate!?. In this run after about 400 shots the longitudinal
compression has increased. Accordingly, shorter wavelengthscéme stronger
and at the same time SASE has vanished. For the shots after400 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 whemgths two
or three times shorter.

Figure 8.33: Density plot of the CTR spectra and the SASE signal f@ 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).

Owavelengths 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 taof
shorter wavelengths. In this way an average spectrum can be obtained over a widamge.



SASE mode spectra and SASE correlation studies 105

Correlation to the SASE intensity using GMD

When FLASH is operated for SASE users, in parallel and parasitidgl a bunch
can be kicked onto the o -axis screen to record the CTR spectrahis 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 asered with
the GMD*! and can be considered as one of the highest records achieved. tAs i
can be seen in the picture, the 21st bunch was used to record the RBpectra.
The bar plots are made using the electron signals and the uppelots are made
using the ion-signals. The meaning of the bar plot and the uppelat is the same
as what was explained for the MCP-tool [63].

Figure 8.34: GMD-signal during a FLASH user run of a wavelengthfd3.5 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 thesmnditions is
shown. The GMD has two detectors, lon-detector and Electronedector. The
Electron signals, that are the faster signals, were not availabburing this run.
The lon-signals are slow and an averaging over a large numberstfots (much
larger than the values used with the MCP-detector read-out)si necessary to
correlate them to the CTR spectral data. Doing such a strong datamoothening
will raise an overall shift in the correlation plot, the reason Wy an integrated

1Gas Monitor Detector (see reference [64])
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signal can be used in a slow feedback compression control. The simfthe peak
value of the most correlated wavelengths compared to those ingkres 8.30 and
8.32 can be related to the fact that during this run the accetator was tuned for
a SASE wavelength of 13.5 nm. Thus a di erent compression settingas 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. T 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 spectrometetimited to about

2 octaves. The measured average spectra can be combined to get the spewtru
over a wider range. Such a combined spectrum represents the rage CTR
spectrum over a large number of shots and can be used to reconstriine 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 timmdomain pro-
le from a measured spectrum can give a more precise result as theeasured
spectral range becomes wider. The two-stage spectrometer canused in several
successive measurements that cover di erent spectral ranges atfm measured
average spectra can be combined. The range covered by the rsagé of the
spectrometer depends on the pitch size of the selected gratirigi. erent gratings
can be inserted to cover the entire wavelength range shorterah 40 m the
range that corresponds to the spike in the time-domain bunchrple. The rst
stage of the spectrometer can resolve this range with high restidun. In the sec-
ond stage of the spectrometer, dependent on the range that isveced by the rst
stage, a transmission grating can be chosen to disperse longer wangths. It is
assumed that the intensities that are measured at the shortest wdeagth range

1As a next development it is planned to construct compact stages which make it possibleo
setup four stages of the spectrometer in a vacuum chamber that is only one meter in diaeter
(see Fig. 6.13).
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(with a grating of the pitch size g; = gmin) are free from higher order contribu-
tions. Starting from such a spectrum of the shortest measured wagabths and
using the e ciency calculations for the higher orders of the gating (see Fig. 4.3)
that is used in the next range (covered by the rst stage but in aniher mea-
surement with a grating of the pitch sizeg, > g;), it is possible to calculate the
contribution of the higher orders that are not Iltered. In Fig. 9.1 the result of
such a calculation is showh
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Figure 9.1: Correction of higher order contributions from aneasured spectrum.
A: A spectrum which is free from higher order contributions, mea
sured with a grating with a pitch size ofg; = 20 m B: Contributions
from the spectrum in ‘A’ if it illuminates a grating with a larger pitch
size ofg, = 35 m C: The measured CTR spectrum using a grating
with a pitch size of g, = 35 mbefore correction for contributions
from shorter wavelengths. D: Spectrum 'C' corrected by spectnu
‘B

The spectrum that is shown in Fig. 9.1.A has been measured with aaging
of pitch sizeg; = 20 m Without loss of generality it can be assumed that this
spectrum is free from higher order contributions. When exchging the grating
with one of pitch sizeg, = 35 m the short wavelength spectrum of ‘A" will show
up as higher orders mixed with a rst order spectrum. Using the theretical
expectations for the higher order e ciencies, the contribuibn from short wave-

2When unfolding these contributions from the measured signal in the next range the reldve
detector response has to be taken into account.
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lengths like in 'A" when illuminating a grating with larger pitch size ofg, = 35 m
can be calculated as 'B' in Fig. 9.1. In'C' a measured spectrurs shown in which
the incoming CTR illuminated a grating with a pitch size ofg, = 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 contributios can be used in a
similar way on the next longer wavelengths range. This procesan be repeated
until the entire spectrum becomes free from higher orders. Thehe absolute
detector response can be used to get the spectrum in absolute urmtenergy per
bandwidth. The obtained spectrum can be corrected for the tresfer function
of the beamline plus diamond window and transmission of the poiaer. The
result of application of this process to the March 2007 measurents is shown in
Fig. 9.2. The error bars are calculated in terms of the standdrdeviation of the
signals over the run and no further possible systematic errors dikuncertainties
on the detector response or other sources are considered.

0.12
0.075

0.015

Intensity [ mJ/mm ]

0.0004

5 7 10 15 20 35 60 120 180 295
wavelength [mm]

Figure 9.2: Combined spectrum of March 2007 measurement.

The TR single electron intensity emitted into the frequency bad d! , as is de-
scribed in chapter 3, shows a at spectrum over the range of fregacies larger
than 1 THz Therefore, factorizing the L dependence, a wavelength domain
spectrum like in Fig. 9.2 is proportional to the form factor sqared (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 fuction. From a
measured coherent radiation spectrum only the magnitude of ¢éhform factor can
be extracted directly. In order to reverse the Fourier transfonation and obtain
the time domain pro le, phases are needed. An ordinary method ito use a
Kramers-Kronig relation for phase reconstruction. In this méiod extrapolations
on both shorter and longer wavelengths limits of the measured esgtrum can be
used to obtain a spectrum that extends over all wavelengths. Thehis extended
spectrum can be used to get a minimal phase that gives a most likelyne 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 ( ;) with di erent weights ( A ) that peak
at di erent times (t;) can be considered as the building blocks of the t

A t )2
6= poexp 1) ©.1)
2 2]
A superposition of such pro les can be written as
X
Tt = g() (9.2)

whereg;(t) is given by Eqg. 9.1. The frequency domain conversion of T(t)an be
written as X

(H= G()

where
12 2

Gi(!)= Aiexp( - 2i yexp( i't i)

(!) is proportional to the form factor®. 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 by2)

2
22 (%5

u()l = (9.3)

where c is the speed of light. With ; andt; in femtoseconds and in microme-
ters, c = 0:2996 £ For the t method the \fminsearch" command of MATLAB

SWith 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 algorithmnd it nds
a local minimum of a scalar function of several variables, stany with an initial
estimate. The rate of the convergence and the t itself (whichs the local mini-
mum closest to the initial) is highly dependent on the initial sarting pro le. The
developed code for the bunch pro le determination works inhte following way.
A measured spectrum can be loaded and then as a starting point aas®nable
initial can be introduced. The initial pro le is based on the syperposition of up
to eight Gaussian pro les like Eq. 9.1. The variation of the irtial as a function of
the parameters &s, ;s andt;s) can be seen in comparison with the measured
spectrum in a combined plot (like Fig. 9.3). When the initial 8 enough close to
the spectrum, the t routine can be started to nd a possible t. With appro-
priate values for the t parameters a wavelength-domain spéwm 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 the
ts are given in table 9.1.

superposition of eight Gaussian pro les as is described in Eq. 9dnd calculate
the form factor. Then this wavelength domain form factor carbe used in a
reconstruction process. The fact that the Gaussian pro les are h@rthogonal
functions makes it possible to have di erent expansions in tersnof 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 currensimplex is
generated. The function value at the new point is compared with the function values at he
vertices of the simplex and, usually, one of the vertices is replaced by the new point,igng a

new simplex. This step is repeated until the diameter of the simplex is less than thepeci ed
tolerance [66].
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functions for an arbitrary time prole. In other words, it can be seen that a
time domain t like Eq. 9.2 to a measured form factor is not unige but this
does not necessarily mean that the time domain pro le that ts b a measured
spectrum is degenerate. An example is shown in Fig. 9.3 with thalues as are
listed in table 9.1. For a wavelength spectrum and its time donma pro le like
the dashed-red curves in Fig. 9.3 there is another t like the $id-blue curves.
Within the precision that can be achieved experimentally, th two spectra are
identical and therefore the two time pro les are indistingushable. 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 Fi.3

[ 1 2 3 4 5 6 7 8
i (fs) | 20 15 | 20 25 30 32 35 30
t1 |t (fs) 0 35| 50 | 105 | -30 | -40 | -50 | -60

A 150 | 450 75 | 150 | 150 | 150 | 75 | 375
i (fs) | 16.36| 14.9| 33.9 | 46.23| 30 | 26.4 | 22.3| 13.6
t2 | tj (fs) | 67.75|/ 90.4| -46.3| 18.2 | -39.2| 121 | 101 | 12.2
A 239 | 98 | 75 80 | 12.9 | 130.5| 326 | 278.4

The fact that for a measured spectrum there are always errors the in-
tensity level increases the number of possible ts. The results ovd ts to the
spectrum of Fig. 9.2 are shown by the blue and red curves in Fig.49 The cor-
responding time domain pro les are shown with the same color ihé lower plot.
In table 9.2 the parameters that are used for the two ts of Fig9.4 are given.

Table 9.2: The values of the parameters used for the ts of FiQ.4

[ 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
tl (blue) | t; (fs) | -74.6 | 321.7| 200.3| O | 225.3| 282.8| 113.2| 2.8
A 9.25| 0.78 | 2.3 | 0.323] 10.65| 1.98 | 2.235| 0.379

i (fs) | 565 | 17 | 10.1 | 21.7 | 204 | 16 26 | 5.52
t2 (red) | tj (fs) | 105 | 203 | 81 209 | 110 | 268.7| 130.6| 93.4
A 167 | 201 | 148 | 158 | 407 | 1.25| 453 | 2.71

In Figures 9.5 and 9.6 the same time-domain pro le reconstrucin method is
applied to the measurements of Figures 8.29 and 8.31, respeely. The numerical
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Figure 9.4. Combined spectrum of March 2007 measurement wittva possible
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Figure 9.5: Average spectrum and a corresponding time domaingde for mea-
surement of Fig. 8.29. This spectrum is not a combination of spec
tra of successive measurements and therefore covers a limitedcspe
tral range in comparison to Fig. 9.4. The possible contributiofrom
wavelengths shorter thanll mare not corrected here. Thus show-
ing several ts does not give any further insight into the time @main
pro le.
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Figure 9.6: Average spectrum and a corresponding time domaingde for mea-

surement of Fig. 8.31. This spectrum is not a combination of spea

of successive measurements and therefore covers a limited sgéctr
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 @main
pro le.

Table 9.3: The values of the parameters used for the ts of Figas 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 | 246 | {
ti (fs) | -112.5] -80.1 | 64.6| 0.55 | -143 | 219.4 | -81.9| {

Fig. 9.5| A, 46 | 352 | 44| 934 36 | 1.08 | 11.4| {
. (fs) | 13.04| 388 |9.85| 10.8 | 11.1| 26.07| 20.2| 85
t ti (fs) | -12.29| -197.07| -105| -54.4 | -48.2| -261.9| -85.9| -83.1
Fig. 9.6| A, 082 | 3.33 | 34| 051|267| 155 | 58 | 4.46
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values of the t parameters are given in table 9.3. The aver@&SASE intensities
produced during these runs are shown in Figures 8.30 and 8.32spectively.
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 lefd=ig. 9.4. It is
unlikely to be able to explain the di erence in the SASE intengy level in these
measurements in terms of the reconstructed longitudinal prées of Figures 9.4,
9.5 and 9.6. The possible reason is the tunings of the machine thasually
is performed downstream of CTR140 screen. As it was mentionedftre, the
measurements that resulted in the spectrum of Fig. 9.4 are madarasitically
in parallel to a user operation with a very high SASE level whil¢he other two
measurements (Figures 9.5 and 9.6) are made during a machinedst period
with an intermediate SASE level and much less e orts made to ackve high level
SASE intensity.

In order to conclude this section a few remarks can be made. Acding to
the arguments of this section, any bunch pro le reconstructio from a measured
spectrum, taking into account the presence of systematic errorsannot result
in a unique (or a most likely) result. Nevertheless a measured spech can be
used to tune the accelerator. Intensities in di erent spectratanges can be used
in a feedback loop to keep/tune, for instance, RF parameterd the accelerating
modules to achieve an optimal longitudinal compression. Furer study has to
be made to use the information about the longitudinal bunch mrle 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 aigh peak
current in the kA range over at least one coherence length (wdh is related
to the FEL wavelength) is required. Due to the space charge relsive forces
the realization of such a high peak current is not possible be®electrons are
accelerated to ultra-relativistic energies. When electronare ultra-relativistic a
magnetic-chicane bunch compressor can be used to convert a etated energy
chirp, introduced by the sinusoidal accelerating eld, into dongitudinal compres-
sion. Such a compressed electron bunch has a spike with high peakent and
a long tail. Diagnostics of the spike in the electron bunch prde is very crucial
for the operation and stabilization of the accelerator that dves the high-gain
SASE-FEL. One of the important parameters that has to be mondred is the
longitudinal bunch prole. Operation of accelerators likethe linac of FLASH
shows that the shot to shot changes in the longitudinal bunch pre is not nec-
essarily small, requiring a single-shot longitudinal diagnossc One way for the
longitudinal bunch pro le diagnostics is to measure the cohent radiation that
an electron bunch emits when it is subjected to a radiation paess such as tran-
sition radiation.

It has been shown that a transition radiation source can providaformation on
short structures in the bunch pro le that correspond to the coheence length and
shorter.

Following theoretical investigations on di erent approacles to build up a spec-
trometer, a grating spectrometer has been found to be very aamvtageous in many
respects. The result of the theoretical investigations that re#ted in an optimized
grooves geometry for a re ectance-grating spectrometer setius demonstrated.
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Experimental proof-of-principle measurements on the theetical calculations for
the grating setup are presented. The optimization of the setupag carried out to
achieve very high dispersion e ciency of the gratings over a wWe range in each
stage and at the same time sustain a very high e ciency of the zerorder for
the longer wavelengths. A layout to stage several units to enige the wavelength
range coverage of the spectrometer has been designed.

It has been demonstrated that room temperature detectors cdme used in the
detection unit of the spectrometer even though the coherenadiation is dispersed
into its components and the sorted intensities are much less thdahe integrated
intensity that usually can be measured by the detection system ohe classical
bunch compression monitors.

A scanning mode grating spectrometer has been designed and tdstéhis spec-
trometer has been used in further developments towards theal&ation of the
broad-band single-shot spectrometer.

Prototypes of the single-shot spectrometer were designed andunted and a va-
riety of experiments including the rst studies on the correléion of the spectral
changes in the emitted coherent radiation of the electron Imehes and the SASE
intensity has been carried out.

Finally a rather compact two-stage single-shot spectrometer bad on an inte-
grated collecting optics and detectors has been designed, unted and used in
several series of measurements that are demonstrated in this $ise

The correlation studies show di erent wavelength ranges of thCoherent Transi-
tion Radiation (CTR) spectra that correlate or anti-correlae to the SASE inten-
sity. Dependent on the parameters that are used to tune the lortgdinal com-
pression of the electron bunches (to tune for a desired SASE-FElavelength),
the CTR wavelength range that correlates or anti-correlateto the SASE inten-
sity was found to be di erent. For example, for a set of paramets that provide
20 J single-pulse SASE intensity at a wavelength of 28 nm the range fno25
to 40 min the CTR spectra correlates to the SASE intensity while the shoer
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 stigest correla-
tions showed up in the 15 to 25 mwavelength range.

The limited space of the vacuum tank at the CTR140 beamline puthe relatively
big size of the rst design of the integrated collecting and detgion systems did
not allow to mount more than two stages of the single-shot spectreeter, thus the
wavelength coverage in the single-shot mode was limited to alidwo octaves.
A wider spectrum was derived only in an average sense by combmithe average
spectra that were measured in series by inserting gratings with @rent pitch
sizes. The e ect of the higher orders which were present in thest stage of the
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two-stage spectrometer were always removed from the measureédpa (the lack
of space did not allow to follow the proposed layout to start witlthe rst grating
to resolve the shortest wavelengths which were present in the eslnt radiation
spectra and still catch the range of interest towards longer walengths).

For the bunch pro le determination from a measured broad-bash spectrum a t
method has been developed and used. It has been shown that thedidomain t
to an experimental data is not unique. In the presence of un-aidable systematic
errors the number of possible ts to a measured spectrum increaseAlthough
the presence of the short structures can be studied, a bunch pre teconstruction
is not feasible due to the missing phase information. It has beeergrally shown
that this is an intrinsic problem with a wavelength-domain masurement that
measures only the intensities, and not the phases, therefore cahnesult even in
a most-likely bunch pro le. An example is given which shows thamo reconstruc-
tion method can overcome this intrinsic problem. The attempto reconstruct the
bunch time pro le is probably not the most appropriate way of &tracting the
useful information contained in the spectra.

Outlook

There are several areas that are not covered by this thesis andutd improve
the device. Detector calibration has to be continued, in pé&cular, 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 performed. After
having good experimental knowledge on these calibrationsetentire spectrom-
eter has to be calibrated to obtain a measured transfer functioof the entire
device. In a later step systematic errors have to be studied as el

The ongoing e orts to setup a multi-stage device composed of neocompact de-
tection units could provide a wider wavelength range covege in a single-shot
mode. It is planned to have two gratings on each of the four giiag holders in
each stage to keep the possibility to cover di erent parts of thapectra (about
four octaves with each combination of the gratings).

It is obvious that the spectrally resolved single-shot measuremteof the coherent
radiation could help to tune the longitudinal compression oftte electron bunches.
Advanced bunch compression monitors can be used in di erent parof an ac-
celerator where the electron bunches undergo longitudinglo le changes. For
feedback purposes a dedicated study can help nding how to useetinformation
encoded in the measured online spectra to tune di erent pararters of the accel-
erator.
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Installation of the described single-shot spectrometer in di eant parts of an ac-
celerator such as FLASH (for instance at the dipoles of the magie chicanes,
where the coherent synchrotron radiation is emitted anyhowgould help to carry
on correlation studies in a more dedicated way with much largeate of data
acquisition. In particular at FLASH, a CTR-screen coupled to a sht THz
beamline inside the tunnel, after all undulators, could prode a source of CTR
containing information about all ne structures including microbunching. Such
an installation provides a source that is theoretically well gedictable 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 describeth section 4.1. In
the following the notation of section 4.1 and Fig. 4.1 is used. oF a perfectly
conducting R , the electromagnetic eld vanishes in this regioh The di racted
elds are de ned in regionR, by E¢=E FEiandAY=H H.

Maxwell equations in free space are given by

r Ed=jl 0|‘Td r Hd= il oEd
r E9=0 r HI=0

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

@ES:i! OH;j @HS: il OE;j
@EZ= il oH{Z @HZ =il oEd (A.1)
@E{ @E{ =i oH{ @HJ @H{= it oE{

and for the boundary conditions for the elds on the grating stface:

N (Ed+E)=0 N (Hd+ H)=0

1There are experimental evidences [67] that the model of perfectly conducting gratings iis
in the visible and near infrared despite the re ectivity of aluminum, silver or gold exceed 90
percent.
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Here N 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:
Ed= E! NXE§I N EZ= (NXEiy N yE!)

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

@ES=il HY @ES= il HI @HI @HS= il oE
with boundary condition E¢ = E!. For TM mode:

@HY= il EY @H{=il E! @EJ @E{=il oH!

with boundary condition? &-H = &H,.
These two sets of equations can be written as Helmholtz di ereiai equation for
the magnitude of the elds, F, as:

r2F* + kF* =0 (A.2)

with boundary conditions on the surface of the grating:

*= Fi= explkxsin ikf (x)cos ] TE mode
S+F* = LF'=i(kNycos KkNysin )explikx sin  ikf (x)cos ] (TI\/;3 mode
A.3

and F satis es a radiation conditior wheny ! 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) (s=[34]). F" (x;y)
can be expanded in Fourier series as:

2 4 is the directional derivative in the direction of N or &- = N 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 volumander

consideration is nite.
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FHGY) = | ta(y)expl nX) (A4)

with , = ksin + nK whereK = %

Substituting Eq. A.4 into Eq. A.2 results in a di erential equation for t,

%% +(k2  2)t, =0 above the grooves (A.5)

With the de nition:

(R 2w ifk?> 3

A i( 2 k¥y)? otherwise

the general solution can be written in the form:

thn = Apexp( 1 ny)+ Bpexp(+i ny) above the grooves (A.6)

The rst term with coe cient A, becomes in nite wheny ! 1 if k2< 2 orit

represent incoming plane wave propagating toward the gratinsurface ifk? > 2.

Thus

P
Fro;y)= Bpexpli( nX+ aY)] above the grooves (A.7)
Introducing , as the angle of wave-vectdk, = ( ; n) (Fig. 4.1) one can derive:

. n n
TR ATk

or after substitution from , = ksin + nK the grating equatior? results:

sin , =sin + né (A.8)

5The sign convention for direction of angles could be considered di erently and then his
may result in a minus sign di erence with Eq. 4.3.



Vector Diraction Theory for Gratings

A.1.2 E ciencies of di erent orders

It can be seen thatE, (de ned in section 4.2.2) is related to theB,, by [34]:

E, = B,,B, cos ,=cos (A.9)

whereB,, is thlg complex conjugate oB,. The e ciencies obey the energy bal-
ance criterion E, =1 and B, is given by the integral equations (for detailed
derivation see [34]):

for TM case
Z g
" %9 . exp[ i( nx+ of(x))] (x)dx (A.10)
where (x)=(1+ f*(x))*23-(F* + F'), and for TE case
Z
Br= @ ) expl i( X+ of () ( X)dX] (A.11)
0 n

where (x)= F*(x;f (x))+ F'(x;f (x)) and F" is given by Eq. A.7.

These are the integral equations to be solved for complete sotut of the grating
problem. Fortunately there are several di erent methods to alculate B, coe -
cients described for instance in [34].

There are many techniques developed more recently to calatd e ciencies for
instance in [61] which is a method based on a theorem of analytycof the electro-
magnetic eld with respect to variations of the interface forperfectly conducting
gratings®.

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 word, e ciency
calculation for P polarization, is described. Similar methe can be used to solve
Eq. A.10 of the S polarization. De ne an internal product onC ([0; g]) as

Z 4

R |
hk(x)jl(x)i = 2_g . k(x)I(x)dx

Following de nitions are used in the forthcoming algorithm

6Therefore applicable to infrared range.
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ha(x)=1  —2f7(x) n(X) = exp(i nx+ i of (X))

Then Eq. A.11 can be written as

X1
Bn = hha(x) o (X)iF'(x;f ()i + tha(x) 1(X)] Bm m(X)i

m=1

Sorting this equation in terms of the unknown coe cientsB, it can be written as

Xt .
(M (X) ()] m()T mn)Bm = h ha(x) ,OQIF'OGT (XD (A12)

m=1

As it has been stated in section A.1.2 th&,,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 sumation 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 cien&, when N varies.
The system of equations given by truncated form of Eq. A.12 can lveritten as,

() ()] m()i  mn)Bm = hha(x) L(X)iF (T (x)i

m= N
n=1;2:52N+1
These are 2N+1 linear equations of 2N+1 unknown coe cientd3, that can be

solved. Generally when the ratio=g decreases, N increases and thgg, 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.
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Vector Diraction Theory for Gratings

Similar to the approach of section A.1 it can be seen that the maguade of the

eld, F (for both polarizations), satis es the di erential equation Eqg. 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 atM2  (Green function method), the diracted 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

X
F (xy)=  Dpexp nx i ny)
n
Ry _
whereD, = [T, (x) (x)dx and the expressions foif, and for the two polar-
izations are given by

( 2@;“ exp( i nX [ nf (X)) TE mode
T, (x) = 0 . .
n 3 1 2f(x) exp( i ax i af(x) TM mode
8 h i
1=2 .
()() = ) 1+f UZ(X) d?\]F(X) ddNF—(X) TE mode
Fr(x) F () TM mode

The coe cients B, used in section A.1.2 for the e ciency calculation take a com-
plicated form and will not be given here (see [34]).
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THz Filter Calibration
Measurements at BESSY

THz Iters ! and their precise transmission curves play an important role inhe

wavelength calibration of the grating spectrometers. For tlsi reason, several
measurements were carried out at BESSY. An interferometer (Bkar IFS66v)

with KBr beam splitter and the glowbar source and Bolometer ashie detector

was provided. Air pressure during measurements was about 3.5 mbar.

Figure B.1: Transmission curves of several THz lters

1The producer of the THz Iters, QMC [68], provides the measured transmission curvesdr

a restricted wavelength range.
2These measurements as well as the DTGS pyroelectric calibration measurementswe 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 GZ2Z5II-
CROTEK) over millimeter and sub-millimeter wavelength rang in both polar-
izations are given. The electric eld is perpendicular to te wires of the polarizers
for the radiation that gets through the polarizers.



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 th thesis the
transmission over the wavelength rang8 to 300 mis given in Fig. D.1 [69].

100 ———

(5 mm, ordinary rays)
80k LDPE (2 mm)
—— Diamond (0.5 mm)

Crystalline quartz

60

40

Transmission [%)]

20

0= el i —_ .

Figure D.1: Transmission of diamond, LDPE and crystalline-quaz window with
the thickness that is mentioned in the plot [69].

Water absorption lines are shown for one meter of humid air in §i D.2. The
absorption of radiation over the infrared range by humid air sbws the importance
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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 Eg. 6.1 a way to trace rays re ected from a surface is given. He sketch
in Fig. E.1 illustrates the situation. Each ray incident upon te surface of the
cone may enter to the throat dependent on the vertical distarcbetween 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. Thelisbblue ray shows
the starting point of the acceptance for rays that hit paralléto the cone axis. If
a ray, like the dashed blue, enters to the acceptance regiontvengles smaller
than the cone angle, it will get through (dashed blue and gregn The limit of

the acceptance region can be determined by considering rayst enter to the

throat after multiple re ections like the solid green ray.

Figure E.1: A pure geometrical computation on the collectip properties of a
cone.
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With cone angle of aboutl8 , the ratio of the area where the acceptance begins
(indicated by the broken line in Fig. E.1) to the throat area 8 4. This is
determined by considering all rays that may enter after mulple re ections. This
ratio is the basis of the design for the cones that are used in thellecting optics.
This optimizes the inlet radius of the cones. For larger valgethere is no higher
collection e ciency.



Appendix F

Auxiliary Measurements

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

Figure F.1: Kicker strength optimization for the machine stugf 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 centtgart of
the o -axis screen. In Fig. F.1 a systematic study on this issue in a able 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 positia studied in
Fig. F.2. This shows a sample comparison made in short wavelengtfusing the
RMS device thus it is not single shot) to see the di erences whermé o -axis
screen or a full screen is used. These measured spectra show that these modes

of operation are identical.

0.25 ‘
—— off-axis screen
— full screen
0.2f .
5 0.15r .
S,
2
a
g
£ 0.1 |
0.05+ .
0 1 1 1 1 1
6 6.5 7 7.5 8 8.5 9

wavelength [mm]

Figure F.2: The sample spectra measured for the comparison of e types of
radiation screens.

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

LA full screen blocks the users mode operation of the machine. Therefore, it is foresn 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 shdest measured
wavelengths together with the one over the range that is knowto
correspond to the peak of the CTR wavelength spectrum.

In chapter 3 it was mentioned that the charge density distribubn of the
bunch is a three dimensional one and there are conditions umdehich one can
use the line charge approximation. The in uence of the transvee size on the
measured spectrum is discussed in [25]. An experimental study onglissue using
the two stage single shot spectrometer has been carried out at FLASA setting
of the machine is installed to make high intensities over the showavelengths.
The optics of the machine kept as the optics for the SASE mode eqation. The
measured average spectrum is shown in Fig. F.4 in blue color. Inet next step,
adjusting the settings of several quadrupolésthe 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 issghan red.
The ratio of these two measured spectra is shown in green and thetocal calcu-
lation of the ratio is also shown in dashed-black. For the theatieal calculation
EqQ. 16 in reference [25] for the wavelength domain form-factof a 3D-Gaussian
pro le is used. In the theoretical calculation the in uence @ the blown-up beam
size on the transmission is taken into account. This shows a qualitve 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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wavelength [nm]

Figure F.4: Transverse beam-size e ect on the CTR spectrum. An RFhase
of the rst accelerating module was set to maximize the short wav
lengths with a SASE operation electron-optics. The blue cung&hows
the recorded CTR spectrum in such conditions. Then the electren
optics was changed in the region nearby an OTR screen (the clsse
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. Thatio
of this two curves is shown in green curve. A theoretical callation
of the ratio is carried out as it is described in reference [2Bfhich is
shown in black (dashed) curve.
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