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Abstract

A Near-Infrared Diffraction Radiation Spectrometer
for MHz Repetition Rate Electron Bunch Diagnostics
at the European XFEL
Simon Fahlström

Relativistic electrons passing through a hole in a conducting screen emit diffraction
radiation. The spectrum of the radiation depends on the longitudinal charge profile of
the electron bunches, regular structures give rise to Coherent Diffraction Radiation
(CDR). We have built a spectrometer to investigate the Near Infrared (NIR) range of
this radiation, which is used for bunch diagnostics at the European X-ray
Free-Electron Laser. This could give information on the development of
microbunching, periodic features in the longitudinal charge profile of the bunches
which have a negative impact on the operation of the facility. In general it offers an
ability to investigate the influences of the laser heater, the compression, and other
factors that affect the structure of the bunches. The CDR is generated 1934 m after
the injector, at full acceleration with electron energies up to 17.5 GeV. The
spectrometer is based around the KALYPSO detector system, able to read out from
a 256 pixel linear array detector at MHz frequencies, making it possible to obtain
single bunch readings during current user operation of the facility, at 1.1 MHz.
KALYPSO has an InGaAs sensor, sensitive in the wavelength range 0.9 um to 1.7 um. 
A 40 mm  N-SF11 equilateral prism is used for dispersion. First measurements have
been taken, and CDR has been detected. A reduction in signal in the sensitive range
and a skew towards longer wavelengths was seen when going from uncompressed to
compressed beam, compatible with previous findings. When varying the power of the
laser heater the behavior varied from run to run, with changing machine settings. In
most cases the FEL was attenuated, while FEL intensity initially increased, until the
induced energy spread from the laser heater was large enough to inhibit the FEL
process. The spectrometer needs further calibration and resolution was lacking, but it
can offer insight into relative changes, bunch-to-bunch variance and could be used for
fingerprinting the beam.
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Populärvetenskaplig Sammanfattning

I en frielektronlaser används en partikelaccelerator för att accelerara elektroner som sedan
användas till att generera elektromagnetisk strålning med väldigt speciella egenskaper.
Denna strålning är användbar i många fält inom vetenskapen, såsom molekylärbiologi,
matrialvetenskap, med flera. Vid frielektronlasern European X-ray Free-Electron Laser,
(EuXFEL) i Hamburg genereras Röntgenstrålning med laserliknande egenskaper, det vill
säga koherent strålning.

Röntgenstrålning har väldigt kort våglängd, kopplat till hög energi. Den korta
våglängden gör att strålningen kan användas för att undersöka hur atomer och elektroner
är strukturerade i material och molekyler. Vågegenskaperna hos strålningen gör att
något som kallas diffraktionsmönster uppstår när strålningen passerar genom ett prov.
På samma sätt som mönster i vattenvågor uppstår när de till exempel passerar mellan
stenar i vattenytan. Man kan använda diffraktionsmönster för att återskapa formen hos
det som gav upphov till mönstret.

Tidigare har det behövts väldigt många molekyler av de material som undersökts.
Molekylerna i materialet behövde även vara i en regelbunden struktur, det vill säga
kristalliserade, för att kunna urskilja de minsta strukturerna. Detta för att man inte
kunde skapa tillräckligt starkt ljus - fokuserat till tillräckligt liten yta - för att undersöka
små mängder av material.

Ett viktigt användningsområde för röntgenstrålning är att undersöka strukturen
hos proteiner. Om man känner till hur proteinerna är strukturerade kan man bättre
förstå hur de interagerar med varandra. Proteiner är en av de grundläggande biologiska
byggstenarna, de utför all möjliga funktioner inuti cellerna i kroppen. Genom att förstå
mer om hur de fungerar skulle man kanske kunna designa läkemedel som endast gör
det man vill, utan biverkningar från påverkan på andra funktioner. Kanske kan man
även förstå hur Alzheimers sjukdom eller olika former av cancer uppstår, och hur dessa
sjukdomar kan motverkas.

Man var tvungen att kristallisera proteinerna för att de skulle kunna analyseras med
hjälp av de Röntgenkällor som existerade tidigare. Man har lyckats kristallisera många
proteiner och mycket viktig kunskap har samlats in som följd, men bara en bråkdel av
alla de tusentals proteiner man känner till har kunnat kristalliserats.

Med en röntgenfrielektronlaser finns möjligheten att komma runt behovet av kristallis-
ering och istället kunna avbilda enskilda proteinmolekyler. Detta för att man kan skapa
väl fokuserade, ultrakorta pulser som ändå innehåller tillräckligt med koherent strålning
för att läsa ut de diffraktionsmönster som krävs, och få en tydlig bild innan energin i
strålningen har sprängt proteinet. Längden av pulserna är i storleken av femtosekunder
(0.000 000 000 000 001 s)

För skapa detta ljus krävs en anläggning flera kilometer lång, där knippen av elek-
troner, med höga krav på deras egenskaper, accelereras till väldigt nära ljusets hastighet
(99.999 999 96 %). Sedan leds elektronerna genom ett periodisk magnetfält där magnet-
fältet med växlande polaritet. Magnetfältet skapas av hundratals starka magneter i långa
rader ovanför och under elektronstrålens bana. Magnetera placeras med polerna om lott
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efter varandra. Dessa magnetstrukturer kallas undulatorer. Magnetfältet i undulator-
erna får elektronerna att färdas i en slalomliknande bana, där de sänder ut strålning för
varje sväng. Sedan interfererar strålningen från en sväng med strålning från de andra
svängarna, och den del av ljuset som har en våglängd som är i fas varje sväng förstärks,
och ett laserliknande ljus bildas.

För att denna process ska ske ställs väldigt höga krav på elektronstrålen. Strålen är
inte kontinuerlig, utan elektronerna kommer i diskreta knippen, ofta benämnda "bunches".
Dessa måste ha en jämn intern struktur, och måste ha hög densitet. Men under deras färd
genom acceleratorn kan effekter uppstå där något som kallas "microbunching" bildas, då
får buntarna en ojämn intern struktur, som försämrar prestandad av frielektronlasern,
eller rent av förhindrar processen helt.

En anläggning som European XFEL har tusentals parametrar som kan kontrolleras
för att ställa in exakt hur elektronerna färdas. För att stämma av allting korrekt behövs
metoder för att analysera buntarna. För att förstå deras form och hur de utvecklas
längs banan genom acceleratorn, och för att återkoppla till all de inställningar som styr
acceleratorn. Mycket möda läggs på att bygga instrumentering för diagnostik.

Den longitudinella laddningsprofilen av elektronknippena är särskilt viktig att un-
dersöka för att bedömma om microbunching sker. En möjlighet för att undersöka den
longitudinella profilen av knippena är att utnyttja något som kallas för "Coherent Diffrac-
tion Radiation" (CDR), koherent diffraktionsstrålning. Diffraktionsstrålningen uppstår
då elektronerna leds genom ett hål i en metallskärm och man kan se det om att man elek-
tronernas elektriska fält reflekteras av skärmen. Detta gör att strålning uppstår med en
frekvensprofil som beror på knippenas form. Denna strålning sträcker sig från mikrovågor
till synligt ljus och genom att leda strålningen till en spektrometer kan den analyseras.

I detta projekt har en spektrometer byggts för att undersöka det nära infraröda om-
rådet av det elektromagnetiska spektrat, med våglängder i området 900 - 1700 nanometer,
och man kan då se om det finns regelbunda strukturer i knippena i samma storleksord-
ning.

För att dela upp ljuset med avseende på våglängd använder spektrometern ett
prisma av flintglas. Eftersom brytningsindex i prismat beror på vågländen av ljuset
bryts olika våglängder olika mycket. Sedan fokuserar en lins ljuset på detektorn där ett
spektrum kan läsas ut.

För att kunna mäta varje knippe behövs en detektor som kan göra flera miljoner
utläsningar i sekunden. En sådan kallad "KALYPSO" har utvecklats av Karlsruhe In-
titute of Technology (KIT), och används i det här projektet. Den har en detektor med
en rad av 256 pixlar, som kan läsas ut med 2.7 MHz. Sensorn är gjord av halvledaren
Indium Gallium Arsenid (InGaAs).

Spektrometern byggdes upp och upplinjerades i labb med hjälp av lasrar av olika
våglängd. Sedan installerades den i acceleratortunneln, 1934 meter från början av accel-
eratorn.

De inlednande mätningarna har visat att spektrometerns upplösning är sämre än
hoppats. Normalt har spektrometrar ett avbildningssteg där ljuset leds genom en smal
spalt som sedan avbildas på sensorn. Men intensiteten i våglängdsområdet av intresse var
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okänd, och från simuleringar antogs strålningen vara i det närmaste kollimerad (paralella
strålar som lätt kan fokuseras till en liten punkt). Därför valdes det att avstå från
avbildningssteget. Det visade sig vara fel beslut, då intensiteten var mycket högre än
vad som behövs för en bra signal, och strålningen inte alls fokuserades så bra som hade
trotts.

Trots det kan man ändå se generella beteenden för hela våglängdsområdet som
följd av att vissa parametrar i acceleratorn ändras. Bland annat undersöktes buntar-
nas så kallade kompression. För att nå en tillräckligt hög elektrondensitet i buntarna
måste de komprimeras under tiden de accelererar, och det är under den processen som
microbunching kan uppstå.
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Chapter 1

Introduction

1.1 The European X-ray Free-Electron Laser

1.1.1 The Scientific Objective of X-ray Free-Electron Lasers

A Free-Electron Laser (FEL) is a source of laser-like radiation in which short bunches
of electrons accelerated to relativistic velocities travel through a periodic magnetic field
where they are made to radiate coherently. The FEL was first proposed by John Madey
in the 1970s[1] as a broadly tunable source of coherent radiation, and was demonstrated
later that decade.[2] The FEL is free from the constraints put on conventional lasers,
which are limited by the energy levels of electrons in atoms.

The early incarnations of FELs produced radiation in the infra-red or visible spectra.
But with larger electron energies, and maturation of the technology, the energy of the
radiation has been increased into the ultra-violet and recently X-ray spectra. X-rays
have in the last century provided an invaluable tool for investigation of the structure of
matter. The radiation is used for material science, chemistry and structural biology, to
name just a few. The short wavelengths, on the order of Ångström (10−10 m), make it
possible to resolve individual atoms and atomic bonds.

Electron accelerators have long been used as sources for X-rays in the form of
synchrotron radiation, so named after the type of accelerator where this radiation was
first discovered.[3]

The X-ray Free-Electron Laser (XFEL) provides a new paradigm in the generation
of X-rays. The coherent properties of the FEL provide far greater intensities, the ability
to focus the radiation on very small areas, and pulses as short as femtoseconds. This
could make it possible to image single macro-molecules e.g. proteins that previously
only could be imaged if crystallized, or to capture the behavior of electrons as they form
chemical bonds.[4]

1.1.2 The Facility

The European X-ray Free-Electron Laser (EuXFEL) is a 3.4 km long XFEL facility lo-
cated in Hamburg, Germany. The facility consists of injector, linear accelerator, electron
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beam distribution system, magnetic undulator sections where the radiation is produced,
photon beam lines and experimental stations, where the radiation is delivered to scien-
tific users. An overview is shown in Fig. 1.1. The EuXFEL starts at the DESY campus
in the northwest of Hamburg and ends in the experimental halls, on a newly developed
campus south of the city of Schenefeld. The electron beam used to produce the X-rays
is accelerated to a design energy of 17.5 GeV by a super conducting linear accelerator.[5]
Instead of a continuous beam, the electrons come in small packets, commonly referred
to as bunches, with charges in the order of hundreds of pC. Since the superconducting
accelerator does not suffer from the need of cooling due to heat from resistive losses,
the repetition rate of the bunches can be much higher than in normal conducting accel-
erators.[6] The EuXFEL is designed to accelerate up to 27 000 electron bunches every
second. The bunches are grouped in to collections of up to 2700 bunches, called bunch
trains, from now on referred to as trains. The trains are produced at a rate of 10 per
second, and the repetition rate of the bunches within the trains is up to 4.5 MHz, see Fig.
1.2.[5] Currently the bunches are most often produced at 1.1 MHz during user operation,
for radiation safety and machine protection reasons.[7] This high repetition rate within
the trains sets stringent requirements on diagnostics instrumentation (and their design)
which have to provide information on individual bunches.

After acceleration the bunches are distributed between three undulator sections
working on the Self-Amplified Spontaneous Emission (SASE) principle of FEL. In the
undulator sections the electrons emit coherent X-ray radiation in the range of 0.25 keV
to 25 keV (corresponding to wavelengths between 5 nm and 0.5Å).[8] The light from
the three undulator sections are then split into six photon beam lines, each feeding an
experimental station, three of which have been commissioned.

Figure 1.1: Schematic overview of the accelerator and and undulator sections of the EuXFEL.
The schematic is split in to two parts for visibility. The arrow indicates the position of the
spectrometer described in this thesis. From left to right: The electron gun and injector (I1), the
laser heater (LH), bunch compressor 0 (BC0), first accelerator section (L1), bunch compressor
1 (BC1), second accelerator section (L2), bunch compressor 2 (BC2), third accelerator section
(L3), collimator and switch yard, undulators (SASE1, -2, -3).
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Figure 1.2: The bunch pattern of the EuXFEL. The amplitude of the accelerating RF field is
pulsed with a repetition rate of 10 Hz, each duty cycle is 0.6 ms during which up to 2700 bunches
can be accelerated with a bunch spacing down to 222 ns, corresponding to 4.5 MHz.

1.2 Principles of Free-Electron Lasers

1.2.1 Previous Generations of Synchrotron Light sources

Accelerating electric charges emit electromagnetic radiation. When the acceleration is
perpendicular to the velocity the electric charge will travel along a circular trajectory, as
is the case when electric charges travel trough a magnetic field. If the velocity, v, is low
compared to the speed of light, c, the particle with radiate in all directions, in a dipole
pattern. But when an electric charge is traveling close to the speed of light relative to the
observer, this radiation, called Synchtrotron Radiation, is concentrated in a cone tangent
to the particles trajectory with an opening angle of 1/γ. Where γ = E/mc2 = 1/

√
1− v2

c2

is the Lorentz factor, with total energy E and rest mass m. This cone traces around the
plane of the circle. Figure 1.3 illustrates these two cases. [9]

Each electron can be viewed as an independent radiator, thus the total intensity of

Figure 1.3: Radiation pattern from electric charges in circular motion. Left: Non-relativistic
velocities, radiation is emitted mostly isotropic, in a dipole pattern. Right: Relativistic velocities,
near speed of light. Emission pattern is folded into forward direction when transformed in to
laboratory frame. Figure adopted from [9].
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the radiation, I, is proportional to Ne, the number of electrons in a bunch.
This radiation was first observed in electron synchrotrons[] (circular particle accel-

erators) that were originally built for high energy physics purposes. In a synchrotron
the charged particles are made to bend around the circular trajectory with dipole mag-
nets called bending magnets. Once the usefulness of this radiation was realized some of
these particle physics accelerators were modified to become the first generation of syn-
chrotron light sources. Soon after a second generation of facilities designed specifically
for synchrotron light generation were built.

Up until the second generation all the synchrotron radiation was generated in the
bending magnets. This light swept over a horizontal swathe, most of which was blocked
to get collimated light which meant the overwhelming majority of intensity could not be
used for experiments.

In order to increase the amount of light that could be used, the third generation of
synchrotron light sources use arrays of magnets with alternating poles that are placed
in the straight sections of the accelerator, between the bends. These are called insertion
devices. When the electrons travel through these devices they follow an oscillating tra-
jectory, emitting light tangential to this trajectory. Insertion devices are divided into two
categories, wigglers and undulators. What separates the two is the amplitude of the oscil-
lations.

Figure 1.4: Emission patterns from differ-
ent sources of synchrotron radiation.
a) Bending magnet, a sweeping beam.
b) Wiggler, incoherent superposition.
c) Undulator, coherent interference.
Figure adopted from [9].

In wigglers the amplitude of the oscilla-
tion is large, and the radiation behaves much
like adding several bending magnets after one
another, an incoherent superposition. The in-
tensity is proportional to the number of peri-
ods of the wiggler, Nm, I ∝ NeNm. Wigglers
usually have on the order of tens of periods,
leading to an increase in radiated intensity on
the same order. The spectrum from a wiggler
is the same as from a single bending magnet
with the same field strength.[10]

Undulators have small oscillations, and
utilize the principle that light emitted from an
electron in one turn will overlap and interfere
with light emitted at following turns. This
means that for a resonant frequency, and its
harmonics, there will be constructive interfer-
ence. The electric field amplitude will be added
for each turn, and the amplitude is squared to
yield the intensity. I ∝ NeN

2
m.

For the light to interfere along the undulator, the angular oscillations of the trajec-
tory are constrained to be on the order of the synchrotron light emission angle γ−1, such
that there is constant overlap.[10]
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Undulators and wigglers can be classified by a dimensionless parameter[11],K, given
by

K =
eB0λu
2πmc

.

Here we have introduced B0, the amplitude of the magnetic field in the insertion
device as well as the undulator period, λu, which is the period of the alternating magnetic
field in the insertion device. In Fig. 1.4 the emissions from bending magnets, wigglers
and undulators are compared.

1.2.2 The Free-Electron Laser

The fourth generation of synchrotron radiation is the so called Free-Electron Laser. In
undulators discussed previously the radiation emitted from one electron interferes con-
structively with light from the same electron, but the electrons inside a bunch are dis-
tributed without any order in space, emitting separately and incoherently. This means
the individual contributions from each electron to the light’s intensity is added linearly.
In a FEL another consequence of the resonant condition between the emitted light and
periodicity of the undulators is exploited. The interaction between the radiation and the
electrons not only amplify the light at the resonant frequencies, but the electrons are also
affected by the electromagnetic field, losing or gaining energy depending on their phase
relation. See Fig. 1.5. This leads to a longitudinal energy modulation along the bunch

Figure 1.5: Energy transfer between electrons and light wave illustrated. An electron with the
indicated phase relation to light will lose energy, while one that is retarded or advanced by half
of the radiation wavelength from this position will gain energy.

with the same spatial period as the wavelength of the resonant radiation. The electrons
are deflected by the magnetic field, and the magnitude of the deflection is smaller for
higher energy electrons than for those with lower energy. This leads to an energy depen-
dence on the path length of the electrons, and higher energy electrons start to overtake
lower energy electrons. Therefore the periodic energy modulation is translated in to a
periodic density modulation along the bunch, with the same period as the wavelength
of the emitted light. This collective effect is often called microbunching. Figure 1.6
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illustrates this process. In that figure the exponential gain of the photon pulse energy
is also shown. The intensity grows until the microbunching is complete, and saturation
is reached. These microbunches can be viewed as macroparticles containing many elec-

Figure 1.6: The electron trajectory through an undulator in a FEL is shown. When entering
the undulator, the electrons are randomly distributed in space, and their respective radiation is
incoherent. As they travel along the undulator the microbunching process takes place, and they
begin to group together, and coherence occurs, with constructive interference of the radiation.
At the top the photon pulse energy is shown, on a logarithmic scale.

trons, and the radiation from the microbunches will interfere constructively with that of
the other microbunches. This means the total intensity now scales with the square of
the number of electrons in each microbunch. I ∝ N2

eN
2
m. Since Ne >> 1 this leads to

intensities many orders of magnitude larger.
Early FELs working in frequencies close to visible light used semitransparent mirrors at
both ends of a short undulator in a storage ring, creating a resonant cavity where the
light from one bunch was made to overlap with the following bunch, getting amplified
each time. This method is not practical for X-ray radiation since no mirrors exist with
enough reflectance to sustain the process. Instead very long undulators are used, and
the whole FEL process takes place in a single pass. The original radiation needed to
initiate the microbunching instability can be either externally seeded or can come from
random spontaneous radiation from the electrons. The latter is known as Self-Amplified
Spontaneous Emission, and it is the process which is used at EuXFEL.

Before FELs all previous X-ray sources (x-ray tubes, synchrotrons) where incoher-
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ent. The coherent condition in the FEL not only lead to vastly increased intensities, but
gives a new potential for uses similar to how the invention of the laser revolutionized
what could be accomplished with light in the region around visible. The first hard X-
ray FEL was the Linac Coherent Light Source (LCLS) at Standford Linear Accelerator
Laboratory (SLAC).[12]

1.3 Unwanted Microbunching

1.3.1 The Origins of Unwanted Microbunching: Bunch Compression

For the FEL process to take place high demands are put on the quality of the electron
beam in terms of peak current, energy spread and bunch length, as well as emittance
- a measure of the spread of the electrons in phase space.[11] Thus the process is very
sensitive to disturbances.

To achieve the needed peak currents, the bunches generated by the photo-cathode
gun need to be compressed in the longitudinal direction at relativistic energies, since the
charge densities required for FEL would cause the bunches to disintegrate at lower ener-
gies due to the repulsive forces between the similarly charged electrons.[11, 13] Instead the
bunches generated at a current of around 50 A are compressed in stages resulting in a total
compression factor on the order of 100 which gives a peak current of 5 kA at the end of the
accelerator.[14]

Figure 1.7: An electron bunch accelerated "off-
crest" on the sinusoidal electric field of the ac-
celerator. The tail of the bunch sees a higher
accelerating gradient than the head.

The process of compression of the
bunches begin in the accelerating cavities,
where they are accelerated by Radio Fre-
quency (RF) alternating electrical fields.
Instead of being accelerated on the peak of
the sinusoidal travelling wave, the phase is
be adjusted so that different parts of the
bunch experience different field strengths,
so called off-crest acceleration. This im-
parts a longitudinal energy-position corre-
lation, called chirp, where the tail of the
bunch is accelerated more than the head.

This is illustrated in Fig. 1.7
One could imagine that this would lead to the tail catching up to the head as the

beam travels through free space, but considering the relativistic velocity of the bunches,
there is not enough time for this to happen. Instead the bunches are led through magnetic
chicanes consisting of four dipoles. In the chicane lower energy electrons are deflected
more, thus taking a longer path, allowing the tail of the bunch to catch up to the head. In
Fig. 1.8 this principle is shown, along with longitudinal phase space diagrams and charge
density profiles of idealized bunches at different stages of the process. At the EuXFEL
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compression is done in three stages.[8] Refer to the facility overview in Fig. 1.1.

Figure 1.8: Overview of the principles of bunch compression. In the accelerating cavity an
energy-position relationship, called chirp, is applied to the bunch, such that the tail gains higher
energy than the head. This is shown in the longitudinal phase space diagrams above the beam
line. ζ is the internal longitudinal bunch coordinate, E is the energy. The density, ρ, is not
changed during this process. After the cavity, the bunch enters a magnetic chicane, where the
path length is dependent on energy, and the higher energy electrons travel a shorter distance,
and catch up with the lower energy electrons at the front, compressing the bunch, increasing the
density.

The accelerator can be viewed as an amplifier, where along the path taken by the
electrons through accelerators, bunch compressors, focusing and steering magnets, the
collective effects of wake-fields, self-charge and coherent synchrotron radiation (CSR)
modulate the longitudinal charge profile, amplifying certain spatial frequencies and at-
tenuating others. Small random fluctuations in how the bunches are created can then
grow to significant internal substructures in the bunches, also called microbunches, but
in this case unwanted.[15, 16] These unwanted microbunches lead to an increase in the
energy spread that can grow outside the FEL tolerances, inhibiting the operation of the
entire facility.

1.3.2 Inhibiting Unwanted Microbunching: The Laser Heater.

A proven[17, 18] method of combating microbunching is a so called Laser Heater (LH).
A laser heater consists of a short undulator where a conventional laser is overlapped
with the electron beam. The undulator is located in a chicane section after the injector.
Similar to the FEL process in the previous chapter, a periodic energy modulation is
imprinted on the electron bunch. This energy modulation is then dissipated in the
chicane of the LH and further in the bunch compressors, so that a general "heating"
(increased uncorrelated energy spread) of the bunch occurs. This energy spread leads to
a Landau damping of the microbunching instability.[13, 17] The laser heater at EuXFEL
was provided by Uppsala University as a Swedish in-kind contribution to the EuXFEL
project.[19–23]. It consists of a 74 cm long 10 period undulator with variable gap, where
the laser passes through, overlapping the electron bunches. Light from the same laser
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that drives the photo cathode electron gun is coupled out and used in the laser heater,
to ensure synchronization.

1.4 Monitoring the Bunches

In order to monitor the bunches, a wide array of diagnostic instruments are used along the
length of the beam line. The longitudinal charge density of the bunches is of particular
interest with regards to the unwanted microbunching. One method for diagnostic of
the longitudinal change density is the use of Coherent Transition Radiation (CTR) or
Coherent Diffraction Radiation (CDR).[24] Transition radiation is created when electric
charges travel across a boundary to between different dielectric media, usually a metal
foil is used. Diffraction radiation similarly occurs when the beam travels through a hole
in a conducting screen, and can be looked as the virtual photons of the bunch’s electric
field is reflected and converted to real photons. The spectral content of the coherent part
of this radiation is can then be used to obtain the magnitude of the Fourier transform of
the longitudinal charge distribution, the form factor. This radiation ranges from THz to
visible (limited by the energy of the beam and the size of the hole in the screen).

This report will detail the design and construction of a prism based Near-Infrared
(NIR) spectrometer to investigate the presence of CDR in the wavelength range 0.9 µm
to 1.7 µm. Coherent radiation in that wavelength could indicate a modulation of the
longitudinal charge density on the same length-scale due to unwanted microbunching.
Also of interest is the variance from one bunch to another, which would be greater
in the presence microbunching, since it has stochastic origins and will vary in exact
structure between shots. The shot-to-shot read-out capabilities are provided through the
use of the KALYPSO detector, which allows read-out up to 2.7 Mfps (million frames per
second),[25–27] compatible with the accelerator intra-train repetition rate for 1.1 MHz
and 2.2 MHz operation of the facility. The relationship between the measured NIR CDR
intensity, bunch compression and FEL intensity could provide information about the
development of unwanted microbunching, about the properties of the beam from the RF
gun, and the efficacy of the laser heater.
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Chapter 2

Theory

2.1 Beam Diagnostics

Methods to monitor the longitudinal properties of short (sub picosecond) electron bunches
can be divided into two categories: time domain and frequency domain. This report deals
with diagnostics in the frequency domain, so only a brief introduction will be given to
time domain methods. We start by reviewing relevant beam parameters.

2.1.1 Electron Beam Parameters

Beam Coordinates

We define a global Cartesian coordinate system with with z in the positive direction
along the beam axis, x-coordinate in the horizontal direction perpendicular to the beam
and y-coordinate in the vertical direction. Often radial symmetry is assumed, with trans-
verse coordinate r. In the reference frame of an individual bunch we define the internal
longitudinal coordinate ζ. When discussing longitudinal properties of the beam, we may
also talk about time structure, with the coordinate t. It is common when especially when
discussing bunch length to deal in units of femtoseconds instead of micrometers.

Charge Distribution

The bunches have charges on the order of ∼100 pC which corresponds to ∼109 electrons
per bunch and it is therefore motivated to treat the bunches as a continuous charge
distribution with density ρ (x, y, ζ), or in the case of radial symmetry ρ (r, ζ). The linear
charge density, ρ (ζ), is of particular interest in this report, which can equivalently be
expressed as time dependent current, i (t).

Phase Space

In the local coordinate system we define the six-dimensional (6D) phase space location
of a particle relative to some ideal position and momentum, r̄0 and p̄0. The coordinate
in phase space of the i:th particle is {xi, pxi , yi, pyi , ζi, pζi}. For an accelerating system
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the energy, E, and time, t, are commonly used instead of ζ and pζ respectively. And
likewise for the transverse coordinates u′ is commonly used instead of pu, with u′ = du

dz =
tan θu ≈ θu where u is one of the coordinates x, y and θu is the angle of particles path
from the ideal trajectory. There is usually only weak coupling between coordinates and
it is therefore possible to separate the phase space in to the independent planes {x, x′},
{y, y′}, {t, E}.[28] To describe the transport of the beam through the accelerator to the
first order we introduce beam transfer matrices, R. For example, the matrix element R56

describes the influence energy has on longitudinal position, and is a key parameter for
bunch compression. This describes the skew in phase space seen in Fig. 1.8 when the
bunch travels through the magnetic chicane.

Emittance

Emittance is defined as the volume in phase space that the particles in a bunch occupy,
and it is a measure of the "temperature" of the beam.[28] As we could separate the
phase space into three planes, we also define three separate two-dimensional emittances.
The two transverse emittances will determine the source size and degree of collimation
when the bunches are made to radiate and is of great importance for synchrotron light
sources and FELs. For FELs the longitudinal emittance, or energy spread, is especially
important, if it grows too large the FEL-process cannot start.

2.1.2 Time Domain Methods

Transverse Deflecting Structure

In a Tranverse Deflecting Structure (TDS) travelling transverse wave RF cavities impart
a ζ-dependent transverse velocity to the bunches. The bunches then are led through a
bending magnet, acting as a spectrometer, giving an energy dependent transverse velocity
in an orthogonal direction to that of the ζ-dependence.[29] The bunches then impact a
screen, and a phase space image of the bunch is formed. Since it is not guaranteed that the
transverse position of each longitudinal slice of the bunch is the same, the process needs to
be applied in both directions to correct for any existing correlations between longitudinal
and transverse position. This method provides excellent longitudinal resolution, down
to 8 fs. It is a destructive method, however, and since two measurements on separate
bunches need to be averaged it is not a true single-bunch measurement.

Electro-Optical Detection

In some crystals the optical properties are affected by the Coulomb field, known as the
Electro-Optic (EO) effect. Some, e.g. Gallium Phosphite (GaP), become birefringent,
meaning that the refractive index becomes dependent on polarization. The strength of
this effect depends on the strength of the Coulomb field. By placing such a crystal close to
the electron beam, and probing the crystal with a short laser pulse, the longitudinal profile
of the electron bunch can be imprinted on the laser pulse, which can then be measured by
various means. Techniques utilizing this effect are known collectively as Electro-Optical
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Detection (EOD), and are non-destructive.[30] One of the EOD techniques is Electro-
Optical Spectral Decoding (EOSD) where the laser pulse is frequency chirped, and the
time-modulation of the pulse will also be imprinted on its spectral content. The pulse
is then led to a spectrometer. The KALYPSO detector unit that is used for the NIR
spectrometer was initially developed for EOSD purposes at high repetition rate facilities,
such as the EuXFEL, where longitudinal resolutions of 200 fs have been obtained.[31]

2.1.3 Frequency Domain Methods

Coherent Radiation

An electric charge travelling at uniform velocity in a homogeneous medium will not emit
any radiation. (The exception is when the velocity is greater than the phase velocity of
electromagnetic waves in the medium. In that case what is known as Cherenkov radiation
is emitted.[32])

If there are inhomogeneities in the medium, such as boundaries between medias
of different conductive or dielectric properties, coherent radiation will be emitted in an
annular cone normal to the surface.[33, 34] In the case of relativistic electron bunches
the spectral content of the radiation will be dependent on the longitudinal form factor
of the bunch, F`(λ). The spectral intensity of coherent radiation is

dU

dλ
=

dU1

dλ
N2
e |F`(λ)|2, (2.1)

where dU1
dλ is the spectral intensity per unit wavelength from a single electron. Ne is the

number of electrons. The longitudinal form factor is given by

F`(λ) =

∫
S(ζ) exp (−2πiζ/λ) dζ, (2.2)

that is, the Fourier transform of the normalized longitudinal one-dimensional charge
density, S(ζ). The full three-dimensional form factor can separated in to a transverse and
longitudinal part by assuming radial symmetry, and for relativistic particles the emitted
radiation is confined to a narrow cone, and the full form factor depends only weakly on
the transverse part which can therefore be ignored.[24, 34]

Diagnostics methods utilizing coherent radiation can be separated in to two major
categories, Coherent Transition Radiation (CTR) and Coherent Diffraction Radiation
(CDR). Transition radiation occurs when bunch hits a solid conductive screen, which
destroys the bunch, but yields a strong signal. Diffraction radiation occurs when the
bunch passes through a hole in a conductive screen, meaning only the electric field of the
electrons interact with the screen, and it is therefore a non-destructive method. The limi-
tation of CDR is that the intensities of the radiation is much lower at shorter wavelengths
for any given electron energy. For EuXFEL with beam energies up to 17.5 GeV the cut-
off for CDR is on the order of single micrometers,[35] meaning a NIR spectrometer is
viable.

12



By analysing the coherent radiation with a sufficiently broad range spectrometer
the magnitude of the longitudinal form factor can be obtained. But the form factor is
complex-valued, F`(λ) = F`(λ) · exp (iΦ(λ)), and since no method for measuring the
phase, Φ(λ), exists, there is no one-to-one correspondence where longitudinal charge
profile could be uniquely determined via standard inverse Fourier transform. In spite of
this there are methods for phase-retrieval where prior knowledge, such as non-negative
charge densities, can be used to obtain likely longitudinal charge profiles.[34]

The longitudinal resolution of these methods depend on the wavelength range the
spectrometer is sensitive to. A spectrometer sensitive to light with wavelength 1 µm could
resolve features of the longitudinal charge profile of the same scale, corresponding to a
time-resolution of 3.3 fs.

Bunch Compression Monitors

One common usage of CDR is for Bunch Compression Monitoring (BCM), where a simple
and robust broadband sensor is used to provide a reliable signal for fast diagnostics.
Five BCMs are installed at EuXFEL to monitor the compression factor for each Bunch
Compressor.[36] The signal is inversely proportional to the bunch length.

2.2 Spectrometers

A spectrometer is a device which separates light into wavelength constituencies. A dis-
persive element, a grating or a prism is used to introduce a wavelength dependence for
the angle of transmission or reflection for collimated light incident on the element. A
focusing element (lens or concave mirror) then transform this angular dependency to
transverse position dependency on the sensor plane. The sensor plane is divided into ac-
tive regions (pixels, strips) and the integrated intensity on these different regions present
a spectrum to be read out by the data acquisition system.

2.2.1 Dispersive Elements

The purpose of the dispersive elements is to split the light into its wavelength con-
stituents. The can be done either through diffraction, with gratings, or through refrac-
tion, in prisms.

Prisms

Prisms disperse the light through refraction, with a refractive index, n, that is dependent
on wavelength. The refractive index of a medium is the ratio between the vacuum speed
of light, and the speed of light in the medium. Prisms are defined by two planes that
are at an angle to each other between which the refractive index is different from that of
the surrounding medium. The angle between the planes, ε, is called the opening angle

13



of the prism. The refraction on each face of the prism is described by Snell’s law

n1 sin(α) = n2 sin(β), (2.3)

which we see illustrated in Fig. 2.1. The angles are defined against the surface normal,
and the light will travel inside a plane defined as containing the surface normal and the
incoming ray. n designates the refractive indices in the material.

Figure 2.1: Light refracted at the interface between air (n ≈ 1) and a medium with higher
refractive index (n > 1) such as glass.

In Fig. 2.2 we define the angles as a monochromatic ray of light passes through the
prism. We use α for outer angles and β for the inner angles. And the indices represent
the face.

Figure 2.2: Light refracted in a prism.
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θ denotes the total deviation of the ray, and from the figure we can note that

θ = α1 − β1 + α2 − β2, (2.4)
θ = α1 + α2 − ε. (2.5)

And consequently

ε = β1 + β2. (2.6)

We follow the ray through the prism, applying Snell’s law at each face, and use the
relation between the internal angles,

sin(β1) =
n1

n2
sin(α1) (2.7)

β2 = ε− β1 (2.8)

sin(α2) =
n2

n1
sin(β2) =

n2

n1
sin(ε− β1) =

n2

n1
(sin(ε) cos(β1)− cos(ε) sin(β1))

=
n2

n1

(
sin(ε)

√
1− n2

1

n2
2

sin2(α1)− cos(ε)
n1

n2
sin(α1)

)

= sin(ε)

√
n2

2

n2
1

− sin2(α1)− cos(ε) sin(α1). (2.9)

To find the deviation as a function of the wavelength of light,

θ(λ) = α1 + α2(λ)− ε

= α1 − ε+ arcsin

(
sin(ε)

√
n2(λ)2

n1(λ)2
− sin2(α1)− cos(ε) sin(α1)

)
. (2.10)

Fresnel equations describe the transmission and specular reflection across the bound-
aries between different transparent media. The transmission is polarization dependent.
We divide the light into two orthogonal polarization components. P polarized light has
the electric field oscillating within the plane of incidence, defined as the plane containing
the incoming ray of light, and the surface normal. S polarized light has an electric field
component orthogonal to this plane. The reflectance, R, is given for the two polarizations
as

Rs =

∣∣∣∣n1 cosα− n2 cosβ

n1 cosα+ n2 cosβ

∣∣∣∣2, (2.11)

Rp =

∣∣∣∣n1 cosβ − n2 cosα

n1 cosβ + n2 cosα

∣∣∣∣2. (2.12)

15



Reflection Gratings

Gratings operate via diffraction of light. Gratings are reflective surfaces with parallel
grooves cut (our molded) with narrow spacings, roughly on the order of the wavelength
of the light that is of interest. Considering a single wavelength, light that reflects off of
one grove will interfere with that reflected off another, constructive interference will only
occur when the light is in phase. That occurs only for certain angles. If we limit our
observation to imagined rays coming off of two adjacent grooves, and being in phase at
their origin (as in a plane wave striking the grating with normal incidence), as in Fig.
2.3, we see that if we look at a point far from the grating, the light will be in phase when
sinβ = λ

d , where d is the groove spacing.

Figure 2.3: Simplified view of the constructive interference in the far-field regime, when the
path difference is equal to the wavelength.

If we also include a phase shift from the angle of incidence, α, we obtain the grating
formula, which for a reflection grating is

d (sinα+ sinβ) = mλ, (2.13)

where d is the grove spacing, α is the incident angle of the light, β is the angle of the
m-th order diffracted light with wavelength λ. By convention both angles are positive
on the same side of the grating normal, such that the angle for zeroth order diffraction
(i.e. a specular reflection) is equal but opposite in sign to the incident angle.[37]

Since each wavelength is diffracted in multiple orders we need to introduce the
concept of Free Spectral Range, which is the largest spectral range before overlap between
orders occurs. For any given wavelength, the distance from diffraction order m to m+ 1
defines the free spectral range as

∆λ =
λ

m
. (2.14)

We can see that the free spectral range is the widest for m = 1, with a free spectral range
from λ to 2λ.
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Some spectrometers utilize concave gratings, so that they fulfill the role of both
dispersion and focusing element.
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Chapter 3

Spectrometer Design and
Commissioning

3.1 Design Criteria and Constraints

The spectrometer is installed alongside the 4-stage THz spectrometer CRISP4[24, 35].
The THz spectrometer is sensitive in the wavelength range 5 µm to 450 µm. The spec-
trometers are located at the last CDR station of EuXFEL, 1934 m from the injector, at
full acceleration. The CDR station consists of a vacuum chamber where a mover holds an
in-vacuum diffraction radiation screen.[36] The screen is made of aluminum, 1 mm thick,
and has two holes with diameters 5 mm and 7 mm, acting as diffraction radiators.[35]
The screen is angled 45° to the electron beam axis such that the CDR beam is emitted
perpendicularly. The CDR passes through a diamond window to separate vacuum THz
beamline leading to the THz spectrometer. In the THz beamline a flat mirror placed on
a mover can be brought in to the beam to direct it out through a second diamond win-
dow, leading to the NIR spectrometer, which does not have to be situated in a vacuum.
The CDR enters the NIR spectrometer after roughly 350 mm of optical path from the
radiator.

The incoming beam is initially assumed to be collimated and roughly 7 mm in
diameter. Due to the size of the beam 2 inch optical components are used to minimize
distortions that occur further out from the center of the lenses. Simulations of the
CDR had previously been carried out in preparation for installing the THz spectrometer.
From these simulations the expected profile of the beam, shown in Fig. 3.1, is a circular
diffraction patter. Simulation results courtesy of N.M. Lockmann.

The spectrometer should use off the shelf components with short lead times for the
most part, in addition to some manufacturing that can be made in house.

The space available at the measurement station at 1934 m means the spectrometer
should fit on a 450 mm x 500 mm optical breadboard. This will be placed inside a custom
made aluminum plate dust cover.

The NIR spectrometer will not provide a wide enough spectrum for bunch profile
reconstruction from the form factor, but instead it is meant to provide an extension to
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Figure 3.1: Transverse beam profile from CDR screen, color axis represents intensity, a.u.
Figure courtesy of N.M. Lockmann, DESY.

shorter wavelengths compared to the THz spectrometer to look for signs of microbunching
at these length scales.

3.2 Selection of Components

3.2.1 Dispersive Element

Gratings offer high spectral resolution dispersion of light, with good efficiency, but are
limited by higher orders to a wavelength range of one octave. Gratings are also sensitive
to working conditions, and a grating optimized for one usage will not perform well outside
its design window. Prisms suffer from bulk absorption and reflection, have lower spectral
resolution, and a non linear dispersion. But they are more adaptable and less sensitive
to misalignment.

Gratings have the benefit of having linear dispersion, and selecting the right blaze
angle can give a high efficiency in the desired order. To cover the entire range from
900 nm to 1700 nm a grating could have enough free spectral range in the first order.

No grating was readily available with the correct grove spacing to fit together with
one of the available lens options (Fig. 3.3 demonstrates this).
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3.2.2 Focusing Elements

Concave mirrors offer some tangible advantages, the foremost of which is that the focal
length does not have any dependence on the wavelength. The drawbacks however are
that spherical mirrors, which are by far the cheapest and easiest to obtain, can not handle
large angles of incidence without introducing astigmatism, where the focal length in the
sagital plane differs from that in the tangential.

Lenses also suffer from geometrical aberrations.[37] And introduce chromatic aber-
rations. Since the refractive index of the material in the lens is dependent on wavelength,
the focal length is also dependent on the wavelength, with shorter wavelengths having
shorter focal lengths. The lens makers formula demonstrates this[37]:

1

f
= (n− 1)

(
1

R1
− 1

R2 + (n−1)2

n
d

R1R2

)
, (3.1)

where R1 and R2 are the radius of the first and second face of the lens, d is the thickness
of the lens, and n the refractive index of the lens.

This can be partially compensated by inclining the sensor plane so that it lies
approximately in the (curved) focal plane, defined by the dispersion of the light, and the
focal length as a function of light.

x(λ) =
θ(λ)

f(λ)
− x0 (3.2)

z(λ) = f(λ)− z0 (3.3)

3.2.3 Sensor and Read-out.

The main goal of the spectrometer is to obtain a spectra for each individual bunch,
as opposed to the average of a large number of bunches. And to be able to do this
during normal operation of the accelerator. With the intra-train repetition rate being
up to 4.5 MHz, no commercial product is capable of providing the required read-out
frequency. What makes this spectrometer possible is the KALYPSO[25, 26] linear array
detector, developed at KIT (Karlsruhe Institute of Technology) originally for bunch-to-
bunch EOSD[31, 38] uses at synchrotrons and high repetition rate linac facilities.

It consists of a detector board which mounts a sensor - either Si or InGaAs, front
end amplifier, and a Analog-to-Digital Converter (ADC). This spectrometer will use the
InGaAs sensor, produces by Xenics[39].

The sensor is a linear array of 256 pixels with 50 µm pitch, for a total width of
12.8 mm. The pixels are 500 µm or 8 mm tall for InGaAs and Si respectively.

The pixels are connected with gold ball-to-wedge wire-bonds to the read-out circuit.
The pixel read-out circuit is a slightly modified GOTTHARD[40] charge integrating

ASIC (Application Specific Integrated Circuit), designed at the Paul Scheerer Institute
(PSI). It consists of a pre-amplifier, channel buffer and output buffer. 16 channels are
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combined to each output via an analog multiplexer with 62.5 MHz switching frequency,
giving a maximum frame-rate of 2.7 MHz.

The analog output from the read-out ASICs are digitized in the ADC, a commercial
product capable of 65 Msps (Mega samples per second). Each pixel is sampled at 14 bits.

The overall latency of the read-out circuits is 300 ns.
Additional components on the board allow for synchronization with external trig-

gers, to connect to the accelerators timing system.
The KALYPSO system used at DESY for EuXFEL, called HOLD (High-speed Op-

tical Line Detector)[27], has the detector board mounted on a carrier board containing a
FPGA (Field Programmable Gate Array) implementing the logic for data gathering and
real-time processing. It also provides the driving voltage for the detector, and processes
the timing signal which it then feeds to KALYPSO. It connects to the main control and
DAQ of the EuXFEL through the MicroTCA.4 standard via Multi-Gigabit SMP (Small
Form-factor Pluggable) optical connections.

The front end rack-mounted CPUs runs the server that allows communication with
the FPGA in the HOLD unit, for read-out and for changing parameters, such as detector
bias, timing, exposure and gain. This is then connected to the DOOCS[41] control
system, where interaction through the main EuXFEL control panel is possible, as well
as through a communication API implemented in MATLAB and python for scripting.

3.3 Final Spectrometer Design

The detector width is 12.8 mm, 256 px with 50 µm pitch. In that region we want to cover
the wavelength range 0.9 µm to 1.7 µm, the region of sensitivity of InGaAs. For linear
dispersion that would give us dλ

dx = 62.5 nm/mm. Following a rule of thumb given in
[42] of having the resolved element covering 3 px (to avoid any issues from wavelengths
falling in between pixels) we get an upper limit on the resolving power, with a resolution
of ∆λ = 9.375 nm. When it comes to designing the dispersive stage, we need to select
a combination of a prism or a grating and a lens or focusing mirror that gives us the
position on the sensor as a function of wavelength that satisfies ∆x = |x(λhigh)−x(λlow)|
= 12.8 mm. Using the thin lens approximation and assuming small angles, ∆x = f ·∆θ,
where f is the focal lens of the focusing element, and ∆θ is the dispersion angle from the
dispersive element. Figure 3.3 shows the dispersion angle as a function of incident angle
on the dispersive element for a 300 line/mm reflection grating, and an equilateral prism
with nSF11 glass. Horizontal lines in the figure indicates the needed dispersion angles to
fit the spectrum on the sensor for different focal lengths.

Since the KALYPSO/HOLD detector module would be mounted on a bracket on a
linear stage, there was a limit on how close the focusing element could be to the detector,
and so on how short the focal length could be. While it would not have been unthinkable
to make an assembly that suspended the focusing element above the bracket on the
linear stage, a short focal length with a corresponding wide dispersion would require
that the dispersive element be close to the focusing element. For wide dispersion we are
implicitly talking about gratings. If using a standard Czerny-Turner layout (a common
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spectrometer design with reflection gratings and concave mirrors, first introduced in [43]),
the entire dispersive stage would have to be suspended above the linear stage. To add to
that, of the readily available off-the-shelf reflective gratings, the widest grove spacing was
300 line/mm. Which would have required a focal length in the order of 50 mm to fit our
desired spectral range on the detector, and the shortest focal length available for 2 inch
lenses was 60 mm. While there are shorter focal lengths available for concave mirrors,
this would require even more densely packed optical components.
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Figure 3.2: Refractive index of nSF11 as a function of wavelength.

The prism design has something of the opposite problem. The most suitable mate-
rial, nSF11, although it is a flint-glass with comparatively steep slope of the refractive
index, see fig. 3.2, still disperses light much less than a standard grating. Again we are
limited to off-the-shelf components, with low lead time, so any custom made multiple
prism configurations are not an option. Prisms offer a much greater variability however,
by varying the angle of incidence. The trade-off lies in the introduction of distortion and
to obtain the needed dispersion, we are in a region where the outgoing light is near to
parallel to the back surface of the prism, i.e. close to the total-internal reflection. The
angle of deviation is also higher, but as it would turn out, that let us have an angle closer
to 90° deflection on the proceeding mirror.

Since the incoming beam was expected to be very close to collimated, the decision
was made to not include an imaging stage or slit, but to lead the incoming beam directly
into the prism. This was motivated mainly due to uncertainty of the intensity of the
CDR, and whether there would be enough signal. Space was left on the breadboard
where a slit could be mounted at a later date if it should prove necessary.
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Figure 3.3: Comparison of dispersion between 300 line/mm grating (blue solid line) and equi-
lateral nSF11 prism (green dashed line). The horizontal gray lines are the needed dispersions
for different focal lengths of available lenses, in order to fit the desired spectral region on the
KALYPSO sensor.

3.3.1 Layout of the spectrometer

Figure 3.4: Schematic layout of the spectrometer (not to scale).

23



Figure 3.4 shows the layout of the spectrometer. The radiation is generated at the CDR
screen. The beam is then led a vacuum tube to the THz spectrometer CRISP4. Before
that it can be coupled out with mirror M0 which is placed on a translation stage. It
then exits through a viewport, and mirror M1 directs the beam in to the spectrometer.
Adjustment of mirrors M1 and M2 give 4 degrees of freedom on alignment of the beam
into the 40 mm equilateral nSF11 prism. The prism is followed by a f = 150 mm lens
which focuses the dispersed light onto the KALYPSO detector. The spectrometer has
two linear stages, LS1 and LS2, with KALYPSO mounted on the second. Two Si CCD
cameras can be moved in to the beam, one on either linear stage. Figure 3.5 shows the
spectrometer installed inside its housing in the EuXFEL tunnel.

Figure 3.5: The spectrometer installed in the tunnel, inside an aluminum housing. In the lower
left corner the cables to KALYPSO and CCD2 come out of the cover.

3.4 Alignment and Characterization of the Spectrometer

Before installation, the spectrometer was characterized and calibrated in the lab. Three
lasers were available for this task, as well as a Beckhoff PLC for control of the motorized
components. The laser wavelengths used were 635 nm, 1030 nm, 1550 nm. The lasers
were connected via fiber to a collimator that was aligned to the incoming beam path.
The 1030 nm and 1550 nm could not use the same collimator as the 635 nm, due the
change in focal length due to wavelength.

Rough alignment was made using 635 nm, since that made visual inspection possible
without the use of view-cards∗.

The rough angle of the prism was set using the reference that 635 nm light should
just barely pass through without total internal reflection.

Then the fine adjustment was done such that 1030 nm and 1550 nm end up with
the right separation, and the position of the lens was adjusted to find the best focus for
both.
∗ Fluorescent cards that light up where infra-red light is incident

24



The dispersive stage with mirror 2, prism and lens can be seen in fig 3.6. A com-
plete characterization and calibration of the spectrometer was never completed, some
measurements taken for those purposes are presented in appendix A

Figure 3.6: An image of mirror 2, the prism, and the focusing lens. With 635 nm laser passing
through. The iris before the prism was used for alignment of the incoming beam.
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Chapter 4

Measurements

4.1 Initial Results

4.1.1 Bunch Compression Scans

The bunch compression is achieved by altering the phase of the accelerating fields to
impose an energy chirp over the length of the electron bunch. The beam then passes
through a magnetic chicane, where the less energetic electrons in the front of the bunch
get deflected more than the rear of the bunch, letting it overtake. This is done in three
stages. In each stage the energy chirp and magnetic strength of the chicanes (R56)
can be independently adjusted. Scans were made over the chirp of the first and second
accelerator sections. All R56 values, and the chirp in the third accelerator section was
held constant.

Comparison between no compression and FEL compression

The first measurements were made parasitically during the set-up of the facility after
winter shut-down. Data was taken for the case where no chirp was applied to the bunches,
i.e. they were accelerated on-crest, and for the case of compression settings for FEL
operation. Comparison between the two cases is shown in Fig. 4.1. The intensity is much
lower for the compressed bunches, and gain settings are adjusted between measurements.
The relative bunch-to-bunch variance is much higher for compressed bunches. No sharp
features can be seen in the spectra, indicating a poor resolution. The consistent drop-
off in signal above pixel 220 is due to the efficiency of the InGaAs sensor decreasing
sharply above 1.7 µm. These spectra are not calibrated with regards to wavelength or
with regards to the efficiency of the spectrometer (the so-called response function).
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Figure 4.1: Raw spectra from the spectrometer. Longer wavelengths with higher pixel number.
Top: Selected spectra. N.B the vertical axes are not the same Bottom: Whole bunch trains.
Left: Uncompressed bunches. Right: Compressed bunches. When compression is turned on we
see an overall reduction in the signal of around a factor 100. To capture the detail of the signal
from the compressed bunches the gain is adjusted. Also noticeable is a move towards longer
wavelengths.

Compression scans

Full scans over the chirp were made which reveal a fuller picture compared to the two
measurement points in the previous section. Figure 4.2 shows the scan of the chirp in
the first accelerator section, the injector (I1), before the first bunch compressor. Figure
4.3 shows the scan of the chirp in the second accelerator section (L1), between the first
and the second bunch compressor. The spectra were divided in to four parts, which were
averaged over many bunch trains and normalized separately to show the relative changes
for each section of the sensor. Error-bars show the standard deviation, indicating bunch-
to-bunch fluctuations. The signal from the last BCM was also recorded and is shown
against the right y-axis in the figures. The figures show that shorter wavelengths (lower
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pixel number) are suppressed faster than the longer wavelengths, and that the spectrom-
eter signal keeps decreasing even after full compression occurs. The behaviour that is
seen is in line with previous results.[44] Bunches without chirp see a large amplification
of features in the micrometer range when passing through the magnetic chicanes, i.e. mi-
crobunching. But with increased chirp this is dampened since correlated energy spread
from the chirp is smeared in to an uncorrelated energy spread inside the chicanes. The
bunch-to-bunch variation, which is relatively larger for the compressed bunches, indicates
that some microbunching still remains, but with much lower magnitude.
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Figure 4.2: Scan over the chirp of the injector (I1). The bars are individually normalized
intensity for 4 sections of the spectra averaged over several bunch trains, error-bars indicate
standard deviation. The red line corresponding to the right y-axis shows BCM signal with
arbitrary units proportional to the compression factor.
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Figure 4.3: Scan over the chirp of the second accelerator section (L1). The bars are individually
normalized intensity for 4 sections of the spectra averaged over several bunch trains, error-bars
indicate standard deviation. The red line corresponding to the right y-axis shows BCM signal
with arbitrary units proportional to the compression factor.

4.1.2 Laser Heater Power Scans

Table 4.1: Accelerator parameters for measurement runs.

Injector (I1)
Accelerator

stage one (L1)
Accelerator

stage two (L2)

Run ∆E
[MeV]

chirp
[1/m]

curv
[1/m2]

third
[1/m3]

∆E
[MeV]

chirp
[1/m]

∆E
[MeV]

chirp
[1/m]

Efinal

[GeV]

1 128.8 -9.11 321 35000 569.0 -10.97 1726 -12.43 14.567
2 128.9 -9.04 320 35000 569.8 -10.85 1730 -12.04 14.572
3 128.4 -8.67 282 30550 579.2 -10.50 1766 -9.42 14.673
4* 127.6 -8.65 235 22080 585.4 -10.49 1753 -12.82 13.967
*Accelerator operated in "flat top" mode.

The power of the laser in the LH can be continuously adjusted, and a power meter
measures the pulse energy of the laser. Scans were made in four runs, each with different
compression settings and FEL operation. Table 4.1 shows the accelerator parameters
during each run for the three first accelerator sections: The acceleration in each section,
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∆E, the energy chirp, and for the injector section two more parameters, curv. and
third. In the injector, special accelerator modules operating at a third harmonic of the
RF frequency are used to linearize the sinusoidal energy chirp by controlling the second
and third derivative. In this section the data from the NIR spectrometer is presented as
averages over many bunches, with error bars indicating standard deviation.

Run 1

The LH power was varied in steps and held constant during measurements. The ac-
celerator was operating with 120 bunches per train. Measurements were taken at FEL
settings. Only SASE1 was operational at this time, producing 7 keV photons. The ex-
pected response to increased LH power would be a decrease in NIR intensity and a rise
in FEL pulse energy as microbunching is suppressed until a peak is reached, where the
induced energy spread from the LH becomes detrimental to FEL operation. Figure 4.4
shows FEL pulse energy and the averaged integrated intensity from the NIR spectrome-
ter against LH pulse energy. What can be seen here is in sharp contrast to expectations,
with a four-fold increase in NIR intensity from no laser heater to roughly 0.75 µJ after
which the intensity starts decreasing. The FEL pulse energy varies slightly at first, but
increase is seen, it then falls off for LH pulse energies above 1 µJ. This behaviour does
not have an explanation as of yet, and as will be seen in following measurement runs it
is not a typical behaviour.
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Figure 4.4: LH scan, run 1. FEL pulse energy on left y-axis, blue line. The mean integrated
signal across all pixels of NIR spectrometer on right y-axis, magenta line.
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Run 2

Run 2 was made right after run 1, with similar parameters but slightly lowered compres-
sion. Figure 4.5 shows FEL pulse energy and the averaged integrated intensity from the
NIR spectrometer against LH pulse energy. In this run the observed behaviour is more
in line with expectations. A rise in FEL pulse energy is seen up to ∼0.5 µJ LH pulse
energy. There is still a slight increase in NIR intensity before it also falls off, but not
nearly as large as was seen in run 1. Worth noting is the over-all lower FEL pulse energy
that comes with lower compression.
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Figure 4.5: LH scan, run 2. FEL pulse energy on left y-axis, blue line. The mean integrated
signal across all pixels of NIR spectrometer on right y-axis, magenta line.

Run 3

For run 3 LH power was varied continuously during a single long measurement. At this
occasion all three undulator lines were lasing. SASE1 at 9.3 keV, SASE2 at 9.0 keV
and SASE3 at 1.1 keV. There were 360 bunches per train. Figure 4.6 shows FEL pulse
energy and the averaged integrated intensity from the NIR spectrometer against LH
pulse energy. NIR intensity decreases steadily with higher LH pulse energies. FEL pulse
energy increases for all three undulator lines, most significantly for SASE1 and SASE2.
For this run then, the expected behaviour is most clearly seen. Note that SASE2 was
being set up during this time, and the low energies are not representative of its true
performance.
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Figure 4.6: LH scan, run 3. FEL pulse energy on left y-axis. SASE1, blue line. SASE2, black
line. SASE3, red line. The mean integrated signal across all pixels of NIR spectrometer on right
y-axis, magenta line.

Run 4

During run 4 the accelerator operated in so called "flat top" mode, where the RF settings
can be varied within a single bunch train to apply different compression for different
sections of bunches within the train. During this run the first 100 bunches were in flat
top 1 (FT1) with higher compression, followed by a transition region and then flat top 2
(FT2) with lower compression. Due to the way that the data acquisition system is set up
the script used for taking data during measurements could not record the compression
parameters for FT2. None of the undulator lines were operational during this run. The
LH power was varied and held constant during measurements, this time to higher LH
pulse energies than the previous runs. Figure 4.7 shows averaged integrated intensity
from the NIR spectrometer against LH pulse energy for the two flat tops. Remarkably
the two flat tops diverge above ∼2 µJ LH pulse energy, with the NIR intensity almost
doubling for the higher compression FT1.
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Chapter 5

Summary, Conclusions and Outlook

The main objective of this work was to design and install a NIR spectrometer for di-
agnostics of the longitudinal charge profile of ultra short high energy electron bunches
through the spectral analysis of CDR emitted as the bunches pass through a hole in a
conductive screen. Specifically with the aim of investigating the presence of microbunch-
ing on the micrometer scale. A conservative design for the spectrometer was chosen, with
off-the-shelf parts available with short lead times. As the available CDR intensities were
not precisely known the decision was made to forego an imaging stage, with a slit that
would block a large portion of the incoming radiation, which was assumed to already be
close to collimated.

Initial measurements have been taken during commissioning, revealing an intense
signal (the precise timing of the exposure even had to be deliberately offset to avoid
saturation). The spectrometer had poorer resolution than was anticipated, suggesting
the incoming CDR was not as well collimated as expected. A full characterization, with
wavelength calibration and response function has not yet been performed. Plans to
design and install an imaging stage were made, but did not fit in to the time frame of
this project.

Even with poor resolution and without absolute wavelength calibration some con-
clusions can still be made: scans of the bunch compression show findings that are in line
with previous results[44], where significant microbunching occurs in the bunch compres-
sion chicanes when the bunches are not chirped. When chirp is increased the microbunch-
ing is dampened significantly. This shows that the spectrometer is capable of detecting
microbunching on the micrometer scale, albeit not with the precision desired. The bunch-
to-bunch variance at FEL-compression settings suggest that some microbunching is still
present, even though not enough to have a major impact on the SASE process.

Measurements while varying LH power show that some positive effect on the FEL
pulse energy is obtained for intermediate LH pulse energies, but not in all cases. The
effect of the LH at EuXFEL is not as significant as for other XFEL facilities, such as
LCLS, where it is necessary for operation. One main difference between these facilities
and EuXFEL is the material used in the photo-cathode of the electron gun, with EuXFEL
using Cesium Telluride as opposed to Copper.
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An unexpected behaviour could be seen for some LH scans, where the NIR CDR
intensity sees an increase with higher LH pulse energies. This is in contradiction to
the expected dampening of microbunching that the LH should provide. The behaviour
seems very sensitive to compression settings, as was particularly striking during flat top
operation where one part of the bunch train, with lower compression, showed a steady
decrease in NIR CDR intensity while the other bunches, that were more compressed, had
an increase in NIR CDR intensity for LH pulse energies above a few µJ.

The capabilities of the KALYPSO/HOLD module lends themselves to processing
the signal at the detector for feedback to the accelerator. More work in analyzing the
data for correlations is needed, but even without precise calibration the spectrum can be
used for "fingerprinting" the beam. This can provide additional input for stabilizing the
beam.
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Appendix A

Scaling of the Linear Stage

The known pitch of the sensor was used to calibrate the x-scale of the linear stage. 50 µm
separation between each pixel, and the position of each pixel is set to be in the center of
that pixel. While using the 1550 nm laser, the second linear stage was moved, everything
else was held constant. This was then used to define the x-scale of the detector plane.
So that the position of a signal on the sensor set to x = (25 + #px · 50)µm can be added
to the position of the linear stage. Where #px is the pixel number, 0 to 255.

A.1 Dispersion and Resolution

The behavior of the prism and lens system was further investigated by varying the angle
of M2, and reading out the positions of 1030 nm and 1550 nm on the sensor plane. This
gives both a measure of the dispersion for different angles, and together with studying
the varying width of the peaks the system can be modeled.
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Figure A.1: The left vertical scale shows the distance between 1030 nm and 1550 nm on the
sensor plane, corresponding to black markers. The right vertical scale shows the peak width for
the two lasers. N.B The spectrum of the 1030 nm laser is inherently broader.

A.2 The Signal with Band-pass Filters

2 bandpass filters were placed on LS1 and inserted in to the beam; (1050± 2) nm with
FWHM (10± 2) nm, and (1550.0± 2.4) nm with FWHM (12.0± 2.4) nm. This allows
for a view of the image from a single wavelength, which gives an understanding of the
resolution, and also a 2 points for a wavelength calibration.

The initial results showed that very wide a non-trivial image is formed on the sensor,
which explains the poor resolution from the early measurements. The spectra are shown
in figure A.2.
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Figure A.2: The spectra with 1050 nm bandpass (top) and 1550 nm bandpass (bottom). As
can be seen, these narrow bandwidths result in wide signals on the detector.

With the 1550 nm filter, the height of the beam was then adjusted, using the y-axis
of mirror 1, called M1.y fpos in the control system. Measurements for each step is shown
in Fig. A.3.
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Figure A.3: Scan over M1.Y angle with 1550 nm bandpass filter. Focus quality is clearly not
what was desired, but by selecting an appropriate line, the resolution can be improved. Until a
slit can be installed.

After this, the beam was moved to M1.y fpos 156, where the narrowest profile was
found. This corresponds to seeing the middle of the ring, vertically, but seemingly only
one side of the ring is visible.
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