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Abstract

High-gain free-electron lasers (FELs) are capable of generating sub-10fs long light
pulses. In order to take full advantage of these extremely short light pulses in time-
resolved experiments, synchronization with a so far unprecedented timing accuracy
is required.

Within this thesis, an optical synchronization system providing sub-10 fs stability
has been developed and was implemented at the ultra-violet and soft X-ray free-
electron laser FLASH at DESY, Hamburg. The system uses a mode-locked laser
as a timing reference. The laser pulses are distributed via length stabilized optical
fiber-links to the remote locations. A key feature of the system is a bunch arrival-
time monitor detecting the electron bunch arrival-time with an unrivaled resolution
of 6fs.

A feedback system based on the arrival-time monitor was established, improving
the arrival-time fluctuations from 200 fs in the unstabilized case to 25 fs with active
feedback. In order to achieve the high peak current of several thousand amperes
required for the FEL process, the electron bunches are longitudinally compressed
in two magnetic chicanes. A second feedback system was developed stabilizing the
bunch compression process based on measurements of diffraction radiation. The
combination of both feedback systems improves the stability of the FEL radiation
significantly.

Zusammenfassung

High-gain Freie-Elektronen-Laser (FEL) ermoglichen die Erzeugung von Lichtpul-
sen mit Pulsdauern von unter 10fs. Um in zeitaufgelosten Experimenten den vollen
Nutzen aus diesen extrem kurzen Lichtpulsen ziehen zu kénnen, ist eine bisher un-
erreichte Synchronisationsgenauigkeit erforderlich.

Im Rahmen dieser Arbeit wurde ein optisches Synchronisationssystem entwickelt,
welches eine Stabilitdt von besser als 10fs gewédhrt. Dieses System wurde am Freie-
Elektronen-Laser FLASH bei DESY, der im ultraviolett und weichen Réntgenbereich
arbeitet, implementiert. Das System nutzt einen modengekoppelten Kurzpulslaser als
Zeitreferenz. Die Laserpulse werden in lédngenstabilisierten Glasfaserleitungen zu den
Subsystemen im Beschleuniger iibertragen. Ein Hauptbestandteil des Systems ist ein
Elektronenpuls- Ankunftszeitmonitor, der eine bislang unerreichte Auflésung von 6 fs
bietet.

Basierend auf dem Ankunftszeitmonitor wurde ein Riickkoppelsystem entwickelt,
welches die Ankunftszeitschwankungen der Elektronenpulse von 200 fs im unstabi-
lisierten Fall auf 25fs mit aktiver Riickkopplung verbessert. Um den fiir den FEL
Prozess benttigten Spitzenstrom von einigen tausend Ampere zu erreichen, werden
die Elektronenpakete in zwei magnetischen Schikanen longitudinal komprimiert. Um
den Kompressionsprozess zu stabilisieren, wurde ein zweites Riickkoppelsystem ent-
wickelt, welches die Emission von elektronenstrahlinduzierter Diffraktionsstrahlung



stabilisiert. Die Kombination aus beiden Riickkoppelsystemen fiihrt zu einer wesent-
lichen Verbesserung der Stabilitdt der FEL Pulsenergie.

v
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1 Introduction

High intensity X-ray beams are needed in multiple disciplines of science ranging from
physics, chemistry, and biology to material sciences and medical diagnostics. Due
to their short wavelengths, they provide atomic spatial resolution, and their long
penetration depth and strong interaction with core electrons allows for the study of
the structure and properties of single atoms, large macro-molecules and biological
Systems.

A figure of merit for characterizing a light source is the peak brilliance. For
transversely coherent radiation sources, it is defined as

4P
brilliance = VR (1.1)
where A is the radiation wavelength and ® the spectral flux given as
Npn

)
0t0w

o= (1.2)
with Npp, being the number of photons within the spectral width o, of typically 0.1%
and the duration of the light pulse oy.

Over the last decades, advances in accelerator and laser-based X-ray sources have
increased the achievable peak brightness by many orders of magnitude. Amongst
the most powerful X-ray sources are third generation electron storage rings with a
very small beam emittance and undulator magnets to produce the radiation pulses.
A limitation of a storage ring based light source is the long pulse duration, set by the
equilibrium electron bunch length which is typically on the order of 10 ps to 100 ps
(FWHM) [Wie03a, Wie03b].

Special slicing techniques can overcome this limitation by manipulating a fraction
of the electron bunch with an ultra-short laser pulse and by spatially separating the
manipulated electrons from the main bunch [ZZ96, SCCT00]. A major disadvan-
tage of this technique, however, is the small number of photons contained in the
femtosecond long slices.

High-gain free-electron lasers (FELS) are a promising candidate for the generation
of ultra-short, high power X-ray pulses. Such light pulses combine atomic spatial
resolution with a temporal resolution in the femtosecond range. Figure 1.1 gives an
overview of the peak brilliance achieved at different synchrotron light sources and
free-electron lasers. The tremendous advantage of an FEL is evident.

The combination of the large number of photons per pulse and the short pulse
duration in the femtosecond range opens up entirely new experimental opportunities
to study the dynamics of electronic and magnetic processes on a single shot basis. A
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popular technique to investigate the dynamics of fast processes is the pump-probe
scheme. In this scheme, the system is excited by a ‘pump’ light pulse, in many
applications from a visible or infrared short-pulse laser, and the excited state of the
system is probed by the FEL pulse. By varying the temporal offset between the two
pulses, the development of the excitation and its decay can be measured.

Since both light pulses are generated by independent sources, the timing of both
light pulses fluctuates independently and it is a challenge to precisely synchronize
both light sources. Any uncertainty of the temporal offset between the two light
pulses degrades the experiment’s temporal resolution. In order to achieve a high
resolution, either very precise arrival-time measurements for both light pulses are
needed or both sources must have a very small temporal jitter. To fully exploit
the experimental opportunities offered by FEL pulses, the timing of the two light
pulses has to be established with an accuracy that is better than the FEL pulse
duration. Since the FEL pulses can have durations well below 10fs [AAAT07], an
as yet unreached synchronization accuracy is required.

Within this thesis, optical techniques to synchronize a free-electron laser with
femtosecond precision have been developed. The work was carried out at the free-
electron laser in Hamburg, FLASH, at DESY.

A mode-locked, erbium-doped fiber laser is used as a timing reference. The laser
pulses are distributed within the facility via dispersion compensated optical fibers.



1.1 Principle of a free-electron laser

Balanced optical cross-correlators are used to measure length changes of the optical
fibers with femtosecond resolution. These length changes are compensated with
piezo-electric actuators. Various end-stations are foreseen at the end of the fiber-
links to synchronize different components in the accelerator driving the FEL. One
of them is an electro-optic bunch arrival-time monitor which measures the arrival-
times of the electron bunches with sub-10 femtosecond resolution. A feedback system,
which uses this precise arrival-time measurement, has been established to improve
the timing stability of the FEL to 25fs (rms).

1.1 Principle of a free-electron laser

In the following, a brief introduction of the physical principles of an FEL is given. It
is based on the descriptions in [SSY99, SDR08, Wie03b, Jac98], where more details
can be found.

1.1.1 Undulator radiation

Electrons, which are deflected inside the magnetic field of a dipole magnet, emit
synchrotron radiation with a broad, continuous frequency spectrum ranging from
zero to beyond the critical frequency w,

— 307§e1

c . 1.
w R (1.3)

Here, c is the speed of light, v,e1 = F/mec? the Lorentz factor, E the electron energy,
me the electron rest mass, and R the bending radius.

By using periodic magnetic structures consisting of many short dipole mag-
nets of alternating polarity, so-called undulator magnets, the electrons emit nearly
monochromatic radiation. Compared to a single bending magnet of same length, the
same radiation energy is emitted, but the photon beam is much better collimated
and the spectral width of the radiation can be strongly reduced.

An undulator magnet is characterized by the undulator parameter K, defined as

K _ eBuu 7
2Tmec

(1.4)

with the undulator period A, and the peak magnetic field in the undulator By.

Inside an undulator magnet, the electrons move on a sinusoidal trajectory. The
undulator parameter K characterizes the oscillation strength of the electrons and
the maximum deflection angle with respect to the undulator axes is given by

K
Vrel .

(1.5)

@max ~

Since most of the radiation emitted by a relativistic electron is concentrated in a
narrow cone with an opening angle of 1/7,], this defines a limit for the undulator
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parameter K, such that there is spatial overlap of the radiation fields emitted from
various sections of the electron trajectory. This results in

1
Omax < -~ K<L (1.6)

rel

If the undulator parameter is very large, K > 1, the radiation fields emitted
along the magnetic structure have no spatial overlap and quasi-continuous wiggler
radiation will be emitted. In this discussion, we will not consider this case.

For an undulator parameter K < 1 many radiation fields originating from various
sections of the electron trajectory are superimposed resulting in a narrow spectral
width of the emitted radiation. The fundamental wavelength Ay, of undulator radi-
ation in forward direction is given by

A K?
Aph = 1+—1. 1.7
o 2%261(+2) (L.7)

As one can see from Eq. 1.7, the wavelength of the undulator radiation can be varied
by changing the electron energy or the undulator parameter K. The latter possibility
exists in electro-magnetic undulators and in permanent-magnet undulators with a
variable gap.

The spectral width of the radiation depends on the number of undulator periods
N, and the full width at half maximum (FWHM) is

~ Wph
Aw =~ N, (1.8)
where wpy = 27c/App is the central frequency of the emitted radiation. If the undu-
lator radiation is generated by a bunch of electrons, the line width is increased due
to electron beam energy spread and betatron oscillations.
The radiation from a planar undulator is linearly polarized with the electric field
vector in the plane of the sinusoidal electron trajectory.

1.1.2 FEL process

Undulator radiation by a single electron is generated by coherent superposition of the
radiation fields generated in the single undulator periods. Compared to the radiation
of a bending magnet, this increases the spectral brightness by a factor of N2. The
intensities of different electrons, however, are added incoherently. The radiation field
emitted by an electron with the longitudinal position zg is canceled by the radiation
field emitted by an electron with the longitudinal position 2o+ Apn/2. Let us consider
an electron bunch with randomly distributed electrons traveling along the undulator.
Due to the point-like nature of the electron, the spectral distribution of the current
density J(w) of such a bunch is frequency independent and its magnitude scales with
the square root of the number of electrons N

e2N

J(w) = | —o—
=\l zor

(1.9)
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where Ay is the cross sectional area of the electron bunch and o; the bunch dura-
tion [SDRO8]. The electron bunch has, therefore, a density modulation with a white
frequency spectrum, referred to as shot noise. This implies that the field amplitude
emitted by N electrons is /N time larger than the one from a single electron, yield-
ing an N times higher intensity. This also means that an electron bunch can radiate
only because of the statistical fluctuations of the charge density.

In a high-gain FEL, the phase relations between the electrons are no longer ran-
domly distributed. By a mechanism called microbunching, a state is generated in
which many of the electrons emit their radiation in phase. The consequence is an
increase of the electric and magnetic fields which is now directly proportional the
number of coherently emitting electrons IN., leading to an intensity increase by the
factor of N2. Taking into account that in a typical FEL N. can be on the order
of 10 to 10% or even larger, this results in a tremendous increase of the radiation
intensity.

An FEL can be considered as an amplifier in which an incident light wave gains
energy from the electron beam. Let us assume a light wave

2
Eu(z,t) = Eocos(kpnz — wont + o) with  kpp = -2 = =1 (1.10)
C

of wavelength Ay which co-propagates with the electron beam along the undulator.
The energy transfer from a single electron to the light wave is given by the time
derivative of the electron energy W = ypoimec?

dWw

—— = —ev, (1) EL (). (1.11)
dt

The electron speed along the undulator is slower than that of the light wave due to

its motion on the sinusoidal trajectory at a speed slower than c. The average speed

in z-direction is given by [SDROS]

-2+ KY)

v, (1.12)
471‘2e1

Equation 1.11 states that without the slippage, there would be no energy transfer
from the electron to the light wave, since every half period of the electron oscillation,
energy is alternately transferred from the electron to the light wave and vice versa.
If the slippage between electron and light wave is adjusted in a way that per half
period of the electron motion the light wave has a phase advance of m, sustained
energy transfer from the electron to the light wave can be achieved (see Fig. 1.2).
This is the case when the light wavelength fulfills the resonance condition of Eq. 1.7.

The energy transfer described above is only possible for electron bunches which
are short compared to the light wavelength. In long bunches, part of the electrons
transfer energy to the light wave while another part withdraws energy from it and the
net energy gain of the light wave is zero, if the light wavelength is chosen according
to Eq. 1.7. It can be shown, however, that when a light wavelength slightly larger
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Figure 1.2: Relation between electron oscillation and light wave for sustained energy
transfer from the electron to the light wave.

than the resonant wavelength (Eq. 1.7) is chosen, a net energy transfer to the light
wave can still be achieved. This is used in low gain FELs, in which the undulator is
centered in an optical cavity. Many electron bunches, which are typically recycled by
using a storage ring, are used to drive the amplification process. During every path
through the undulator, the intensity of the light wave is increased by a few percent.
Such kind of FELs operate typically in the infrared and optical range.

At shorter wavelength in the ultraviolet or X-ray range, no suitable mirrors are
available to build an optical cavity with low losses and, therefore, the light amplifica-
tion must be achieved during a single pass through a very long undulator (high gain
FEL). The process with which this is possible is called microbunching. Since some of
the electrons in the bunch gain and others lose energy, the trajectories of these elec-
trons within the undulator are different. This leads to a shorter path of the electrons
with higher energy and a longer one for those with lower energy. The consequence
is the generation of an electron density modulation with the light period. The short
electron slices of larger charge density are referred to as microbunches. These elec-
tron slices emit their radiation in phase which yields to a quadratic enhancement of
the emitted intensity.

The formation of the microbunches is accelerated with the increase of the light
wave intensity yielding an exponential growth of the light power P along the undu-

lator:
z

P(z) x exp <L) for z22Lg. (1.13)
G

The growth rate is characterized by the gain length Lg which in the one-dimensional
FEL theory is proportional to

02\ 3
Lg <i> . (1.14)
Iy

The quantity o, denotes the transverse rms beam size and Ij is the peak current.
Equation 1.14 shows that a high peak current and a small transverse beam size are
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Figure 1.3: Dependence of the gain length at FLASH on the transverse emittance
calculated with a 1D and a 3D FEL model [Sch08§].

needed to obtain a short gain length. Peak currents of several thousand amperes are
needed to keep the gain length sufficiently short.

A three-dimensional calculation shows that in addition to the high charge density,
the transverse emittance and the bunch energy spread must be sufficiently small in
order to achieve a short gain length. Betatron oscillations of the electrons lead to
a reduction and a spread of the longitudinal velocities. This causes different phase
shifts with respect to the light wave and, therefore, a reduced FEL gain. Figure 1.3
shows the influence of the transverse emittance on the gain length, calculated for a
1 GeV electron beam at FLASH with a peak current of 2500 A.

1.1.3 FEL operation modes

Conventional lasers can be classified into laser-oscillators and laser-amplifiers. A
similar classification can be made for FELs. Low gain FELs with an optical resonator
for the emitted light can be considered as a laser-oscillator. In a certain way, a high
gain FEL in which the spontaneous undulator radiation generated in the first part of
the undulator is amplified, can also be regarded as a laser oscillator, since the origin
of the radiation - as in a quantum laser oscillator - is spontaneous emission. This
mode of operation is called self amplified spontaneous emission (SASE). Another
mode of operation is to superpose an external light field at the entrance of the
undulator. This light fields is then amplified along the undulator. Such a seeded
FEL can therefore be considered as a laser amplifier.

Using spontaneous undulator radiation to initiate the FEL process has the ad-
vantage that the resonance condition of the FEL is automatically fulfilled and it is
available at all wavelengths, also in the X-ray range. A major disadvantage is that
the frequency spectrum of the undulator radiation underlies strong statistical fluctu-
ations. These fluctuations are present, even if we neglect the shot noise on the charge
distribution, since the emission points along the undulator vary from shot-to-shot.
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At the beginning of the undulator, therefore, many different radiation modes exist
which are amplified. As the different radiation modes are generated at different posi-
tions along the undulator, their entire propagation length is different and, therefore,
their amplification and interaction with the electron beam. If the electron bunch is
short enough, this can lead to a single dominant mode with very large shot-to-shot
fluctuations in wavelength and intensity.

An important parameter of an FEL is the so called cooperation length or coherence
length I, which in the one-dimensional FEL theory is given by [SDROS§]

CAph

6V 2T prELA/ L7G

In this equation, ppgp, is the dimensionless FEL parameter which is defined as

le (1.15)

1 A

= 1.16
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A correlation between the radiation fields exists only within this cooperation length.
In the saturation regime, an electron bunch which is shorter than [. generates a
photon pulse consisting of only a single longitudinal mode. In longer bunches of
length o},, however, an average number of m = o/l different longitudinal modes
exists, each of them fluctuating from shot-to-shot. With increasing number of modes,
the temporal profile gets more and more structured. This can result in a tem-
poral sequence of many light pulses of different wavelengths and amplitudes (see
e.g. [BSP194]). When using these FEL pulses for time resolved experiments, the
time resolution will be limited by the length of the electron bunch.

There is another mode of operation in which the statistical fluctuations can be
removed. Instead of using the spontaneous undulator radiation as a seed of the FEL,
a well defined light field fulfilling the undulator resonance condition can be superim-
posed with the electron bunch. In this way, the spectral and temporal profile of the
seed pulse defines the output pulse amplified along the undulator. The first experi-
mental demonstration of this principle at wavelengths down to 160 nm was done at
the SPring-8 Compact SASE Source test accelerator [LHGT08]. Many facilities aim
to use this scheme at even shorter wavelengths [KABT08, BT07, Gt05, V07].

High-gain FELs typically operate in the ultraviolet and X-ray regimes and it can
be problematic to generate adequate seeding light pulses. In the ultraviolet and
soft X-ray ranges one way of producing suitable light pulses is the generation of
high harmonics of a powerful infrared laser in a gas target [FLL"88]. By using
high harmonic generation (HHG), wavelengths down to around 1nm were gener-
ated [SSJT05]. However, the required pulse energies on the nano-Joule level were
achieved only at wavelengths larger than around 10 nm. Aside from the pulse energy
requirement, it is a challenge to maintain spatial overlap between the electron beam
and the seed pulse over at least three gain lengths, a process which requires a well
collimated laser beam.
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A big advantage of this seeding technique is that the temporal and spectral prop-
erties of the driving infrared laser can be controlled very precisely, resulting in stable
seed light pulses. A remaining challenge of seeding an FEL by an external laser
source is the synchronization between the external laser and the electron beam. Any
fluctuation of the relative arrival-times leads to changes in the FEL output power.

In the hard X-ray regime, no suitable laser based light sources are yet available.
That is the reason that the first X-ray FELs [AT02a, Shi06, ABCT07] will be based
on the SASE principle.



2 The free-electron laser FLASH

The free-electron laser in Hamburg, FLASH, is an FEL user facility at DESY (Ham-
burg) [AAAT07]. Tt is an upgrade [The02] of the TESLA Test Facility (TTF) linac!,
which was operated until November 2002 to perform various tests related to the
TESLA? Linear Collider Project [BT01] and to perform a proof-of-principle of a
SASE FEL at wavelength ranging from 120 nm to 80 nm [AAA100, A*T02b, AT02c].
With an upgraded photo injector, an increased electron beam energy of up to 1 GeV
and a longer undulator, wavelengths down to 6.5nm are achieved.

FLASH consists of an electron gun, six accelerator modules (ACC1 to ACC6) each
including eight superconducting 9-cell niobium cavities with a resonance frequency
of 1.3 GHz, two magnetic chicane bunch compressors (BC1 and BC2?), and an un-
dulator section composed of six 4.5 m long undulator segments. The total length of
the linac is about 250 m. A schematic layout is shown in Fig. 2.1.

The commissioning of the FLASH facility started in the beginning of 2004. First
lasing with a wavelength of 32 nm was achieved in January 2005 [AT06]. Saturation
at a wavelength of 13.5 nm was measured in August 2006 [AAAT07]. After an energy
upgrade in Summer 2007, lasing at a wavelength of 6.5 nm was achieved in October
2007 [HFS08].

2.1 Electron source

In a high-gain FEL, the electron beam quality requirements are very demanding.
As we have seen above, a high charge density is required in order to minimize the
gain length Lg and, therefore, the undulator length. An electron bunch with a peak
current of several thousand amperes and a normalized transverse emittance of a few
micrometers is required at the undulators. The generation of such a low emittance
electron beam is very challenging and at FLASH, this is done by using a photo-
injector. It is driven by an actively mode-locked Nd:YLF laser system operating at
a wavelength of 1047nm. The CsyTe-cathode requires a photon energy of around
3.5eV to extract electrons and to achieve this, the laser pulses are frequency-doubled
two times yielding a final wavelength of 262nm. This frequency doubling is done
in 5mm long LBO* and BBO?® crystals. The frequency converted light is guided

inear accelerator

2 TeV Energy Superconducting Linear Accelerator

3 To be compatible with the TTF1 nomenclature, the DESY internal names, which are sometimes
also used in the literature, are BC2 and BC3.

4 Lithium Triborate (LiB3Os)

5 Beta Barium Borate (8-BaB20y4)
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2.1 Electron source

Figure 2.1: Schematic layout of FLASH. The electron source is an RF photo-injector.
The electrons are accelerated in six modules (ACC1 to ACC6) up to an
energy of 1GeV. The bunches are longitudinally compressed in two
bunch compressors BC1 and BC2. The total length is about 250 m.
TDS: transverse deflecting structure, BCM: bunch compression monitor,
Diag: diagnostic section for transverse beam properties.

onto the cathode. An iris is installed in the laser beam line and used to generate a
transversely flat profile as well as to reduce the effect of the source’s pointing jitter.
A schematic of the laser system is depicted in Fig 2.2.

The quantum efficiency of the cathode material is up to 10% for a fresh cathode,
depending on the vacuum conditions. As the cathode ages, the efficiency drops
gradually to around 0.5%, at which point the cathode has to be replaced. The life
time of a cathode is several months.

Since there is a high interest in synchronizing the photo-cathode laser, it is im-
portant to note that the oscillator does not deliver the required pulse energy. Four
amplification stages increase the laser pulse energy from 300nJ at the exit of the
oscillator up to 300 puJ before entering the nonlinear crystals. These amplifications
stages may introduce additional timing jitter.

The longitudinal profile of the laser pulses is Gaussian with an rms width of about
4.4ps. Simulations have shown [FFGT01, ABH"06] that the transverse emittance
of the electron beam is better for a 20 ps long, flat-top laser pulse with rise and fall
times of 2 ps. Such a longitudinally shaped laser beam is currently evaluated at the
photo injector test facility DESY, Zeuthen site.

The laser profile must also be transversely flat, since the space charge forces for a
cylindrical beam with a constant charge density increase linearly from the center to
the tails and can be compensated with a magnetic lens.

Figure 2.3 shows a schematic of the electron gun. The electron beam generated
at the cathode is accelerated in a normal conducting 1% cell 1.3 GHz cavity. With
a solenoid (main solenoid) the beam is focused to counteract repulsive space charge
forces and to minimize emittance growth. A second solenoid, called a bucking coil, is
used to cancel the magnetic field on the cathode surface, where the electrons emitted

11
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Figure 2.2: Schematic setup of the photo-cathode laser.
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Figure 2.3: Schematic of the RF electron gun.

by the photo effect have a very low energy. A non-vanishing magnetic field at this
position would lead to an emittance increase.

The beam energy after the gun is around 5 MeV. At these energies, space charge
effects are still very strong so the first acceleration module is installed as close as
possible after the gun, increasing the beam energy to about 130 MeV.

2.2 Time structure

The accelerating cavities in the linac are operated at a frequency of 1.3 GHz and
they are made from superconducting niobium and operated at a temperature of 2 K.
The accelerating gradients are between 12 and 25%. The resistive losses in the
cavity walls are very small in superconducting cavities. This results in a very high
quality factor of above 2 - 10 for an unloaded cavity [A+00], which is about 5 to 6
orders of magnitude higher than that of normal conducting cavities. Due to the small
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Figure 2.4: Time structure of the electron bunches at FLASH. Each macro-pulse
contains up to 800 bunches. The bunch spacing within the macro-pulse
is 1 us. Larger bunch spacings are possible as well. The repetition rate
of the macro-pulses is 5 Hz.
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losses, the accelerating fields in the cavities can be sustained over long durations.
At FLASH, the RF pulse duration over which electron bunches can be accelerated
is up to 800 us. Within this time, up to 800 bunches are accelerated, each separated
by 1 us. This sequence of electron bunches is called macro-pulse or pulse-train. The
repetition rate of these pulse trains is 5 Hz; a 10 Hz operation is planned in the future.

2.3 Bunch compressors

The electron bunches produced inside the gun are rather long. With the Gaussian
longitudinal shape, as it is currently produced, the rms length is around 1.7 mm.
The peak current is on the order of 40 A, which is far below the requirement for the
FEL process. Due to space charge forces, it is not possible to generate the required
current density in the gun. This problem necessitates the introduction of bunch
compressors, which shorten the electron bunches at higher beam energies where the
repulsive Coulomb forces are largely compensated by attractive magnetic forces.

The bunch compressors are realized as magnetic chicanes: electrons of different
energies have different path lengths through the chicane. By accelerating the electron
bunch off of the crest of the sinusoidal RF field, an energy gradient along the bunch
is generated. The electrons in the bunch-head then have a slightly lower energy than
the ones in the tail and the bunch is longitudinally compressed (see the schematic in
Fig. 2.5). The bunch compression is done at two locations in the accelerator: at a
beam energy of 130 MeV and again at around 460 MeV. A more detailed discussion
of the bunch compression process is given in chapter 4.

2.4 Undulators

The undulator section used to generate the FEL radiation consists of six 4.5 m long
undulator segments. The permanent magnets in the undulator segments create a
nearly sinusoidal magnetic field with a periodic length of 27.3 mm and a peak mag-

13
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Figure 2.5: Schematic of the first bunch compressor BC1 and illustration of the
bunch compression principle. The bunch compressor shears the longi-
tudinal phase space distribution allowing for the compression of a bunch
with a longitudinal energy chirp.

netic field of By = 0.46 T. Quadrupole doublets are installed between the undulator
segments in order to focus the electron beam. Beam position monitors and wire
scanners are also installed between the undulator segments. Both monitors can be
used to measure the electron beam trajectory through the undulator. It is important
to precisely control this trajectory because it must be almost perfectly aligned with
the photon trajectory in order for the interaction between the electron beam and the
photon pulse to take place. A correction of the electron beam orbit can be made with
steering magnets which are installed between the undulator segments or by trans-
versely moving the single quadrupole magnets. The wire scanners enable monitoring
of the transverse beam profile within the undulator with only minor disturbances to
the beam operation.

The undulators have a fixed magnetic gap of 12mm so the resonant radiation
wavelength (see Eq. 1.7) can only be tuned by adjusting the electron energy. The
wavelength change procedure requires, in addition to changes of the beam energy,
adjustments of the beam optics and of the trajectory through the undulator. In order
to have an easier and faster method for wavelength changes, most future FELs, like
LCLS, the European XFEL, and a potential second beam line at FLASH will use
undulators in which the field strength on the electron beam axis can be tuned.
Furthermore, in very long undulators, such as those to be used at LCLS and the
Furopean XFEL, the electron beam loses so much energy by spontaneous emission
along the undulator that the undulator parameter has to be varied in order to fulfill
the resonance condition along the entire undulator length.

14
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After the main undulator, another undulator is installed; it has a large period
of 40 cm and only 9 full magnetic periods [GT07]. This undulator is designed with
the purpose of generating infrared pulses with wavelengths between 50 um and a few
hundred micrometers. Generated by the same electron pulses which generated the
FEL light in the first undulator, these infrared pulses are precisely synchronized to
the FEL pulses. The two light pulses are separated and guided to the experimental
hall where pump-probe experiments are planned.

The infrared pulse is generated by spontaneous emission and all electrons in the
bunch contribute. The FEL pulse, however, is only generated by the leading spike
which has a sufficiently high current. We will see in chapter 4 that there are mecha-
nisms which change the timing of the lasing beam fraction with respect to the bunch
centroid. This also changes the timing between the infrared pulses and the FEL
pulses. In chapter 4, the influence of the different machine parameters on the two
timings will be discussed.
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Since the quality of the electron beam driving the FEL needs to be exceptionally
good in all six dimensions of phase space, many diagnostic tools are required to
characterize the electron beam. This chapter gives a short overview of important
diagnostic techniques with an emphasis on the characterization of the longitudinal
beam properties.

3.1 Transverse electron beam diagnostics

Three diagnostic sections (see Fig 2.1) are dedicated to measure the transverse prop-
erties of the electron bunches.

In the first section, which is located downstream of the first bunch compressor,
four optical transition radiation (OTR) screens and four wire scanners are installed
inside a three cell FODO lattice! to measure the transverse phase space distribution
and the emittance [LSCT06]. The results are used to manipulate the phase space
distribution with the upstream quadrupole magnets so that it matches the design
optics of the machine. Five quadrupole magnets, a doublet and a triplet upstream
of BC1, generate a waist in the beta functions near the last dipole magnet of the
bunch compressor. The reason for this is that inside the dipole magnets, coherent
synchrotron radiation (CSR) is generated at wavelengths exceeding the bunch length.
The CSR generated upstream can catch up with the electron bunch downstream and
its interaction with the electrons leads to an emittance increase. The most CSR is
generated in the last dipole of BC1 and a waist at this position leads to a large
angular spread of the CSR, thereby reducing the interaction between the CSR and
the electron bunch. Downstream of the bunch compressor, five additional quadrupole
magnets are installed in order to match the phase space distribution to the FODO
lattice and the accelerator.

A FODO lattice with OTR screens, similar to the one in the first diagnostic
section, is installed in the diagnostic section upstream of the undulators. In this
section, a final phase space matching can be done with another five quadrupole
magnets upstream of the FODO lattice.

L' A FODO lattice is a periodic sequence of a focusing quadrupole magnet, a drift section, a defo-
cusing quadrupole magnet and a second drift section.
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Figure 3.1: Schematic setup to measure the longitudinal charge distribution with a
transverse deflecting cavity.

3.2 Longitudinal electron beam diagnostics

The longitudinal properties of the electron bunches are not easily accessible because
the length- and time-scales of interest are on the micrometer or femtosecond scale,
respectively. Since the longitudinal properties are of such an importance for the
FEL operation, many different measurement devices are implemented. The charge
distribution along the electron bunch is of special importance. In the following,
the most important devices to measure the longitudinal charge distribution and the
arrival-time of the electron bunches are briefly introduced. This will be helpful
because some comparison measurements between these devices and the arrival-time
monitor developed within this thesis will be shown later.

3.2.1 Transverse deflecting cavity

Of instruments that directly measure the longitudinal charge distribution in the time
domain, the transverse deflecting traveling wave structure (TDS) has the highest
resolution. The principle is depicted in Fig. 3.1. A traveling wave structure is excited
with a mode that possesses a transverse deflecting field. The phase of the accelerating
voltage is adjusted so that the center of the electron bunch passes the TDS at the
zero-crossing of the accelerating wave. In this way, the head and tail of the bunch
are accelerated in opposite directions, transverse to the axis of the beam pipe. After
several meters of propagation, this leads to transverse displacements of individual
longitudinal beam slices. The transverse beam distribution on an OTR screen is
then a direct image of the longitudinal beam profile where the transverse beam size
of an unstreaked bunch limits the longitudinal resolution. The best performance is
achieved for a large beta function in the streaking plane at the position of the TDS
and a phase advance of 90° to the OTR screen. With optimized beam optics, a
resolution of better than 30 fs is reached.

The transverse deflecting structure offers more than the longitudinal charge dis-
tribution measurement. By measuring the streaked distribution for at least three
different transfer matrices, which can be achieved by using either different screens
or different quadrupole settings, the transverse phase space distribution for different
slices of the electron beam can be determined for the direction perpendicular to the
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streak direction [R6h08]. Since the FEL process requires not only a high peak cur-
rent but also a small transverse emittance, this measurement is of special interest.
Only a small fraction of electrons within the bunch fulfills both of these criteria and
with the transverse deflecting cavity, a tool is available with which the properties of
this slice of the bunch can be characterized and optimized.

Another application of the transverse deflecting cavity is the measurement of the
electron bunch arrival-time with respect to the streaking RF field. This can be
either done by analyzing the beam position with a beam position monitor (BPM),
or by analyzing the beam position on the OTR image. The latter option offers the
possibility to measure not only the beam centroid but also the timing change of
any longitudinal beam fraction of interest, like, for example, the positions with the
highest current and lowest emittance. The resolution of these kinds of measurements
is mainly limited by the synchronization quality of the streaking field to the machine
timing reference. Currently, this is on the order of 400 fs for a time scale of minutes.

An intrinsic disadvantage of the transverse deflecting structure is the fact that
the bunches, which are analyzed, are severely perturbed by the measurement and
cannot be used for the FEL operation anymore. In order to monitor the longitudinal
bunch parameters under normal operation conditions, non-interceptive diagnostics
are needed.

The TDS is, due to its complexity, the high operational costs and the fact that it
is an interceptive diagnostics not suited as a permanent diagnostics. However, the
TDS can perform special control measurements. In this thesis, a bunch arrival-time
monitor (BAM) was developed and the TDS was used to analyze the dependence of
the BAM on several machine parameters.

3.2.2 Electro-optical beam profile measurements

Driven by the demand of measuring the longitudinal charge density distribution and
the arrival-time in a non-destructive way, different kinds of electro-optical detections
schemes were developed. They use the Pockels effect inside of certain crystals to
imprint the Coulomb field of an electron bunch onto a laser pulse.

So far, three different schemes have been demonstrated. In the first scheme, de-
picted in Fig. 3.2a), an ultra-short laser pulse is chirped so that a few-picoseconds-
long pulse is created in which the different longitudinal positions contain different
light wavelengths. This chirped pulse is sent through the electro-optic crystal in-
stalled inside the beam pipe a few millimeters away from the electron beam. The
arrival-time of the laser pulse is adjusted such that it coincides with the electron
bunch. The Coulomb field, whose strength is proportional to the electron bunch
charge density, leads to a change of the birefringence in the EO crystal. This bire-
fringence change causes a polarization change and the different Coulomb field ampli-
tudes along the bunch lead to different polarization changes along the laser pulse. By
measuring the spectrum of the laser pulse after a polarizer, the longitudinal charge
distribution of the electron bunches can be observed. This scheme is referred to as
spectral decoding and was first demonstrated in [WMGT02].
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Figure 3.2: Different schemes to measure the longitudinal charge distribution of
an electron bunch by electro-optic methods. Top: spectral decod-
ing. Center: temporal decoding. Bottom: spatial decoding (adapted
from [Ste07]).
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3 Diagnostic techniques

The temporal resolution of the above scheme is limited to around 100 fs rms due
to the fact that after the polarizer the temporal profile of the laser pulse is changed
and the laser pulse is intensity modulated. This intensity modulation is equivalent
to spectral sidebands which are superimposed on the signal of interest. Since the
amplitude and shape of these sidebands depends on the longitudinal shape of the
electron bunch, a deconvolution is not possible. This resolution limitation can be
overcome by applying a single-shot cross-correlation method, in which the temporal
intensity profile of the laser pulse is mapped into a spatial intensity profile using
non-collinear second harmonic generation [BJMT04] (see Fig. 3.2b). This scheme
provides a resolution of around 50 fs rms and is referred to as temporal decoding.

In a third scheme, an ultra-short laser pulse passes the electro-optic crystal at
an angle with respect to the electron trajectory. In this way, different transverse
positions of the laser pulse see different electron bunch timings. With a line array
detector or a camera, the laser amplitude can be measured after a polarizer. The
temporal profile of the electron bunch is then mapped onto the spatial profile of the
laser pulse. This scheme was demonstrated in [Cav05]. It is depicted in Fig. 3.2¢)
and referred to as spatial decoding. The best demonstrated resolution is about 75 fs
rms [Azi09].

It should be noted that the resolution of all three detection schemes is limited by
the velocity mismatch between the THz-field from the electron bunch and the laser
pulse. This limitation can be reduced by using very thin crystals at the expense of
signal strength. The strongest limitation, which is intrinsic to the crystal type, is
due to phonon resonances excited by the THz-field.

At FLASH, all three methods were implemented. If one is only interested in the
bunch arrival-time and not in the precise temporal profile, all three methods are
suited to measure the bunch arrival-time with precisions which are currently limited
only by the accuracy of the laser synchronization, which is around 50 fs to 100 fs.

3.2.3 Coherent radiation diagnostics

Instead of measuring the longitudinal properties of the electron bunches in time do-
main as is done with the methods described above, another approach is to deduce
longitudinal bunch parameters from the properties of electro-magnetic radiation gen-
erated by the electron beam. Three different processes to generate the radiation are
discussed.

Radiation processes

Whenever a charged particle crosses a boundary between two media with different
dielectric properties, transition radiation is emitted. This was first predicted by
Ginzburg and Frank in 1945 [GF45]. The transition radiation is emitted in the
forward and backward direction with respect to the incoming beam (see Fig. 3.3).
Assuming an infinitely large, perfectly reflecting metallic surface, the spectral and
spatial angular distribution of the backward-emitted energy in the far-field can be
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3.2 Longitudinal electron beam diagnostics

metallic screen

metallic screen

Figure 3.3: Schematic of transition radiation transmitted in forward and backward
direction for normal incidence (left) and incidence under an angle of 45°
(right).

described by the Ginzburg-Frank equation

d?*Ugr e2 ﬂfel sin? 6

dwdQ ~ 4mdeoe (1 — 32, cos? 6)?’

(3.1)

A finite size of the metallic screen influences the spectral distribution of the tran-
sition radiation. As soon as the effective source size e - A exceeds the screen size,
the emitted spectral energy decreases significantly. For a circular screen of radius
r, the emitted energy can be calculated from the generalized Ginzburg-Frank for-
mula [CSS05]

dQUTR . dQUGF

= 1—=T(0 2 2
o~ dwdq T T@w) (32)
with
wr wrsin b wr
TO,w,r) = Ji Ki|———
( ) cﬂrel’}’rel 0 ( c ) ! <C/8re17rel>

wr wrsin 6 wr
J Kol ——— . 3.3
* Cﬁifﬂi] sin 6 ! < c > 0 (C/Brelfyrel> ( )

Here, J; and K; are the Bessel functions and modified Bessel functions, respectively.

The overall radiation power emitted in a certain solid angle can be obtained by
numerically integrating Eq. 3.2. Figure 3.4 shows the spectral energy density emitted
in a solid angle of 100 mrad for different electron momenta, each for a screen with
r = 20mm and for an infinitely extended screen. One can see that in the latter case,
the distribution is flat and that the finite screen size only affects the long-wavelength
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Figure 3.4: Spectral energy density of transition radiation emitted by a single elec-
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Figure 3.5: Spectral energy density of diffraction radiation emitted by a single elec-
tron integrated over a solid angle of 100 mrad for two different screen
configurations: an infinitely large screen and a screen with a radius of
20mm. Both screens have a hole of 2mm radius, through which the
electron beam is guided.

range. The ultimate limit for the emitted radiation is the plasma frequency of the
metal, which is deep in the ultraviolet for most metals.

The flat frequency spectrum of transition radiation makes it ideal for beam diag-
nostic purposes, since frequencies from the optical range to the millimeter range are
obtained. A major drawback, however, is that the metallic screen, even if it is a very
thin foil, deteriorates the quality of the electron beam due to scattering processes.
Therefore, transition radiation is not well suited as an on-line diagnostics.

A way to prevent the scattering is to use a screen with a small hole through which
the electron beam is guided. Although the beam quality can still be reduced by
wake-fields from the small aperture, this effect is tolerably small for a sufficiently
large hole. Since the electric field has an extension on the order of ¢ - A, electro-
magnetic radiation is generated when the electron beam passes through the hole.
This radiation is called diffraction radiation and the spectral and spatial angular
distribution of the backward-emitted energy is given by [CSS05]

d?*Upr  d*Ucr
dwdQ — dwd?

[T(6,w, hole) — T(8,w,7)]* . (3.4)
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The spectral energy density emitted in a solid angle of 100 mrad was again eval-
uated by numerical integration for different electron momenta (see Fig. 3.5). As
before, the results for a screen with = 20 mm and an infinitely extended screen are
shown. In all cases a hole of radius 79 = 2 mm is assumed.

As expected, the dependence on the screen size is the same as for transition
radiation. Additionally, the low wavelength components are missing for diffraction
radiation. When the beam energy gets smaller, the wavelength at which a significant
amount of intensity is available increases. For an electron momentum of 460 MeV /c
as after the second bunch compressor, most of the intensity is emitted in a wavelength
range between 100 ym and a few millimeters.

A third radiative process is synchrotron radiation in a bending or undulator mag-
net. This is an interesting alternative to diffraction radiation, since it permits par-
asitic measurements as well. Within this work no synchrotron radiation diagnostics
was used, so it will not be discussed. Detailed information about synchrotron radi-
ation diagnostics at FLASH can be found in [Beh08].

Coherent radiation

The radiation characteristics discussed above is valid for a single electron. When we
consider a bunch consisting of many electrons, the radiation intensity scales with the
number of electrons as long as the electrons radiate with random phases. This is the
case for an electron bunch which is long compared to the radiation wavelength and
which has no substructure at the radiation wavelength. The intensity, Iy = NIZ,
is then proportional to the number of electrons. The optical part of this incoherent
light from a transition radiator is used at many locations at FLASH to measure the
transverse beam profiles.

When the electron bunch dimensions or bunch sub-structures are on the order of
the radiation wavelength, the radiation phases of the single electrons are no longer
randomly distributed. If we consider N electrons whose distances are small compared
to the wavelength, then these electrons emit their radiation coherently, the overall
electrical field amplitude is Eny = NFEj, resulting in an intensity of the emitted
radiation which scales with the square of the number of particles:

Iy = N*E? = N?I,. (3.5)

For an arbitrary electron distribution and radiation wavelength, the situation is
more complicated and the radiation can be only partly coherent. In the following
we will introduce the bunch form factor, with which the intensity at an arbitrary
radiation wavelength can be calculated from a known electron distribution. We will
follow the introduction in [LS97].

Let us consider an electron charge distribution p(r) whose radiation is observed
with a detector in the far field. Due to the different positions within the bunch,
the radiation fields of the single electrons are superimposed at the detector with a
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3.2 Longitudinal electron beam diagnostics

different phase, resulting in the total field
En(w) =) Ej(w)-e'e™, (3.6)

where n is a unit vector from the center of the electron bunch to the detector and
7; is a position vector of the j*! electron. The total intensity Iy (w) at the detector
is then given by

ezcnr]

N

In(w) =TN(w))_

j=1

N N

ei%nﬂr‘j Ze—i%n-rk. (37)
=1

k=1

=L (w)

As the double sum yields unity for each term with j = k it may be expressed as

N
Inw)=Tw) | N+ eemimmm) | (3.8)
itk

When we now introduce the continuous charge distribution p(r), we get

In(w) = () <N +N(N - 1) / / &3 @ BT (Tg(r/)eiﬁn'““"")) . (39)
where

Q= /p(r)d3r (3.10)

is the total charge.
We can now define the bunch form factor F(w) as the three dimensional Fourier
transform of the charge density distribution

1 W
Fw)=—= /d37" p(r)ee™", (3.11)
Q
with which we can express the radiation intensity Iy (w) as
In() = I () (N +N(N —1) ]F(w)|2> . (3.12)
Since transition radiation as well as diffraction radiation is emitted in a very small
opening angle, it is often sufficient to consider only the longitudinal charge distribu-

tion p(z). The longitudinal form factor can then be evaluated as the one-dimensional
integral

Plw) = 22 / dz p(z)e %2, (3.13)
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Figure 3.6: Form factor for different Gaussian shaped bunches of different lengths.

T T T T T T T T T T T T T
1010 | B
108 + -
—~
=
<
Q 6 | i
2
e
~
=
= 4 L i
=10
8
= Obunch=20 um
10% t Obunch=100 gm ~~~""7"""~ -
Obunch=300 pgm
0
10 A 1 ) | 7

10-3 10~2

radiation wavelength (m)

Figure 3.7: Intensity increase by coherent effects for different bunch lengths. A Gaus-
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3.2 Longitudinal electron beam diagnostics

Figure 3.6 shows the form factor for a Gaussian longitudinal charge distribution
of different lengths. At large radiation wavelengths, it converges to unity, which
means that the emission of the radiation becomes completely coherent. At radiation
wavelengths much smaller than the rms length of the charge distribution, the form
factor vanishes and the radiation is incoherent.

To illustrate the intensity enhancement by coherent radiation, in Fig. 3.7 the
intensity ratio

Ieon(w)  In(w)
Tincon (w) L (W)

is plotted for different Gaussian bunches with a charge of 0.8 nC.

~ 14 N|F(w)]? (3.14)

Longitudinal diagnostic with coherent radiation

There are two different schemes applied at FLASH which use coherent radiation as
a tool for longitudinal beam diagnostics. The first one is the measurement of the
integrated radiation intensity over a large wavelength range with a single detector.
When the bunches become shorter, the integral increases, since the non-vanishing
part of the bunch form factor shifts towards shorter wavelength. This is a convenient
way to monitor the stability of the bunch compression process and to suppress fluc-
tuations by means of a feedback. In order to have a non-intercepting measurement,
one uses diffraction radiation.

A second, more sophisticated way to analyze the coherent radiation is to measure
the spectral distribution of the emitted THz-radiation with a spectrometer [DHOS,
Wes08]. This allows resolving characteristic bunch-lengths and even substructures
within the bunch. Since the phase information of the radiation is not available,
a unique reconstruction of the temporal bunch shape is not possible, even when
phase retrieval techniques like the Kramers-Kronig analysis (see [LS97]) are applied.
Therefore, for a complete understanding, a complementary measurement in the time
domain is needed.

The coherent radiation is mainly emitted at infrared wavelengths, ranging from
a few micrometers up to the millimeter range. Due to their very broad spectral
range, thermal detectors are the most suitable type of detectors. Examples of such
detectors are bolometers and pyroelectric elements. In order to cope with bunch-to-
bunch fluctuations, single shot measurements are needed, which at FLASH requires
response times of less than 1 us. This is too fast for bolometers, but can be reached
with pyroelectric elements. Detailed information about the applied pyro-detectors
can found in [Sch05a].

The transport of the radiation from the source to the detector is of special impor-
tance. Vacuum windows tend to absorb the short wavelength part of the spectrum.
Frequently, fused silica windows are installed. They have a good transmission in
the infrared only for wavelengths larger than about 80 um. At a special THz beam
line [CSS05], a diamond window is used, whose spectral response is very flat for
wavelengths larger than 7 um and below 5 um. The transport of long-wavelength ra-
diation is mainly limited by diffraction and a large aperture is needed. Another lim-
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itation arises due to absorption in humid air and for precise spectral measurements,
an evacuated transport line, as used in [CSS05], is an ideal choice. The standard
bunch compression monitors, which integrate over the spectrum, have short sections
of normal air between the beam pipe vacuum window and the detector.
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4 Timing of the electron beam

The main sources for timing fluctuations of the electron bunches are the electron
source and the amplitudes and phases of the accelerating cavities upstream of the
two bunch compressor chicanes.

4.1 Influence of the electron gun

The timing in the electron gun is mainly determined by the timing of the photo-
cathode laser and the phase in the RF cavity. Since the electrons are not yet rela-
tivistic, the dynamics in this section are strongly influenced by space charge forces.
Different electron velocities lead to further changes of the longitudinal bunch profile.

The effect of photo-cathode laser timing changes and the influence of gun phase
changes are investigated using numerical simulations. The simulations are performed
using the space charge tracking code ASTRA [Flo08]. A laser pulse with a Gaussian
longitudinal shape is assumed. The laser pulse duration is 5.66 ps rms, according
to the bunch length measurements in [Sch05b]. A typical bunch charge of 0.8 nC
is used. In order to have enough statistics and sufficiently small noise levels on the
current profiles, 10° macro-particles are used in each simulation®.

Figure 4.1 shows the simulated longitudinal phase space distribution at the en-
trance of ACC1 together with the corresponding current profile for different gun
phases, where gy, = 0 is defined as the phase at which the electrons receive the
largest energy gain. One can see that the bunches get shorter with decreasing gun
phases and the energy gradient along the bunch, which will be called energy chirp in
the following, gets smaller. Due to this dependence of the energy chirp on the gun
phase, the bunch compression is affected by a change of the gun phase. Although
the energy chirp needed for the bunch compression is mainly imprinted onto the
bunch by accelerating it off-crest in ACC1, a large change of the gun phase requires
a different ACC1 phase setting in order to get a similar compression factor.

In Fig. 4.2 the rms bunch length and the peak current are shown as functions
of the gun phase. The peak current ranges between 40 A and 50 A and the bunch
length varies from 1.6 mm to 2.0 mm.

The relative timing between the RF field in the gun and the arrival-time of the
injector laser pulses is not only crucial for the longitudinal phase space distribution,
but also for the electron bunch arrival-time in front of BC1. Figure 4.3 shows the

LA typical FLASH bunch (~ 0.8nC) consists of about 5 - 10° electrons. Tracking of all particles
would be much too time consuming and, therefore, a reduced number of macro-particles with an
increased charge is tracked.
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Figure 4.4: Influence of timing changes of the laser, the gun, and ACCI1 on the
electron bunch arrival-time at the entrance of BC1. A value of G; = 50%
means that 50% of a timing change of the device i is transferred to the
electron beam.

change of the bunch arrival-time at the entrance of BC1 for different gun phases.
The phase of ACC1 was adjusted for each gun phase setting to accelerate the bunch
on the crest of the RF field.

The influence of different parameters on the bunch arrival-time must be known
for the machine operation. To estimate the influence of the gun phase, the ACC1
phase, and the laser arrival-time on the electron bunch timing, the three timings
were shifted by a small amount (1ps or 0.5 deg).

The timing change of the electron beam Atpeam is given by

Atbea»m = Glaser : Atlaser + CTYgun : Atgun + Gl : Atl ) (41)

where the factors G; represent the fractional part of the timing change from the
laser, the gun, and ACC1, which is transferred to the beam and Atgy, as well as Aty

are given by

A
Atgun = and Aty = —7L. (4.2)
WRF WRF

Due to the fact that a similar timing change of all three devices corresponds to a
timing shift of the entire machine, the sum of all G; has to be unity:

Glaser + Ggun + Gl =1. (43)

The results of these simulations are shown in Fig. 4.4. As expected, the influence
of the ACC1 phase is almost negligible. The curve shown in the figure is for on-
crest acceleration in ACC1, giving a G; = 0.6%. The weight factor G increases,
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4.2 Influence of the first accelerating section

when ACCI is operated off-crest, but even at an off-crest phase of 10° this only
corresponds to G1 = 1.4%. Timing changes of the laser and the gun RF field have
a different influence on the electron bunch timing for different gun phases. At the
nominal working point of pgum = —8°, about Ggun = 40% of gun timing changes
and Glaser = 60% of the laser timing changes are transferred onto the electron beam
timing.

4.2 Influence of the first accelerating section

The bunch compression process inside the magnetic chicanes is controlled by im-
printing an energy chirp onto the electron bunch. The bending radius r in a dipole
depends on the electron momentum p and the magnetic dipole field B

1_..B (4.4)
r p
and, therefore, the trajectory length through the bunch compressor is different for
electrons of different momentum. For a rectangular dipole magnet in which the
electron enters or exits perpendicularly to one of the magnet faces, the arc-length of

the electron trajectory is given by
lare =7 - @, (4.5)

where « is the bending angle introduced by the magnet. The relation between the
effective dipole length l.g, the bending angle, and radius is given by

lof = 7 - sina. (4.6)

Using these equations, the path length lpc; through the first bunch compressor
chicane (see Fig. 2.5) can be expressed by

d
Io1(p) = dra+2- L+ dy
cos v
4p arcsin (M> 2
p 1
pu— . 4-
B + — + do (4.7)
p2

When we now consider an electron bunch consisting of many electrons of different
momenta and different longitudinal positions, we can calculate the change of the
longitudinal beam position of the single electrons using Eq. 4.7.

The path length of an electron with an energy deviation of 6 = Ap/p with respect
to a reference particle can be expressed by expanding 4.7 in a Taylor series about
the reference momentum p:

dlpci (p) 541 20%lBc1 (p) 52

Igc1 (p(1+6)) =Ipci1 (p) +p 9 LA
1 31 (p) 3
+ 6p 8p3 N R EE
= Ic1 (p) + R+ 6 + Thee - 02 + Usees - 6° + -+ - (4.8)
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4 Timing of the electron beam

With the coefficients Rsg, The6, and Usggg, the longitudinal position change with
respect to the reference particle can be calculated. These coefficients are given for
BC1 by the expressions

. Bl
o Alg 2Bl ) 4p arcsin (e L ﬁ’) o
56 — ) 6232@3 9 EQBQZZH % eB .
-2 D (1 -0 e )
2272 2p273 2
BBZH—QEBZH+(3d1+2lﬁf)p
Ty = E 8 ex ( : - ) (4.10)

(~e2B2Z; +p%)" /1 -

pZ
1e*B?1%; (2¢* B 3¢ + €2 B2124p* (3dy — 10legr) + 4p* (3dy + 2legr))
Usee6 = ~3 S o 3 2520 :
(-t + 7)1 - o

(4.11)

The higher order terms proportional to Ts66 and Usggg can be neglected in situations,
where very short bunches and small energy changes are considered. Quite often in
literature, the relation Tses = —3/2Rs56 is used. It is important to note that this
relation is only valid for « <« 1. In the first bunch compressor at FLASH, the
nominal bending angle is 18.0355° and this approximation is not valid anymore?.

From Rsg one can predict without simulations that the electron arrival-time
changes by approximately At = 0.01 - Rs6/c ~ 6 ps per percent beam energy varia-
tion.

Let us consider an electron bunch with a uniform longitudinal energy distribution
upstream of ACC1. In the acceleration module ACC1, a systematic energy variation
along the bunch, an energy chirp, can be generated by accelerating the electron
bunch not on the crest of the sinusoidal accelerating field but several degrees off-
crest. The electrons at different longitudinal positions within the bunch then see
different accelerating fields due to their different arrival-times. This effect is of
course also present when the bunches are accelerated on-crest, but the effect is much
less pronounced due to the smaller slope of the sinusoidal field near the crest. The
energy chirp has to be applied in a way that the leading electrons gain less energy
than the trailing ones.

The curvature of the sinusoidal field implies that the energy chirp has a nonlinear
component. Consequently, different longitudinal bunch sections experience different
compressions. This leads to a current profile with a narrow leading spike, followed
by a long tail. Since for the FEL operation a high peak current is required, only the
electrons in this spike can contribute to the FEL process. The nonlinear component
of the energy chirp is stronger for a larger ratio of bunch length and RF wavelength.

To evaluate the dependence of the electron beam arrival-time on the settings of
the accelerating phases and amplitudes, a simple tracking code was developed which
calculates the path length through the bunch compressors according to Eq. 4.7 and a
similar relation for the second bunch compressor. Since this code only considers the

2 For the nominal bending angle, Rs¢ &~ —181.4mm, Ts66 =~ —1.63 - Rs6, and Usges =~ 2.42 - Rse.
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4.2 Influence of the first accelerating section

longitudinal motion and neglects space charge, the simulations are much faster than
with ASTRA, allowing to analyze a large set of different compression parameters.

The initial phase space distribution at the entrance of the first accelerating module
is calculated with the space charge tracking code ASTRA, assuming the nominal gun
phase pgun = —8°. To limit statistical fluctuations, 2 - 10° particles are used in this
simulation. The longitudinal displacement ¢ of an electron with respect to a reference
particle is used to determine the accelerating phase seen by this electron. When the
reference particle is accelerated on-crest, the final energy after ACC1 is 130 MeV.
The field strength of the dipole magnets from the first bunch compressor is chosen
such that the bending angle for the 130 MeV reference particle is 18.0355°, which
is the nominal bending angle in the bunch compressor. The accelerating gradients
in ACC23 are set so that the final energy is 460 MeV for on-crest acceleration. The
fields of the BC2 dipoles are set to achieve the nominal bending angle of 3.8°.

Figure 4.5 shows the longitudinal phase space and the corresponding current pro-
file resulting from the tracking calculation after the first and second bunch com-
pressor for different phases of ACC1. It is interesting to note that even for on-crest
acceleration the longitudinal bunch shape is asymmetric after the compressors. One
can clearly see the curvature on the energy distribution. The bunch compressors
shear this distribution and with ¢ and @23, the longitudinal positions of the initial
electron distribution which is moved into the spike region can be chosen. Figure 4.6
shows the longitudinal current profile. There is some noise on the data, because
the number of particles used in the simulation is too small. Since one of our inter-
ests is the arrival-time of the current spike, a filter algorithm based on wavelets is
applied [BCFT02]. A spline is fitted to the filtered signal allowing interpolating in
between the bins. The maximum of this interpolated signal is defined as the spike
of the current density (see Fig 4.6).

By varying the phases of the accelerating cavities upstream of the bunch com-
pressors, their influence on the arrival-time is determined. During this scan, the
amplitude of the accelerating fields are kept constant. Although this means that
only the on-crest settings correspond to the nominal bending angles, this has the
advantage that the influence of phase fluctuations can be directly determined by
calculating the numerical partial derivatives. In order to determine the influence of
the accelerating field amplitudes, two additional tracking runs were made for every
phase setting, in which either the amplitude of ACC1 or the one of ACC23 was
increased by 1%. This allows for the calculation of the derivatives for every phase
setting. For a small number of settings, it was verified that the resulting error from
this asymmetric numerical derivative calculation is small by additionally tracking
the particles for a 1% decreased amplitude in ACC1 or ACC23 in order to be able
to calculate the numerical derivative in a symmetric way.

Figure 4.7 shows the dependence of different beam parameters after the first bunch
compressor on the ACC1 phase. As soon as the spike in the current distribution de-
velops, starting at an ACC1 phase of around —5°, the FWHM decreases much faster
than the root mean square (rms) value. At the same time, the peak current after
BC1 increases significantly compared to the current upstream the bunch compres-
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Figure 4.5: Longitudinal phase space distributions after BC1 and BC2 and corre-
sponding current profiles for different phases in ACCI.
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4.2 Influence of the first accelerating section
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Figure 4.6: Example of a current distribution (blue). A wavelet based filter is applied
to remove noise. From the filtered signal (red), the timing of the spike
is determined.

sor. Over a large range of ACC1 phases, the FWHM of the current profiles is nearly
constant. The reason is that due to the shearing of the phase space distribution
the longitudinal position within the bunch is changed at which the compression is
maximum. The pronounced maximum of the peak current is caused by the highest
electron density in the central part of the Gaussian-shaped initial bunch distribution.

It is very interesting to see that the spike of the current profile reacts in a different
way to phase and amplitude changes than the centroid. Over a large range of about
—6° to —16°, an ACC1 phase change shifts the time position of the spike by

Atgpike = if; - 2.14(%2 . (4.12)
The reason for this behavior was explained already: The phase change shifts the
optimum compression to a different longitudinal section of the bunch. In contrast
to this, the arrival-time of the centroid is determined by the sinusoidal shape of
the accelerating field. There is only one ACC1 phase at which the dependence for
the centroid and the spike is identical, namely when the phase space distribution is
symmetric after the compression (see bottom plot of Fig. 4.5).

The dependence of the bunch arrival-time on the ACC1 amplitude shows the same
difference between the centroid and the spike, although it is much less pronounced.
The consequence of an amplitude change is a smaller or larger energy chirp. Due to
the different energy, the value of Rsg in the chicane is changed. These two effects
lead to a change of the compression along the bunch. Also here, the behavior of the
centroid and the spike is similar for a symmetric phase space distribution as shown
in Fig. 4.5.

As expected from the value of Rs6, an ACC1 amplitude change of 1% corresponds
to about 6 ps of beam arrival-time change. This large sensitivity has the consequence
that the main contribution to the FLASH electron beam timing jitter is due to beam
energy fluctuations upstream of the first bunch compressor.
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Figure 4.7: Different beam parameters after BC1 for various ACC1 phases. A bunch
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of 0.8nC charge simulated with ASTRA is assumed at the entrance of
ACCI1. From this location on, collective effects are not considered in this
simulation.



4.3 Influence of the accelerating section upstream of BC2
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Figure 4.8: Influence of ACC1 amplitude changes on the bunch arrival-time down-
stream of BC2. The abscissa and the ordinate show the phase settings
of ACC1 and ACC23. The color code of the contour plot represents
the dependence of the bunch arrival-time after BC2 on ACC1 amplitude
variations.

4.3 Influence of the accelerating section upstream of BC2

The influence of the phases and amplitudes of the accelerating sections upstream
of the first and second bunch compressor on the timing stability after the final
compression is depicted in figures 4.8 — 4.11.

Figure 4.8 shows the influence of the ACC1 field amplitude A; on the bunch
arrival-time. The dependence of the arrival-time on the ACC1 field amplitude is
about the same as it was after the first bunch compressor, when the accelerating
section ACC23 is operated near the on-crest phase setting (¢23 = 0°). When ACC23
is operated off-crest, an additional energy chirp is imprinted onto the bunch leading
to a different compression factor. In Fig. 4.8 one can see that the compression
is increased towards negative ACC23 phases and the influence of A; fluctuations
gets weaker. At an ACC23 phase of o3 ~ —35°, ACCI1 amplitude variations do
not influence the arrival-time anymore and when (o3 is further decreased, ACC1
amplitude changes affect the arrival-time in the opposite direction. The behavior for
the centroid and for the spike is very similar.

The arrival-time dependence on the ACC1 phase is very similar after the first
and second bunch compressor. As before, the centroid and the current spike show
a different behavior and the relationship between the arrival-time of the spike and
1 is again almost linear for —16° < ¢ < —6°. Changes of the ACC23 phase have
only a minor impact on this behavior and only at very negative off-crest phases the
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Figure 4.9: Influence of ACC1 phase changes on the bunch arrival-time downstream
of BC2. The abscissa and the ordinate show the phase settings of ACC1
and ACC23. The color code of the contour plot represents the depen-
dence of the bunch arrival-time after BC2 on ACC1 phase variations.
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Figure 4.10: Influence of ACC23 amplitude changes on the bunch arrival-time down-
stream of BC2. The abscissa and the ordinate show the phase settings
of ACC1 and ACC23. The color code of the contour plot represents the
dependence of the bunch arrival-time after BC2 on ACC23 amplitude

variations.

40
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Figure 4.11: Influence of ACC23 phase changes on the bunch arrival-time down-
stream of BC2. The abscissa and the ordinate show the phase settings
of ACC1 and ACC23. The color code of the contour plot represents
the dependence of the bunch arrival-time after BC2 on ACC23 phase
variations.

current spike shows a different dependence. It should be noted that most of the time,
the energy chirp is generated only with ACC1 while ACC23 is operated on-crest.

Figure 4.10 depicts the influence of ACC23 amplitude variations on the bunch
arrival-time. As one can see, At/(AAss/A23) ~ 1.2ps/% for small ACC23 phases.
This is almost six times smaller than the corresponding value for the ACC1 ampli-
tude. The reason is that the Rs¢ matrix element of the second bunch compressor
is only —48.7mm compared to the Rsg ~ —180mm in BC1. This reduces the en-
ergy dependence by a factor of almost four. Furthermore, the electrons already have
an energy of 130 MeV when they enter ACC23. This further reduces the impact
of ACC23 amplitude variations. When ACC23 is operated far off-crest, the depen-
dence increases due to the fact that the dipole field is kept constant in the simulation.
The smaller energy gain in ACC23 leads to an increased matrix element Rsg. The
behavior of the bunch centroid and the current spike is very similar.

Figure 4.11 shows the dependence of the bunch arrival-time on ACC23 phase
variations. Again, the impact is much smaller than for ACC1, which is due to the
smaller value of Rsg and an energy of 130 MeV at the entrance of ACC23. The
arrival-time depends on the ACC23 phase in the same way as we have seen it for the
ACC1 phase. Over a large range of ACC23 phases, centered around @93 = —40°,
there is an almost linear relationship. During normal FEL operation, the ACC23
phase is close to zero and, therefore, phase changes of ACC23 have only a minor
influence on the bunch arrival-time.
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Figure 4.12: Modification of bunch arrival-time variations from the electron gun after
the first bunch compressor as a function of the ACC1 phase.

4.4 Reduction of timing variations from the electron gun by
bunch compression

Electron beam timing variations, which are generated in the electron gun due to
photo-cathode laser timing fluctuations or phase changes in the RF gun, can be
partly compressed in the two bunch compressors. Timing changes of either the gun
or the photo-cathode laser do not only affect the bunch arrival-time upstream of the
bunch compressors, but, as we have seen earlier, also the longitudinal energy distri-
bution. To consider this inside the simulation, additional tracking simulations were
performed with initial phase space distributions in which the gun phase was either
increased or decreased by 1°. From the differences in the arrival-times compared to
the tracking calculations of the reference ASTRA phase space, it can be deduced
how electron beam timing variations generated in the RF gun are modified by the
bunch compressors.
Figure 4.12 shows the time transformation factor Tsc;

Tpoy = —peam (4.13)

where Atfpeam 1S the bunch arrival-time change downstream of BC1 caused by the
arrival-time variation Atg,, from the electron gun. When the ACC1 phase is ad-
justed such that the bunch is compressed, the arrival-time variations from the gun
get smaller after BC1. The remaining arrival-time variation of the beam centroid
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Figure 4.13: Modification of bunch arrival-time variations from the electron gun after
both bunch compressors as a function of the ACC1 and ACC23 phases.
The abscissa and the ordinate show the phase settings of ACC1 and
ACC23. The color code of the contour plot represents the time trans-
formation factor Tpca = Atpeam/Atgun-

decreases almost linearly with decreasing ACC1 phase until the maximum compres-
sion is reached. From then on, the timing variation after BC1 has the opposite sign
compared to the timing change from the electron source. The absolute value of the
remaining timing change after BC1 increases again.

The current spike shows again a completely different behavior. As soon as the
spike develops, timing changes from the gun are strongly reduced. In the ACC1
phase range from —16° < 1 < —7°, less than 5% of the injector arrival-time change
is visible downstream of BC1, since in this phase range the electrons in the spike are
almost ideally compressed.

Figure 4.13 shows the remaining beam arrival-time variation from the gun after the
second bunch compressor. Over a large range of ACC23 phases (up to around —30°),
the situation is very similar to the one after the first compressor. At @93 & —40°, the
gun timing variation is almost completely compressed, independently of the ACC1
phase. The reason for this is that the compression in the second compressor is
maximum for this ACC23 phase.

4.5 Impact of collective effects on the bunch arrival-time

Up to now, only external electric and magnetic fields have been considered. This
simplification is justified as long as the bunch charge density is sufficiently low. The
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4 Timing of the electron beam

current in the bunch spike, however, is on the order of several thousand amperes after
final compression and longitudinal space charge forces cause a significant distortion
of the beam even at higher energies.

The effect of space charge forces on the longitudinal phase space distribution was
simulated by tracking calculations using ASTRA. For simplicity, space charge forces
were neglected within the bunch compressors but since their length is short compared
to the length of the accelerator, this causes only a small error. The settings of the
machine are the same as in the previous calculations. After final acceleration, the
energy is around 900 MeV. The phases of ACC23 and ACC456 are chosen to be
on-crest for a particle which is accelerated on-crest in ACCI1.

Figure 4.14 shows the simulated longitudinal phase space distributions at the
entrance of the energy collimator for different settings of the ACC1 phase. The
corresponding current profiles are depicted in Fig. 4.15. For comparison, the sim-
ulation results obtained by neglecting space charge forces downstream of BC1 are
also shown. At bunch positions with a small current, the effect of the space charge
forces is negligible. For ¢ < —7°, the charge density in the current spike increases
significantly and a fraction of the electrons in the spike gains energy from the space
charge field while other electrons lose energy. This results in two tails in the leading
part of the phase space distribution. In the current profiles, these tails appear as
additional spikes. The first one with a very low current is ahead of the main spike
and contains the electrons which gained energy from the space charge field. The
second one trails the main spike and corresponds to the electrons which have lost
part of their energy. Since the two tails remove electrons from the main spike, the
predicted peak current is significantly reduced in comparison to the simulations in
which space charge forces are neglected.

Although the bunch spike acquires a substructure, resulting in increased length
and reduced peak current, its timing is only very slightly affected compared to the
simulations without space charge forces.

A second collective effect, which can have a severe influence on the electron beam,
is coherent synchrotron radiation (CSR) in the bunch compressors. Since the ra-
diating electrons lose energy to the light wave, their trajectories within the bunch
compressors change, resulting in a change of their longitudinal positions. Further-
more, the emitted radiation takes shorter paths through the magnetic chicane and
can interact with the electron bunch at a downstream position. The energy change
due to this interaction will again be transformed into a change of longitudinal posi-
tion by dispersion. The current profile of the bunch spike can be severely affected by
CSR. Detailed simulations can be found in [R6h08, Beu07]. Also these simulations
show that the timing of the current spike is only slightly influenced.

4.6 Phase space linearization with a third-harmonic cavity

In order to generate a larger fraction of the beam with a sufficiently high current
to contribute to the FEL process, it is planned to install a superconducting cavity
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4.6 Phase space linearization with a third-harmonic cavity
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Figure 4.14: Effect of longitudinal space charge on the longitudinal phase space dis-
tribution and the bunch timing (SC: space charge).
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4.6 Phase space linearization with a third-harmonic cavity

after ACC1 which is operated at a frequency of 3.9 GHz, the third harmonic of the
1.3 GHz RF of the other cavities (see Fig. 2.1). The purpose of this third-harmonic
cavity is to linearize the compression process. A description of the principle can be
found, e.g. in [Emm01].

With the third-harmonic cavity installed, the momentum of an electron entering
the bunch compressor is given by

6A3r

€ cos(p3ea — kaGi) (4.14)

eA
(&) = Pgun + 71 cos(p1 — k1G) +

where (; is the longitudinal displacement to the reference particle upstream of the
bunch compressor. A Taylor series expansion about the longitudinal position of the
reference particle, yields

eA eA
P(G) =Pgun + = cOSp1 + = €05 P
) A A
+ ( Dgun e—llﬂ sin 1 — 45 k3rq sin 903rd> -G
9G;
82 GA (—;’A T
+ < ;Cg;n - %k% COS P1 — T?)dkgrd cos 903rd> G (4.15)
i

and a momentum change with respect to the reference particle is given by

A 0 A A:
2P 5= < Pgun le sin 1 — 5 k3rq sin 303rd> -G
Do Pod¢i  poc Poc
0?Dgun €A1 eAsrd ;o 2
— —kl COS 1 — 7k3rdCOS<,03rd Gt
( p0d¢?  poc poc '
= ai+b(Z 4 (4.16)

Here,

6A1 6A3 d
Pongun-F?COS%—F -

- COS V314 (4.17)

is the momentum of the reference particle. According to Eq. 4.8, the initial longitu-
dinal displacement (; of an arbitrary electron with respect to the reference particle
is changed by the bunch compressor to

Cf:%:Ci+R56-(5+T566-52+"'; (4.18)
where C'is the compression factor of the bunch compressor. When we insert Eq. 4.16,
we get
- 2
= % = G + Rs (aGi +b¢7) + Treo (ali +0CF)" + -+ . (4.19)

By considering only terms up to second order, we get the following conditions for
the coefficients a and b:
1-C (1 —C)*Tse6

- d b= ) 266 4.2
CRss C2R3, (4.20)

a =
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Figure 4.16: Resulting sum signal from ACC1 and the third harmonic cavity. The
bunch is accelerated in the linearized part of it as indicated. Here, the
resulting fields for an ACC1 phase setting of @1 = 0° are shown.

For a very large compression factor C, the spread of the longitudinal positions is
determined by the uncorrelated momentum spread from the gun. Furthermore, col-
lective effects prevent a perfect compression of the bunch because similar to the
previous example, substructures are generated.

For each phase and amplitude setting of ACC1 the conditions in Eq. 4.20 give a
corresponding phase and amplitude setting for the third-harmonic cavity resulting
in a linearized compression of the bunch. Each of these settings has the same slope
and curvature of the resulting sum-field of ACC1 and the third harmonic at the time
of the reference particle. The third derivative of the combined accelerating voltage,
however, depends on the choice of the ACC1 phase. Figure 4.17 shows the phase
space distributions after BC1 for four different settings of ;. A compression factor
of C' =20 is chosen. Even with the linearization, the compression of the bunch tails
is slightly different for the four ACC1 phases. Even though the central part of the
distribution is identical in all four cases, the tails can cause a significant spike in the
current profile.

Figure 4.16 shows an example of the resulting phase and amplitude relation be-
tween ACC1 and the third harmonic cavity together with the corresponding sum
signal. In this example, an ACC1 phase setting of ¢; = 0° is used. The bunch is
accelerated in the linearized part.

The influence of phase and amplitude changes of the two accelerating fields on the
bunch arrival-time after the first bunch compressor has been studied using the same
methods as before. Space charge forces have only been considered only upstream
of ACC1. The compression factor is C' = 20. Figure 4.18 shows the results of this
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4.6 Phase space linearization with a third-harmonic cavity
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Figure 4.17: Phase space distributions and corresponding current profiles after BC1.
The ACCI1 accelerating field is linearized with a third-harmonic cavity.
The results for different ACC1 phase settings are shown.
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4.6 Phase space linearization with a third-harmonic cavity

simulation. Different ACC1 phase settings have been analyzed, for each setting,
the amplitude and phase of the third harmonic cavity have been readjusted. These
settings are shown in Fig. 4.18 as well. For the linearization the third harmonic
cavity decelerates the electron bunch and reduces their energy by about 16 MeV. In
order to preserve the nominal energy of 130 MeV, the accelerating field in ACC1 was
increased to result in an energy after ACC1 of about 146 MeV.

The first observation is that the peak current after the bunch compressor depends
sensitively on the phases of ACC1 and of the third-harmonic cavity. Small deviations
from the ideal phase decrease the peak current significantly. For both accelerating
fields, this dependence is largest at ACC1 phases of about 1 = —18°. This maximum
is caused by the tails of the phase space distribution contributing to the current
profile (see Fig. 4.17).

The sensitivity of the bunch arrival-time on the ACC1 field amplitude A; is prac-
tically the same with and without the third-harmonic cavity in operation. Due to
the smaller amplitude, the influence of the third-harmonic amplitude is significantly
smaller than the one of ACCI.

It is interesting to note that with the working point for the ACC1 phase, the sen-
sitivity of the bunch arrival-time to phase changes of ACC1 and the third-harmonic
cavity can be significantly changed. When ACCI is operated on-crest, the entire
energy chirp needed for the bunch compression is generated with the third harmonic
RF. Small phase changes of ACC1 have almost no influence on the bunch arrival-time
for this setting. However, as expected, the electron beam timing then depends very
sensitively on phase variations of the third harmonic RF. At an ACC1 phase setting
of p1 &= —10°, the situation is reversed and the electron beam timing is insensitive
to small phase variations of the third harmonic RF. For even smaller ACC1 phase
settings, the sensitivity of both phases increases. The optimum choice for the ACC1
phase depends on the phase stability achieved in ACC1 and the third-harmonic cav-
ity.
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5 Synchronization schemes

In this chapter, a brief description of a conventional RF based synchronization scheme
and a short introduction to the optical synchronization scheme applied at FLASH
is given. A detailed description of the single optical synchronization techniques and
different subsystems developed within this thesis follows in the subsequent chapters.

5.1 Timing sensitive devices in the accelerator

As we have seen in chapter 4, the phases of the accelerating fields have to be tightly
stabilized in order to achieve a stable electron beam arrival-time. Especially the
phases of the cavities upstream of the bunch compressors are critical according to
Eq. 4.12. For an aspired arrival-time stability of 10fs, a timing stability of the
1.3 GHz cavity field of the same precision is required in the most sensitive cavities.
This corresponds to a phase stability of around 0.005°.

A second category of timing sensitive devices are mode-locked lasers which are
used inside an FEL facility at various locations. Among them are the photo-cathode
laser and lasers for electro-optic beam diagnostics. Lasers used for pump-probe ex-
periments with the FEL beam and the seed laser for the seeding option of FLASH
are particularly sensitive to timing issues. Furthermore, there will be lasers mea-
suring the arrival-time of the FEL pulses (see e.g. [MCW™'08, GAB108] for a first
single-shot and high resolution scheme to measure arrival-times of XUV FEL pulses
with respect to an infrared laser).

High-gain FELs operating in the XUV and X-ray range have lengths of several
hundred meters up to a few kilometers. Many of the timing critical devices are
located either in the injector (cavities, diagnostic lasers) or at the end of the accel-
erator (seed lasers, pump-probe lasers, diagnostic lasers). A stable distribution of a
synchronization signal over large distances is, therefore, required.

5.2 Conventional RF based synchronization scheme

In a conventional linear accelerator, different sub-systems are synchronized by a com-
mon microwave master oscillator (MO) whose signal is distributed via coaxial cables.
The timing of a remote sub-system is defined by detecting the phase relationship be-
tween an RF signal from the subsystem and the reference from the MO. For this
purpose, a microwave mixer or a digital phase detector is used.

To measure the phase and amplitude of cavity fields, a pick-up antenna is used
to provide the required RF signal. In the case of mode-locked lasers, the RF signal

52



5.3 Optical synchronization scheme

remote
T .
0 locations

de-locked -\ A A
mgr—gogfede I n n n n n | distribution A a
fiber laser | optical pulse train | unit J A A 4 A &
'3

3 low bandwidth lock length stabilized

— fiber-links
long-term stable

\frequency source

Figure 5.1: General concept of the optical synchronization system. A mode-locked
laser is used as the timing reference and its laser pulse is distributed to
the different remote locations via actively length stabilized fiber-links.

is generated by detecting the laser beam with a fast photo detector and a band-pass
filter selecting a suitable higher harmonic of the pulse repetition frequency. The
resolution of the timing detection based on a phase measurement improves with
increasing frequency. To achieve sub-ps resolution, typically frequencies in the GHz
range are used.

The RF synchronization system has two limitations. The first one is the reliability
of the timing measurement. Mixers and phase detectors are highly temperature
sensitive and even with a tight temperature stabilization a long-term stable operation
is difficult to achieve. The second limitation is the transport of the reference signal
from the MO to the sub-system. The thermal expansion and contraction of a several
hundred meters long coaxial cable leads to time drifts of some picoseconds per degree
C of temperature change, even if cables with very low temperature coefficients of
107K~ are used.

A possible scheme for compensating the thermal drift is sending back part of the
transmitted RF and perform a phase detection used to control a phase shifter which
corrects for the drift. This scheme requires that each subsystem is supplied by its
own RF cable whereas at FLASH the signals for the subsystems are coupled out
from a common long cable installed along the entire length of the accelerator.

5.3 Optical synchronization scheme

A new synchronization concept for highly time-critical components in the accelerator
was proposed at MIT in 2004 [KIK*04]. In this scheme, a mode-locked laser oscillator
serves as the timing reference of the facility. The timing information is encoded in the
highly accurate repetition rate of the master laser oscillator (MLO). The distribution
to the single sub-systems is made via optical fibers. The general concept of the
synchronization scheme is depicted in Fig. 5.1.

A suitable laser is an erbium-doped fiber laser operating at a central wavelength
of 1550 nm, at a repetition frequency of around 200 MHz, and capable of producing
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laser pulses with durations around 100 fs. In this wavelength range, many fiber-optic
components are available, developed for the telecommunication industry. An impor-
tant advantage of this wavelength is the possibility for a broadband transmission in
dispersion compensated optical fibers.

One of the main advantages of this scheme is the fact that due to the short laser
pulses, nonlinear optical methods can be applied to measure timing changes of the
optical pulse train. An example is the timing detection between two lasers. If the
two pulse trains overlap in an appropriate nonlinear crystal, a sum frequency signal
is generated, the intensity of which depends sensitively on the temporal overlap of
the pulses. With such a scheme, timing resolutions in the sub-10 fs and even sub-fs
range are achievable.

In collaboration with Franz Kartner’s group at MIT, this cross-correlation scheme
was developed within this thesis. It is applied to stabilize the optical length of the
fiber-links used to distribute the reference signals. At the end of the fiber-link, part
of the optical power is reflected and cross-correlated with the reference laser pulses.
Length changes of the fiber are corrected with a piezo-electric fiber stretcher. A
main advantage of this stabilization scheme with optical fibers and ultra-short light
pulses is the superior resolution compared to RF schemes and the much lower costs
of optical fibers.

At the remote locations, there are different possibilities of utilizing the laser pulses.
Three different application schemes should be mentioned.

The first one is the synchronization of other mode-locked laser systems to the
MLO. This is especially easy with a synchronization scheme in which the timing
information is carried by the laser pulses, since again cross-correlating techniques
of the two pulse trains in a nonlinear crystal can be applied. The feasibility of
synchronizing two mode-locked lasers of different center frequency with such a scheme
has been demonstrated and the two lasers could be long-term stably synchronized
to each other with a precision of 0.3 fs [SKKT03].

A second possibility of utilizing the laser pulses from the fiber-link is the extraction
of a micro-wave signal needed for the cavities. This can be done with different
schemes. An infinite pulse train of a mode-locked laser operating at a repetition
frequency fy has Fourier components at n - fo, n € N. The simplest possibility to
extract an RF signal of frequency nfy from the optical pulse train is to detect the
pulse train with a photo detector of a bandwidth larger than nfy and to separate
the frequency line n fy with a band-pass filter. With this scheme, RF signals can be
extracted following the laser timing to better than 10fs. The scheme is, however,
temperature sensitive and the phase of the extracted RF signal depends on the optical
power sent onto the photo-detector. In order to maintain the 10 fs stability over long
durations, the temperature as well as the laser power have to be very stable. It
may be preferable to use a Sagnac loop based interferometer for the extraction of a
micro-wave signal [KLFK07, KCCKO08] which is less sensitive to laser amplitude and
temperature variations.

A third application is using the pulses from the reference laser for diagnostic pur-
poses. As a part of this thesis, an electro-optic electron bunch arrival-time monitor
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was developed [LHL1T06, LHS07, LAF*08c]. A similar setup with minor modifi-
cations can be used to measure electron beam positions with micrometer resolu-
tion [LHL'06, HLS06]. Other possible applications are the seeding of Ti:Sapphire
amplifiers with frequency-doubled pulses from the MLO (see e.g. [AZM™T08]) as well
as the amplitude and phase detection of a microwave signal in an electro-optic setup.

5.4 Required long-term frequency stability of the MLO

As we will see later, mode-locked lasers provide an excellent short-term timing-
stability. Due to thermal and acoustic expansion and contraction of the laser res-
onator, however, the long-term stability is poor. Therefore, the laser frequency has
to be stabilized. The most obvious reason for the required stabilization is the nar-
row bandwidth of a few hundred Hertz of the superconducting cavities. Without
stabilization, the frequency of the laser may drift by a few thousand Hertz.

It may appear at first sight that slow drifts of the MLO repetition frequency are
no problem, since they would correspond to slow time drifts of the whole accelerator,
provided all timing signals are derived from the MLO. This simple point of view,
however, is not correct.

The most stringent requirement on the stability of the MLO repetition frequency
originates from different fiber-link lengths. Although it is in principle possible to
choose the same length for all links, this would result in a maximum link length
to all positions causing several disadvantages. Let us consider a fiber-link length
Ly, which is adjusted such that the laser pulses traveling back through the link and
incoming pulses from the MLO overlap in the cross-correlator. The fiber length is
then given as
mc
nfo’
where n is the refractive index of the fiber and m the number of laser pulses in the
link. If the laser frequency fo changes by Af, the relative fiber-link length change
required to maintain the temporal overlap in the cross-correlator is then given by

Lo = L(fo) = (5.1)

AL L(fo+Af) = L(fo) _ < Jo _)
L L - \fvar ! 2
~ _Af for Af <fp. (5.3)
fo

The timing shift At of the synchronized component at the end of the fiber-link is

given by
AL
At=" . (5.4)

This is also the timing shift between two sub-systems from which one is synchronized
directly from the laser, the other one by a fiber-link of length L. In Fig. 5.2, the
effect is illustrated. It is evident that different link-lengths are only a problem due
to the fact that in an accelerator, the relative timings between different devices at
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Figure 5.2: Illustration of the effect of MLO frequency changes on the fiber-link
lengths.

the link-ends is defined by the duration, the electron beam needs to travel from one
location to the other. The electrons travel almost at the speed of light and this
duration is independent of the laser frequency. The situation is different, when no
electron beam is involved. Let us assume we have two fiber-links of different lengths
installed to the same location. Even if the laser frequency changes, the temporal
offset of both pulse trains at the remote location remains constant.

In order to reduce the timing shift between the different fiber-links to a value
smaller than +5fs, a laser frequency stability of & fo ~ £2.5- 107 is required for
a 400m long fiber-link, which is the maximum length required at FLASH. At the
European XFEL, the maximum link lengths will be around 4km and for the same
maximum timing shift, a laser frequency stability of % ~ +2.5 - 10719 will be
required.

At FLASH, the long-term frequency stability of the MLO is ensured by synchro-
nizing the laser to the 1.3 GHz microwave master oscillator (MO) which is currently
used for the coaxial timing distribution system. The 1.3 GHz oscillator is long-term
stabilized by a synchronization loop to a temperature stabilized quartz oscillator
operating at a frequency of 9.02775 MHz. According to specifications, the quartz
oscillator provides a relative short-term frequency stability (< 10s) of better than
2-10~" and, due to aging, a frequency shift of less than 1- 107 per day. Quartz
oscillators are temperature sensitive. From the applied temperature regulation, one
expects a frequency stability of 1- 1078, corresponding to a time shift of 40fs for a
400 m long link. Precise measurements on the MO frequency stability are, however,
not available.

A sufficient frequency stability can be reached by replacing the quartz oscilla-
tor with an atomic clock, for example the rubidium standard used in the global
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positioning system (GPS).

It should be noted that the frequency dependence discussed here is present in
all kinds of synchronization schemes with different lengths of the distribution lines,
also in interferometric schemes as described above. And even if the required long-
term frequency stability is not available, this still allows for measurements on the
femtosecond time scale. But in this case, the single signals distributed in the facility
are not long-term stable with respect to each other and from time to time calibration
measurements are required.
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6 Master Laser Oscillator

A mode-locked, erbium-doped fiber laser, the master laser oscillator (MLO), is used
as the timing reference in the optical synchronization system. In this chapter, a
description of the laser, which was built and used within this thesis, is given and
measurements of important properties are presented. A short introduction to the
propagation of laser pulses in optical fibers is given in appendix D.

6.1 Requirements

Since a failure of the synchronization system may completely interrupt the machine
operation, an important aspect is the reliability of the utilized sub-systems. Due to
the fact that all timings are referenced to a single MLO, the reliability of the MLO
is of special importance.

The timing information is encoded in the precise repetition rate of the laser.
Fluctuations of the time separation between consecutive laser pulses are referred to
as laser timing jitter and they are equivalent to fast repetition frequency changes
of the laser. The different sub-systems, which are synchronized by the laser pulses,
derive their timing either from the timing of single laser pulses, if the subsystem has
a very high bandwidth, or from the average timing of a large number of consecutive
laser pulses, which is the case for sub-systems with a low bandwidth. In the latter
situation, timing fluctuations of single laser pulses are uncritical, since they average
out. In the high-bandwidth sub-systems, however, no averaging takes place and
single laser pulses define the timing. At FLASH, both types of subsystems exist
and in order to synchronize subsystems of different bandwidths with respect to each
other, the MLO timing needs to be stable from the laser Nyquist frequency fy/2
to the bandwidth of the slowest sub-system. All timing jitter accumulated in this
frequency range will result in a corresponding timing shift between the different
sub-systems.

In order to enable accurate timing measurements using nonlinear optical meth-
ods like second harmonic generation and sum frequency generation, the laser pulses
must be sufficiently short. Shorter pulse durations correspond to a broader optical
spectrum and the required dispersion compensation in the fiber-links becomes quite
demanding if the spectral width is too large. A compromise between the shortest
pulse durations and a narrow optical spectrum has to be chosen and it was found
during the course of this work that a transform limited pulse duration around 100 fs
(FWHM) is a good choice.

The laser amplitude stability is of importance as many methods for the timing de-
tection depend on the amplitude. The resolution of the timing detectors is, therefore,
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deteriorated by amplitude noise.

Another important point is the laser pulse energy and the average optical power.
A too low output power has the disadvantage that more optical amplifiers have to
be applied, thereby increasing the complexity of the system and deteriorating its
performance.

6.2 Setup

Due to their superior stability, compact size, and ease of use, fiber lasers are an
interesting alternative to solid-state lasers for the generation of femtosecond pulses
at near infrared wavelengths. They became more and more important over the recent
years. Within a previous PhD thesis [Win08], a stretched pulse fiber laser [OHF93,
TTHNO93] operating at a repetition rate of 54 MHz was developed as a candidate for
the MLO of the optical synchronization system. Although this laser type features an
excellent noise performance and reliability, it turned out not to be the ideal choice
for an MLO because of its low repetition rate.

The repetition rate of 54 MHz corresponds to a pulse spacing of around 3.7m in
fiber and 5.5m in air. In order to establish a temporal overlap between the laser
pulses and a second signal, for example a second laser pulse train, long fiber or free-
space delays would be needed. Both alternatives are unfavorable. While a 5.5 m free
space delay requires a spacious and fragile optical system, a 3.7m fiber delay leads
to unacceptable dispersive pulse broadening.

The situation can be improved by utilizing a soliton fiber laser [MS84, Mol85]
operating at a significantly increased repetition rate of around 200 MHz. Such a
laser with a repetition rate of 194 MHz, 167 fs long laser pulses, and an output power
around 40 mW was demonstrated in [CSIKO07].

The four times higher repetition rate simplifies establishing the temporal overlap
with other signals. Furthermore, it allows to transmit a four times higher optical
average power at the same level of nonlinear pulse distortion, which scales only
with the pulse peak intensity and, therefore, with the pulse energy. The increased
repetition rate improves the signal to noise ratio of arrival-time detectors, which
average over a large number of pulses, by a factor of four.

Another advantage of the soliton laser compared to the stretched pulse laser is the
significantly narrower optical spectrum making the dispersion compensation easier.

For these reasons, a soliton fiber laser running at 216.7 MHz was finally chosen for
the FLASH master laser oscillator. The setup is depicted in Fig. 6.1. In comparison
to [CSIK07], the laser resonator was realized in a sigma-configuration! which allows
for the installation of a piezo mounted mirror for a large bandwidth repetition rate
control. The erbium-doped fiber is pumped by two 974 nm pump-diodes with nomi-
nal output powers of 580 mW each. Different polarization states are used to combine
the signals yielding a maximum available pump power of slightly above 1 W.

"In the MIT realization the two collimators are facing each other.
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Figure 6.1: Schematic setup of the 216.7 MHz soliton fiber laser, the master laser
oscillator (MLO) of the optical synchronization system.

section fiber type fiber length  D(1550 nm)

om) (o)
collimator 1 SMF28 6.0 ~ 17
gain fiber Liekki ER80-8/125 50.0 ~ 8
pump coupler Lucent980 16.2 ~ =24
collimator 2 SMEF28 6.0 ~ 17
free space 23.3 0

Table 6.1: Fiber lengths of the 216.7 MHz soliton laser.

The repetition rate of this laser was chosen to be 216.7 MHz, which is the sixth
sub-harmonic of the 1.3 GHz RF. The net dispersion inside the laser resonator was
decreased compared to [CSIKO07]. The lengths and dispersion parameters of the
fibers are shown in table 6.1.

For some measurements, a 200 MHz prototype was used. This laser cannot be
locked to the machine reference oscillator.

6.3 Operation principle

As discussed in appendix D, there are mainly two ways for an optical pulse to expe-
rience an optical phase shift leading to a pulse shape change. The first one is due to
dispersion and, depending on the sign of the dispersion parameter D (see Eq. D.6),
can be positive or negative. The dispersive phase shift is given in Eq. D.11. A second
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Figure 6.2: Nonlinear and dispersive phase shifts for a Gaussian- and sech?-shaped
laser pulse in an optical fiber. For a sech?-shaped laser intensity profile
and the proper pulse width and energy, the dispersive and the nonlinear

phase shift exactly cancel each other, if the fiber dispersion is anomalous
(D >0).

source of phase shifts is non-linear effects inside the fiber. The dominant non-linear
effect is self-phase modulation (SPM) and the sign for this phase change is always
positive (see Eq. D.16).

In Fig. 6.2, the two phase shifts are depicted for a Gaussian shaped and for a sech?-
shaped laser intensity profile. In case of the sech?-shaped laser intensity profile, the
two phase shifts exactly cancel each other in presence of anomalous dispersion and
for the correct pulse width and energy. In this case, a laser pulse propagates through
the optical fiber without changing its shape and the resulting pulse is called a soliton.
For an ideal soliton with an intensity profile

2
t 1
P(t) = Pysech? (> = (H) ) (6.1)
UTO eUTO +60T0
the relation between pulse width o7, and peak power Fp is given by
D
Py = ) (6.2)
YOTy

In the MLO, solitons are generated. Due to the strong amplification in the gain
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Figure 6.3: Schematic setup to measure the timing stability of a 200 MHz repetition
rate laser.

fiber and the significant intensity change after the output coupler, the widths of the
solitons in the MLO are, however, not exactly constant along the entire laser.

The MLO is a mode-locked laser and in order to establish the mode-locking, an
intensity dependent loss mechanism is required. This is done by nonlinear polar-
ization evolution: A polarizing beam cube is used as an output coupler and with
two wave-plates, elliptically polarized light is generated and coupled into the fiber.
Inside the fiber, the two polarization states experience a different nonlinear phase
shift, according to their pulse energies?. When the pulses exit the fiber, the different
phase shifts of both polarization states lead to a polarization change. The nonlin-
ear phase shift is intensity dependent and it is largest at the peak intensity of the
pulse. Different amplitudes of the polarization states lead to a stronger polarization
change at the peak intensity part of the pulse than in the tails. With two additional
wave-plates, the polarization of the pulse can be adjusted in a way that the losses for
the peak intensity part of the pulse are minimized, i.e. such that most of the peak
intensity part of the pulse remains inside the resonator. The pulse tails, however,
have a different polarization and more intensity is coupled out.

6.4 Measurement of the timing stability

To measure the timing stability of the MLO, the setup depicted in Fig. 6.3 was used.
The optical pulse train is detected with a fast photo detector. With a bandpass
filter, the sixth harmonic of the laser repetition rate fo = 200 MHz is filtered out.
The harmonic is amplified with a 30dB gain low noise RF amplifier. With a signal
source analyzer, the single side-band phase noise L4( f,) which is defined as

A 2
Lalfu) = S22 (63)

is measured at different offset frequencies f,, = f. — f. Here, A¢.ms is the rms phase
variation of the carrier frequency f. occurring at the offset frequency f,,,, and Af is
the measurement bandwidth.

2In addition to self-phase modulation, a second nonlinear effect has to be considered, namely a
phase shift caused by the interaction of the two orthogonal polarization states. This interaction
is referred to as cross-phase modulation.
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Figure 6.4: Timing stability of a 200 MHz soliton and a 40.8 MHz stretched-pulse
fiber laser. Top: Timing jitter spectral density, bottom: integrated tim-
ing jitter starting the integration at different frequencies. The measure-
ment of the stretched-pulse laser is from [Win08].
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The timing jitter spectral density Si(fy,) is then given by

2
S =—7=L , 6.4
) = s Lolin) (6.4
and the integrated timing jitter At,,s occurring in the frequency interval [f, fa] can
be expressed by

f2
Atms[f1, f2] :\/ ; St(frm)dfm - (6.5)

Figure 6.4 shows the resulting timing stability of a 200 MHz soliton laser. In
comparison, the timing stability measured for a 40.8 MHz stretched pulse laser, first
planned to be used as the MLO, is shown. The maximum frequency at which the
timing stability can be measured is 40 MHz, limited by the signal source analyzer.
Both lasers show an excellent timing stability. The integrated timing jitter of the
200 MHz laser in the frequency range from [10kHz, 40 MHz] is 6 fs. In the frequency
range from [10kHz, 10 MHz] it is 4.7 fs which compares well with the measurement
done in [KCCKO07], where in this frequency range a timing jitter of 5.19 fs was mea-
sured using an optical timing detection scheme. The measurements in [KCCKO7]
indicate also that the RF based measurement scheme is resolution limited at large
frequencies. With the optical detection scheme in [KCCKO07], a timing jitter of 0.72 fs
was measured in the frequency range [1 MHz, 10 MHz|, compared to 3 fs with the RF
based scheme.

The reason for the better timing stability of the 200 MHz laser compared to the
40.8 MHz stretched pulse laser at high offset frequencies is probably only related to
the better signal to noise ratio in this measurement: As the repetition rate is around
five times higher, the power in the spectral lines is also increased by a factor of five.

The laser noise increases significantly at low frequencies. This is caused by changes
of the resonator length due to vibrations and thermal expansion as well as by in-
stabilities of the optical pump power. In order to provide the required long-term
frequency stability, the laser is phase-locked to a microwave source. The best choice
for the locking bandwidth is the frequency, at which the timing stability of the mi-
crowave source gets worse than that of the laser. In case of the 200 MHz laser, a
good choice is a locking bandwidth around 10 kHz. Much higher locking bandwidths
are hard to achieve due to mechanical resonances of the piezo-mirror.

6.5 Locking of the MLO to an RF source

In order to lock the laser to the master oscillator of the machine, the setup depicted in
Fig. 6.5 was applied. Similar to the timing stability measurement, a harmonic of the
laser repetition rate is filtered out from a photo-detector signal. A phase detection
between this signal and the 1.3 GHz reference signal from the RF master oscillator is
performed in a microwave mixer. The error signal is detected with an ADC3. A PID*

3 analog to digital converter
4 proportional-integral-derivative controller
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Figure 6.5: Schematic setup to lock the MLO to the 1.3 GHz master oscillator of
FLASH.

controller, implemented on a DSP, calculates the control voltage which is produced
by a DAC and sent through a high voltage amplifier to the piezo controlling the
mirror position in laser. The parameters of this control loop can be adjusted using
the machine control system DOOCS. Another DOOCS server is responsible for the
control of the motorized delay stage onto which the piezo mirror is mounted. If the
piezo reaches its correction limits, the delay stage is moved to keep the piezo within
its range. In this way, the laser can be kept in the RF lock over very long periods
of time. During this thesis, many months of continuous laser frequency stabilization
were achieved.

The phase of the 1.3 GHz reference signal can be adjusted using a vector mod-
ulator. This offers the possibility of changing the laser timing with respect to the
machine reference which allows for an easy establishment of the temporal overlap
between the laser pulses and a machine signal.

The timing stability between the external RF source and the laser is mainly de-
termined by the accuracy of the phase detection process. In this setup, the in-loop
measurement of the error signal gave a stability between 40 fs and 50fs. Due to the
use of a conventional microwave mixer for the phase detection, the system is not
long-term stable, as the mixer is temperature sensitive. It is planned to replace the
phase detection scheme by a Sagnac-loop interferometer [KLFK07, KCCKO08] with
which it will be possible to achieve a long-term stable lock between the laser and the
RF source with sub-10fs stability.

When all timings are referenced to the MLO, the long-term stability of the RF
lock is not important as long as the frequency stability of the microwave signal is
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Figure 6.6: Schematic setup to measure the laser amplitude noise.

sufficiently good, as discussed in the previous chapter.

6.6 Measurement of the relative intensity noise

The relative intensity noise of the MLO is measured by detecting the laser intensity
with a photo detector and by separating the baseband of the photo detector signal
with a low pass filter (see Fig. 6.6). This signal is amplified and measured with a
vector signal analyzer.

Figure 6.7 shows the measured relative intensity noise of the MLO. The laser shows
an excellent performance and the integrated noise in the frequency range from 10 Hz
to 1 MHz is 0.016 %. This is about a factor of two better than the noise measured
for the 40.8 MHz stretched pulse laser. The sharp spikes in the noise spectrum in
Fig. 6.7 are due to the experimental set-up and not produced by the laser itself.

6.7 Measurement of the optical spectrum under different
operation conditions

The optical spectrum and the laser output power of the MLO can be adjusted by
tuning the laser wave-plates and by changing the pump-power. Figure 6.8 shows the
optical spectrum for three different pump-power settings and wave-plate adjustments
resulting in a maximum output power. The output power for the three settings is
154mW, 71 mW, and 57mW. The corresponding pump-power settings can be found
in table 6.2. This table also contains the spectral width of an sech®-shaped curve
which was fitted to the central part of the optical spectrum. It is interesting to note
that the spectral width is very similar for all three settings. This is an indication that
the intra-resonator power is quite similar in all settings and that the out-coupling
ratio is much larger when the laser is operated at an output power of 154 mW as
opposed to 57mW.

The optical spectrum of an ideal sech?-shaped temporal intensity profile would
also be a sech?-shaped intensity distribution. In Fig. 6.8 the sech?-fits to the central
part of the optical spectrum are shown and the agreement is very good for the
central part. In the tails, however, the measured optical spectrum, shows pronounced
spectral sidebands. These sideband are due to the periodically changed pulse energy
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Figure 6.7: Relative intensity noise of the 216.7 MHz soliton fiber laser. Top: spec-
tral relative intensity noise density. Bottom: integrated relative inten-

sity noise starting the integration at different offset frequencies. The
integrated noise in the frequency range from 10 Hz to 1 MHz is 0.016 %.
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Figure 6.8: Optical spectra of the 216.7 MHz soliton laser for different pump power
settings. The wave-plates are optimized for a maximum output power of
154mW, 71mW, and 57 mW, respectively.
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Figure 6.9: Pulse shapes of the 216.7 MHz fiber laser as calculated from the optical
spectra. The laser output power is 154 mW, 71 mW, and 57 mW, respec-
tively. All pulse shapes are normalized to the individual pulse energies.

caused by the output coupler and the amplification in the gain fiber and they are
characteristic for the soliton-like pulse formation [Kel92].

Using the measured optical spectra, the expected temporal pulse shapes were
calculated by Fourier transformation under the assumption that transform limited
pulses exit the laser. These temporal profiles are depicted in Fig. 6.9. The corre-
sponding pulse durations are listed in table 6.3. FWHM pulse durations around 90 fs
are expected from the optical spectrum for the three different output power settings.

Figure 6.10 shows the optical spectrum for a constant pump-power but for dif-
ferent wave-plate settings. The output power varies between 101 mW and 141 mW.
Table 6.2 again summarizes the operation conditions and the pulse properties. It is
clearly visible that the spectral shape changes significantly for the different settings.
Furthermore, the resonant sidebands at the short-wavelength side of the optical spec-
trum get more pronounced when the output-power is decreased. The central wave-
length shifts to larger wavelengths when the laser output power is decreased. The
observed optical spectra are not yet entirely understood. Sources for the asymmetry
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output  pulse estimated ~FWHM spectrum

power energy pump power (sechQ—ﬁt)

(mW)  (p])  (mW) (nm)
59 272 435 22.9
76 351 520 20.1
154 711 960 21.5
101 466 890 26.5
111 512 890 27.4
121 558 890 27.1
131 605 890 25.3
141 651 890 23.1

Table 6.2: Properties of the 216.7 MHz fiber laser beam. Top: different pump power

settings and wave-plates optimized for maximum output power. Bottom:
constant pump power but different wave-plate settings. The last column
shows the FWHM of the sech?-fit to the optical spectrum (see Figs. 6.8
and 6.10).

FWHM FWHM FWHM FWHM FWHM
autocorrelation autocorrelation pulse duration pulse duration pulse duration
from spectrum measured from spectrum sech?-fit Gauss-fit

(fs) (fs) (fs) (fs) (fs)
136 137 85 85 96
156 151 94 96 108
146 136 88 87 98
94 88 61 58 64
94 93 65 60 67
105 108 68 63 71
115 113 72 71 80
125 127 78 80 90

Table 6.3: Autocorrelation and pulse widths for the above settings of the 216.7 MHz
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fiber laser. In addition to the measured autocorrelation widths also the
ones determined from the pulse shapes derived from the optical spectrum
are shown (see Figs. 6.9 and 6.11). The last two columns show the pulse
widths of sech? and Gaussian-shaped laser intensity profiles resulting from
fits to the measured autocorrelation.
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Figure 6.10: Optical spectra of the 216.7 MHz soliton fiber laser for a constant pump
power of around 890 mW and different wave-plate settings. The laser
output power ranges between 101 mW to 141 mW.
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Figure 6.11: Pulse shapes of the 216.7 MHz fiber laser as calculated from the optical
spectra. A constant pump power but different wave-plate settings are
used, resulting in a output power of 101 mW to 141 mW. All pulse
shapes are normalized to the individual pulse energies.

of the spectral sidebands are the wavelength dependent gain in the erbium-fiber as
well as third order fiber dispersion. A possible source for the shift of the central
wavelength is an intensity dependent gain profile of the erbium fiber caused by gain
saturation.

The temporal pulse shapes calculated from the optical spectra are shown in 6.11,
the corresponding pulse durations are presented in table 6.3. The expected pulses
get as short as 60fs FWHM as the laser output power decreases and the spectral
width increases.

6.8 Measurement of the pulse duration under different
operation conditions

To verify the expected pulse durations, interferometric autocorrelation measurements
were performed. Figure 6.12 shows the measured autocorrelation trace for a laser
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Figure 6.12: Interferometric autocorrelation of the 216.7 MHz soliton fiber laser op-
erated at an output power of 154 mW. In addition, the envelopes result-
ing from fits assuming Gaussian and sech?-shaped intensity profiles are
shown as well as the envelope resulting from the pulse shape determined
from the optical spectrum.

output-power of 154 mW. In addition, the fit-results are shown when assuming a
Gaussian-shaped and a sech?-shaped intensity profile. Furthermore, the expected
autocorrelation trace for a temporal profile as calculated from the optical spectrum
is shown. The last one shows the best agreement with the measurement.

From the fact that interference fringes are visible also in the tails of the autocor-
relation trace, it can be deduced that the pulses coming from the laser are nearly
transform-limited.

Figure 6.13 shows the autocorrelation traces when the laser is operated at different
pump-power settings. For each pump power setting, the wave-plates are adjusted for
maximum output power. In Fig. 6.14 the autocorrelation traces for the situation of
a constant pump-power and different wave-plate settings is shown. In table 6.3 the
FWHM durations of the measured autocorrelation traces as well as of the Gaussian-
and sech®-shaped fits is shown. In addition, the table shows the autocorrelation
widths which are expected from the temporal profiles calculated from the optical
spectra. The results show that in nearly all operation modes a pulse duration below
100fs FWHM is reached. The shortest laser pulses that are generated are around
60 fs FWHM.
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Figure 6.13: Interferometric autocorrelation of the 216.7 MHz laser operated at an
output power of 154 mW, 71 mW, and 57 mW, respectively.
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Figure 6.14: Interferometric autocorrelation of the 216.7 MHz laser operated at a
constant pump power but at different wave-plate settings with an out-
put power between 101 mW and 141 mW.

74



7 Fiber-link stabilization

An actively stabilized distribution scheme based on optical fibers and a balanced
optical cross-correlator was developed in order to distribute the timing information
provided by the MLO within the accelerator without deteriorating its accuracy. The
development of the cross-correlator and first test of the fiber-link stabilization were
done in collaboration with Franz Kartner’s group at MIT.

7.1 Setup

The principle of the fiber-link stabilization has already been described before and
the schematic setup is depicted in Fig. 7.1. The laser pulses are transmitted via
optical fibers to the remote device to be synchronized. At the link end, part of
the laser power is used for the synchronization and another part is reflected and
travels back through the same fiber to the location of the MLO. In an optical cross-
correlator, the relative timing between the reflected laser pulse train and the pulse
train coming directly from the MLO is measured. By this method, all changes of the
link transit time happening on a time scale longer than the link round trip time can
be detected. For a 400 m long fiber-link the round-trip time is around 4 us. Timing
changes of the link are mainly induced by thermal expansion or extraction of the
fiber, temperature induced changes of the refractive index and by vibrations and
L. Vibrations act on the fastest time scale, but even these times
are typically longer than a millisecond. Even at link-lengths of 4 km, as they will be
needed for the European XFEL, the round trip time is only 40 us and not a limitation
for the measurement of the link timing.

mechanical stress

The optical cross-correlator is sensitive to the polarization of the incident light.
A standard single-mode fiber is used in the fiber-link, in which the polarization of
the light changes by temperature variations or by mechanical stress. In order to
make sure that the polarization of the laser pulses returning from the link remains
constant in spite of polarization changes in the fiber, a Faraday rotating mirror
instead of a normal mirror is used at the end of the fiber-link. In this way, the
polarization of the reflected light is rotated by 90° and the reflected light pulses see
the opposite polarization change of the incoming pulses. When the reflected pulses
arrive at the optical cross-correlator, their polarization is turned by 90° compared to
the polarization with which they were coupled into the fiberlink. Only rapid changes

L1t was found that even changes of the air humidity have an effect on the link round-trip time.
A possible explanation is that the properties of the fiber cladding depend on the air humidity,
which causes mechanical stress on the fiber.
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Figure 7.1: Schematic setup of the fiber-link stabilization. The fiber-link ends after
the Faraday rotating mirror and, in this case, the timing-stability of
the laser pulses from the fiber-link is measured by performing a second
cross-correlation with the pulses from the laser.
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7.1 Setup

of the fiber birefringence occurring on a time scale of less than the round-trip time
lead to polarization variations of the returning laser pulses. The birefringence is
changed by the same sources as the fiber length (see above) and so, changes of the
birefringence happen on a time scale which is long compared to the link round-trip
time.

A piezo-electric fiber-stretcher and an optical delay stage are used to compensate
for timing changes detected by the cross-correlator. The regulation scheme is the
same as used for the MLO.

The analog signal from the cross-correlator is digitized with an ADC and sent
to a PID controller implemented in a digital signal processor. The PID signal is
converted into an analog signal in a DAC, amplified, and sent to the piezo-electric
fiber stretcher. The fiber stretcher has a mechanical resonance around 18 kHz and in
order to be able to use a high gain of the control-loop, a regulation bandwidth from
500 Hz to 1kHz is used. Since the timing changes of the fiber-link are very slow, this
regulation bandwidth is sufficiently fast.

When the maximum range of the fiber stretcher has been reached, the optical
delay stage is moved, under the control of a DOOCS server, until the fiber stretcher
is again within its regulation range. By moving the delay stage, the server is also
capable of establishing the temporal overlap between the pulse trains from the laser
and from the fiber-link. This is needed when the system is initially started or when
the MLO has lost its RF lock for a longer period in which the link timing changed
by more than the laser pulse duration (~ 100 fs).

An erbium-doped fiber amplifier (EDFA) is installed before the Faraday rotating
mirror to compensate for laser power losses along the fiber-link. This amplifier leads
to an increased output power from the semi-transparent Faraday rotating mirror and
it amplifies the back-traveling laser pulses a second time, compensating for the power
loss from the mirror. The pulse energy in the link is kept below 100 pJ in order to
reduce nonlinear effects.

In the setup depicted in Fig. 7.1, the laser pulses from the fiber-link are guided
into a second cross-correlator and their timing is compared with the timing of the
pulses directly from the laser. This allows for the verification of the stabilization
accuracy of the fiber-link.

7.1.1 Laser pulse broadening in the fiber-link

Since short laser pulses are needed at the remote-location and at the fiber-link cross-
correlator, a dispersion compensating fiber is installed inside the fiber-link. This
fiber has a dispersion factor of D ~ —120—PI— compared to D ~ 17— for
standard single mode fiber. About a seventh of the length of the standard single-
mode fiber is required to compensate for the dispersion of the standard fiber. The
dispersive length (see appendix D) of a Gaussian laser pulse with a FWHM pulse
duration of 100fs is about 7.9 cm in standard single-mode fiber and slightly larger
than 1 cm in the dispersion compensating fiber. In order to prevent significant pulse

broadening by the fiber-link, the length of the dispersion compensating fiber has
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7 Fiber-link stabilization

to be correct within ~ 1cm, independent of the link length. This is achieved by
measuring the autocorrelation of the pulses returning from the link while the fiber
lengths are adjusted.

Even if the ratio between the lengths of the standard fiber and the dispersion
compensating fiber is ideally chosen, the pulse will still broaden by the fiber-link.
One of the reasons is the fact that about 10% of the third-order dispersion (3 from
the standard fiber is not corrected for by the dispersion compensating fiber. This
can only be overcome by an additional third-order correction or an additional fiber
type used in the dispersion correction.

A second reason for a pulse broadening by the fiber-link is polarization mode
dispersion (PMD). The group velocities of orthogonal polarization components are
identical only for a perfectly symmetric optical fiber. In a real fiber, however, the
core is not perfectly round and the material purity is not perfect which together
with local imperfections and mechanical stress creates variations of the refractive
index. This results in different group velocities for different polarization states. The
fast-axis of a fiber is defined as the polarization orientation leading to the fastest
propagation velocity. Perpendicular to this axis is the slow-axis of the fiber. A long
fiber can be considered to be composed of many sections with different orientations
of the fast and slow axis. At every section interface, the power of a pulse from either
the fast or the slow axis of the previous section couples into both axes of the new
section. The distribution of the pulse energy between both axes is determined by the
angle between the fast axis of the previous and the new section. The consequence is
that a single laser pulse coupled into the fiber splits up into many laser pulses, all
traveling at a slightly different group velocity. The superposition of all these single
laser pulses results in a pulse which is broadened compared to the initial pulse.

The manufacturers of optical fibers in many cases specify the rms widths of the
pulse broadening due to PMD, which is typically around 80 fs/ km'/ 2 for the stan-
dard single-mode fiber as well as for the dispersion compensating fiber. This corre-
sponds to about 50 fs of pulse broadening due to PMD after a 400 m long fiber-link.
The model the fiber manufacturers assume is an infinite number of sections with
different slow- and fast axis orientations, resulting in a symmetric pulse broadening.
According to [Aud08], in practice, optical fibers are unpredictable and can be com-
posed from two up to a large number of sections. A small number of sections can
have the consequence that PMD broadens the pulse asymmetrically.

In practice, the remaining higher order dispersion and PMD induced pulse broad-
ening lead to a lower limit of the achievable pulse duration. For a 400 m long fiber-link
and an initial laser pulse duration of 100 fs FWHM this is about 200 fs to 250 fs for
a single passage through the link and about 300fs to 400fs after a complete link
round-trip.

It should be noted that the presented fiber stabilization scheme also works with
polarizations maintaining fibers, by which the effect of PMD can be eliminated.
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Figure 7.2: Operation principle of the balanced optical cross-correlator.

7.2 Balanced optical cross-correlator

The precision with which the optical length of the fiber-link can be stabilized is
limited by the resolution of the detector measuring the relative timing between the
pulses from the MLO and the returning pulses from the fiber-link. A conventional
scheme is to detect the laser pulse train by a photo detector and to use RF based
schemes for the timing detection. In order to overcome resolution and long-term sta-
bility issues of microwave phase detection schemes, a timing detection scheme based
on balanced optical cross-correlation in a nonlinear crystal was developed [KCZ107].

Inside a nonlinear crystal, the two pulse trains generate a sum-frequency signal,
which in case of identical optical fundamental frequencies of the two pulse trains is
the second harmonic of the fundamental frequency. For two pulse trains with central
wavelengths of 1550 nm, the wavelength of the second harmonic wave is 775 nm.
The power level of this second harmonic signal is proportional to ]Esum|27 where
FEqum = FE1 + E» is the sum of the electrical fields from the two optical pulse trains,
which for short optical pulses depends strongly on the temporal overlap of the two
pulse trains.

The easiest way to realize an optical cross-correlator is to directly use the power
level of the second harmonic signal as a measure of the relative timing between the
two pulse trains. A disadvantage is, however, that this signal not only depends on
the temporal overlap of the two pulse trains but also on their light intensity. Power
level variations of either of them will be misinterpreted as a change of the relative
timing.

In order to overcome this intensity dependence, a balanced optical cross-correlator
based on a single type-II PPKTP? crystal was developed. The schematic layout is
depicted in Fig. 7.2. For the second harmonic generation (SHG) in a type-II crystal,
two light waves with perpendicular polarizations are required. This is a big advantage
compared to type-I crystals, where only one polarization is required for the SHG,
since in the latter case, a background signal of both pulse trains is generated even

2 PPKTP: periodically poled Potassium Titanium Oxide Phosphate (KTiOPO4)
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if the pulses do not have temporal overlap. In contrast, the type-II crystal allows a
background free detection of the temporal overlap.

The two light waves with perpendicular polarization, called the ordinary and the
extraordinary wave, experience a different refractive index in the anisotropic PPKTP
crystal and thus travel at different group velocities. Depending on their temporal
offset, this causes the two pulses to shift over each other while they travel through
the crystal. Only at the locations in the crystal, where both pulses have temporal
overlap, a second harmonic signal is generated, the intensity of which depends on the
temporal overlap. The second harmonic is coupled out and sent to the first detector,
while the fundamental waves are reflected by a dichroic mirror. Inside the crystal,
the two light pulses generate a second sum-frequency signal and they further shift
with respect to each other. The second harmonic signal is again coupled out by a
dichroic mirror and measured with a second detector. In the recent crystals, which
were however not used for the measurements within this thesis, the dichroic mirror
reflecting the fundamental is realized by a coating on the crystal surface.

When the two light pulses enter the crystal with a temporal offset as depicted in
Fig. 7.2, the temporal shift between them is such that at the end of the crystal they
completely overlap. After the reflected pulses passed the crystal a second time, their
temporal offset is identical to the initial one but their order is changed. The inte-
grated overlap of the two pulses is identical for both ways through the crystal, giving
the same second harmonic intensity at both detectors. With a different temporal
offset between the pulses entering the crystal, the integrated overlap of both ways
through the crystal differs from each other, resulting in different second harmonic
intensities at both detectors. By using the difference signal of both detectors for the
timing measurement and by measuring near the situation, where both detectors give
identical signal strengths, amplitude changes of the incident light pulses are strongly
suppressed. Figure. 7.3 shows the measured signals of the two detectors when the
relative timing between the two optical pulse trains is changed. Photo-multiplier
tubes have been chosen as the detectors in this measurement and the duration of
the laser pulses was about 100 fs FWHM for both pulse trains. The difference signal
of both detectors is an S-shaped curve and for a symmetric signal from both detec-
tors, the zero-crossing is not affected by laser amplitude changes. The slope of the
S-shaped curve, however, will be modified. In the measurement, the two detector
signals have a slightly different shape, resulting in an asymmetric difference signal.
This leads to a reduced suppression of laser amplitude noise. The reason for this
different response is not yet understood.

For a sustained energy transfer from the fundamental light waves to the second
harmonic signal, the phase matching between these signals is very important. When
the propagation velocities of the fundamental and the second harmonic wave differ
from each other, the phase between both signals is shifted along the crystal and when
the shift reaches 180°, light energy is transferred back from the second harmonic to
the fundamental wave. To achieve sustained energy transfer to the second harmonic
wave, a crystal with periodic poling is used, resulting in quasi-phase-matching. At
every position a phase shift of 180° between the fundamental and the second har-
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Figure 7.3: Measured signal strength of the two cross-correlator detectors for differ-
ent temporal offsets of the two laser pulses at the crystal entrance. The
zero-crossing of the difference signal is used for measurements of timing
variations between both optical pulse trains.

monic wave is reached, the crystal orientation is rotated by 180°. The poling period
required for this is determined by the difference between the indices of reflection
of the fundamental and the second harmonic wave. For KTP?3, the required poling
period is 46.2 pym.

The conversion efficiency of the crystal was measured to be about 4 - 1072 for
200 fs long laser pulses (FWHM) with a pulse energy of 77 pJ [KCZ'07].

7.3 Measurement results of the fiber-link stability

The long-term stability of the optical fiber length stabilization cannot be measured
with the internal cross-correlator which is part of the feedback loop. Instead, an
independent external cross-correlator (see Fig. 7.1) is used, which will be referred to
as the out-of-loop cross-correlator. Figure 7.4 shows a measurement of the spectral
timing jitter density of a stabilized 300 m long fiber-link. The fiber was wound onto
a spool and placed inside a laboratory. The integrated timing jitter in the frequency
range from 10Hz to 100kHz is 9.2fs. One can clearly see that this measurement
is limited by the detector noise floor. The increased noise with a maximum at
about 800 Hz and the long tail towards higher frequencies comes from a not well
adjusted feedback loop. Only at frequencies lower than a few hundred Hertz, noise
contributions from vibrations, which are not entirely suppressed by the feedback
loop, are visible.

3 Potassium Titanium Oxide Phosphate (KTiOPO4)
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Figure 7.4: Measured spectral timing jitter density of a 300 m long stabilized fiber-
link.

In order to investigate the influence of a noisy accelerator environment on the
stability of the fiber-link, a 400 m long link was installed around the circumference
of an accelerator hall. A 200 MHz soliton laser was used as the reference laser. By
means of an optical delay stage and a fiber stretcher, the fiber-link was stabilized
over a period of twelve hours. As in the previous measurement, the timing stability
of the link was measured with an out-of-loop cross-correlator, in which the timing of
laser pulses from the link-end and from the laser was compared [LCM*07].

The laser was not locked to an RF source in order to long-term stabilize the laser
frequency. A laser frequency change has the consequence that the actuators have
to change the link-length to keep the temporal overlap between the pulses from the
laser and those returning from the link constant. When this correction is made, the
temporal overlap in the out-of-loop cross-correlator is still the same.

Figure. 7.5 shows the results of this long-term measurement. In order to correct
for relatively fast changes of the laser frequency, both actuators, fiber stretcher and
optical delay line, were continuously changing the fiber-link length (top and cen-
ter plot). The bottom plot shows the timing change after the fiber-link, which is
measured with the second, out-of-loop, balanced cross-correlator. The measurement
bandwidth is 200 kHz. The overall rms timing jitter is 7.5fs but it is obvious that
there is a systematic slow timing drift present. This drift is visualized by the red
curve, which represents a floating average over 100s. The rms timing jitter about
this smooth curve amounts to 4.4 fs rms.

The slow timing drift of about 25fs over the entire duration is most likely a
measurement artifact. The required polarization for the out-of-loop cross-correlator
was manually adjusted with wave-plates after the fiber-link. During the measurement
period, however, the polarization in the fiber-link changed and after 12 h, the optical
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7.3 Measurement results of the fiber-link stability
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Measured short- and long-term stability of a 400 m long stabilized fiber-
link. The fiber is installed around the circumference of an accelerator
hall. Top: length correction by the optical delay stage. Center: length
correction by the piezo fiber-stretcher. Bottom: Timing change after the
fiber-link measured with the out-of-loop cross-correlator.

83



7 Fiber-link stabilization

power entering the cross-correlator was reduced by 20%. The out-of-loop cross-
correlator was not perfectly balanced and the observed timing drift could very well
be a remaining amplitude dependence of the cross-correlator.

It is interesting to note that a timing correction of about 40 ps is required. The
reason can either be a larger change of the laser frequency, or, more likely, thermal
expansion of the fiber.

The temperature coefficient of an optical fiber has two contributions: The thermal
expansion coefficient

1 0L
e = ——— 1
Olt-e L aT ) (7 )
and the thermo-optic coefficient
10n
0= —— . 2
Yo = ar (7:2)

Both coefficients have contributions from the optical fiber itself and from the cladding
material surrounding the fiber (see e.g. [LTMUR89]). The timing change after the
fiber-link with temperature is then given by

% ~ % (at_e + at—o) . (73)
In the last equation we neglect the fact that the group velocity inside a fiber is
slightly different from the phase velocity. The thermal expansion coefficient of a
standard silica-fiber of ay. < 1076 [LTMUS89] is small compared to the contribution
from the thermo-optic coefficient, which is about a4, ~ 8-1076 [LTMUS9]. A timing
change of 40 ps corresponds to a fiber-temperature change of about 2.5°C with the
numbers given above. Such a temperature change is indeed realistic, as the fiber was
installed along the windows of the accelerator hall and the measurement took place
from midnight to noontime.

7.4 Fiber-links installed at FLASH

Two of the described fiber-links with lengths of around 230 m and 300 m have been
installed at FLASH. One of them was operated for over 6 months. The experimental
setup is very similar to the one depicted in Fig. 7.1. A modification is two additional
motorized wave-plates which are installed in front of the collimator at the link en-
trance. They are used to adjust the polarization at the end of the fiber-link. This is
required for bunch arrival-time monitors installed at the end of the fiber-links. The
fiber-links are driven with the pulses from the 216.7 MHz MLO. The laser frequency
is locked to the master oscillator of the machine.

Figure 7.6 shows the overall timing correction of the piezo-stretcher and the optical
delay line which is required to stabilize the fiber-links. The first thing we notice is
that the fast timing corrections we observed in Fig. 7.5 are not existing anymore.
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7.4 Fiber-links installed at FLASH
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Figure 7.6: Required timing correction of two fiber-links installed at FLASH over a
period of two months.

The reason is the stabilized laser frequency. Also the error signal of the feedback-
loop was much smaller and the in-loop measurements gave a timing stability of the
fiber-links of only 0.2 fs at a measurement bandwidth of 3 kHz.

Over about two months, more than 50 ps of timing correction was required. This
is caused by a temperature increase of the tunnel between April and June. The
temperature induced oscillations of the correction signal from day to night are also
clearly visible.

An interesting observation was made after the installation of a new 1.3 GHz master
oscillator. The correction signal of the fiber-links showed an oscillation with a period
of about three minutes and the required timing correction is larger for the 300 m fiber-
link than for the 230m link (see Fig. 7.7). A possible explanation is a frequency
oscillation of the master oscillator. A relative frequency change of about +4 - 1078
peak-peak would be required to explain the measured timing change of the fiber-links.
Such a large frequency change exceeds the specified stability range of the oscillator
of 1-1078. Since the MLO had to be disassembled, no further investigations on this
topic were possible, but it is evident that the observed oscillation was not a problem
of the optical synchronization system but is was also visible on the FEL pulse energy,
when it was low (see Fig. 7.8). Further investigations on this topic are planned.

85



7 Fiber-link stabilization

Fr T T T T T

200 b s link to BAM2 (230m ]

m IR link to BAM1 (300m) -
~— :.n\l' i . ‘r.‘ o ?l .
S 100 | 'A”“ f 0t ]
k9] [ ‘ ] fi w ]
[0) | A [
- ) OV VT NV &y
g O BEARRAREARR LR TTIVE ]
o0 I i ty \ o 1 . i
£ [ AR AR AVA VW A
£ -100 P AL P
s MW
c 3 i R
= 200 | V .

: i

L n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1y 1

0 20 40 60 80 100

time (min)

Figure 7.7: Short-term oscillation of the required link-timing correction of two fiber-
links installed at FLASH. The oscillations appeared after a new 1.3 GHz
master oscillator was installed.
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Figure 7.8: Short-term oscillation of the FEL pulse energy. The oscillations appeared
after a new 1.3 GHz master oscillator was installed and when the FEL
pulse energy was low.
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Figure 7.9: Experimental setup to characterize the influence of an EDFA on the
timing stability of an optical pulse train.

7.5 Influence of erbium-doped fiber amplifiers on the timing
stability of optical pulse trains

A key component of the optical synchronization system is the erbium-doped fiber
amplifier (EDFA). These amplifiers are needed at many locations of the system and
a complete chain from the laser to the component to be synchronized will contain
three or more EDFAs. The first one will be installed after the distribution unit of the
laser to provide sufficient laser intensity for the cross-correlator. A second EDFA is
installed inside the fiber-link to compensate for losses in the fiber-link. A third one is
installed after the link in order to provide sufficient laser power for the end-station.
A careful characterization of the influence of the EDFAs on the performance of the
synchronization system is important.

The balanced optical cross-correlator was utilized to measure the timing jitter
added by an EDFA with sub-femtosecond resolution (see Fig. 7.9) [LAF*08a]. The
100 fs long laser pulses of a 200 MHz soliton laser are amplified by a counter-pumped
EDFA. Since the cross-correlator requires short laser pulses, the EDFA was disper-
sion compensated. The timing jitter contribution of the EDFA was measured for
various optical input-powers and different powers of the 974 nm pump light. Since
the response of the cross-correlator depends on the intensity and pulse length of the
incoming laser pulses, a new calibration of the detector was performed for every set
of parameters.

Figure 7.10 shows the integrated timing jitter added by the EDFA in the frequency
range from 500 Hz to 4.5 MHz. For a weakly pumped EDFA and optical input powers
below 1 mW, the added timing jitter reaches up to 40fs. Under optimized working
conditions, the added timing jitter is around 0.5fs (rms).

The gain fiber is not entirely saturated for weak pump powers and hence, ab-
sorption of the pulse train occurs. At large amplifications, the output pulse energies
reach up to 0.5nJ (100 mW output power). The laser pulses are distorted at these
pulse energies due to nonlinearities inside the optical fiber (see Figs. 7.11 and 7.12)
and intensity noise of the optical pulse train is converted into changes of the pulse
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Figure 7.10: Timing jitter added to the optical pulse train by the EDFA measured
in the frequency range from 500 Hz to 4.5 MHz.
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Figure 7.11: Autocorrelation traces of the amplified laser pulses for different optical
input powers and different pump powers of the EDFA.
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Figure 7.12: Autocorrelation traces of the amplified laser pulses for different optical
input powers and different pump powers of the EDFA (continued).
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Figure 7.13: Top: timing jitter spectral density of the amplified laser pulses for differ-
ent EDFA pump power settings and an optical input power of 3.3 mW.
Bottom: integrated timing jitter added by the EDFA starting the inte-
gration at 500 Hz.
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7 Fiber-link stabilization

shape.

Figure 7.13 shows the spectral density distribution of the timing jitter added by
the EDFA (top). An amplifier used after the photo-multiplier tubes of the balanced
optical cross-correlator is responsible for the increasing timing jitter contribution
above about 1 MHz. The bottom plot shows the integrated noise starting the inte-
gration at 500 Hz and in the frequency range below 1 MHz only 0.2 fs of timing jitter
is added for optimized conditions.

7.6 Drift-free RF based timing detector

The fiber-link stabilization scheme presented above provides a very good stability.
However, it is not easily possible to further distribute the timing information, which
was transported to a remote location via a fiber-link, to additional devices nearby,
without significantly deteriorating the timing stability. The reason is the above-
mentioned change of the refractive index of the fiber with temperature.

When we consider a 20m long standard single-mode fiber by which the timing
signal is transmitted to another device, 1°C of temperature change would already
shift the timing by around 800fs (see Eq. 7.3), assuming the temperature coeffi-
cients mentioned above. This has the consequence that either, every device needs
its own stabilized fiber-link, which is rather expensive, or, the length change of the
short distribution fiber to the second device has to be precisely measured and, if
needed, corrected for with an actuator. This requires an accurate timing detection,
and in order to provide a cheap and simple alternative to the above described sub-
femtosecond resolution optical cross-correlator, a long-term stable, high resolution
RF based detection scheme was developed within this thesis. In a first prototype,
realized within a diploma thesis [Zem08], the resolution and long-term stability of
this detection scheme was measured to be better than 20 fs.

Conventional RF based timing detection schemes for measuring temporal changes
between two optical pulse trains use two photo-detectors, one for each pulse train,
to generate an electrical signal from the light pulses. From each photo-detector
signal a high harmonic of the laser repetition rate is selected with a band-pass filter.
These signals are amplified and a phase detection between both signals is performed,
typically in a microwave mixer. This concept has a couple of limitations deteriorating
its long-term stability. The first one is the dependence of the phase of the selected
harmonic on the laser amplitude and the temperature of the photo-detector. Since
two different photo-detectors are used, this can cause a relative time shift between
both signals. Another limitation comes from a temperature dependence of the band-
pass filters. A temperature change leads to a phase change of their output signal,
which due to two different filters again leads to a relative timing shift between both
signals. Finally, the mixer output signals depends on the mixer temperature and
temperature changes are misinterpreted as changes of the relative timing between
both pulse trains.

To overcome these long-term stability limitations, the scheme depicted in Fig. 7.14
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Figure 7.14: Schematic setup of the RF based timing detector. Two optical pulse
trains are guided onto the same photo detector and the power levels
at two different harmonics of the laser repetition rate are measured.
Due to interference of the RF signals, the power levels in the harmonics
change with variations of the temporal offset At between both pulse
trains. From the difference signal of both power levels, variations of At
can be deduced without being deteriorated by laser amplitude changes.

was developed. The two laser pulse trains are combined and guided onto the same
photo-detector. When the laser pulses have a temporal offset At, the RF spectrum
from the photo-detector is modulated. The reason is that the contributions from
both pulse trains to the n-th harmonic of the laser repetition frequency fy have a
relative phase shift of ¢(nfy) = 2mn foAt, so they interfere with each other.

Figure 7.15 shows an example of this interference for two different values of At.
The power levels of the spectral lines changes due to variations of At and when we
consider the last two frequency lines in the bottom plot of Fig. 7.15 (f = 22fy and
f = 23fy), the power levels of these lines react in opposite directions when At is
changed. Changes of the laser amplitudes, however, have the same effect on both
spectral lines. By measuring the difference of two spectral lines of equal power levels,
we can measure timing changes without being dependent on laser amplitude changes.

Figure 7.16 shows the difference signal between the power levels of the spectral
lines with f = 22fy and f = 23f; as a function of the temporal offset At. The signal
has the highest slope at the zero crossings and for a temporal offset near At = 1/2-Tj.
This temporal offset is the ideal choice for the timing measurement.

Since the detection scheme uses only a single photo-detector to measure both
pulse trains, temperature changes of the detector do not affect the measurement
anymore, as the effect is identical for both pulse trains. Also a temperature induced
phase shift from the band-pass filters does not influence the measurement, since only
the power levels of the spectral lines are detected. By taking the difference signal
between two adjacent frequency lines, also the dependence on the laser amplitude
can be suppressed.

Figure 7.17 shows a measurement from [Zem08], where the long-term stability of
the detector was investigated. For this, the pulse train of the laser was split and
the two pulse trains were guided onto the photo-detector with a temporal offset near
AT =~ Ty/2. In order to get a high resolution, the measurement scheme was realized
at the 44-th and 45-th harmonic of a 216.7 MHz laser. An rms stability of 19fs over

93



7 Fiber-link stabilization

pulse train 1 —— frequency spectrum oy

pulse train 2 —— envelope function - 2

(]

g S
: ©
Q -+
% g
8 a
(8] 0
- A
(]

=

]

o

T T T N T T T T T T >

pulse train 1 —— frequency spectrum =]

. . (%3]

pulse train 2 —— envelope function ---------- c

A (]
9] ! O R R B
5 N i
o b g
qtl'?) '\‘ \; ! o
3] L wn
u \ @
Ll 0

Vi =

H 3

) a

0 Ty 2Ty 31y 4Ty 0 5fo 10fys 15fy 20fy
time frequency

Figure 7.15: Superposition of two optical pulse trains (left) and corresponding power
spectral density of the photo-detector signal (right). Top: the pulses
from both pulse trains have temporal overlap. Bottom: The temporal
offset between both pulse trains is At ~ 0.49 - Tj.
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Figure 7.16: Difference signal between the power levels of the 22"d and 23" har-
monics of the laser repetition rate as a function of the temporal offset
At.
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Figure 7.17: Long-term stability of the RF based timing detector, measured by split-
ting the laser output and by delaying the two signals by AT ~ Ty/2
before sending both signals onto the same photo-detector. Over about
9 hours, the rms stability of the detector is 19fs. The measurement is
from [Zem08].

about 9 hours was achieved.

As expected, the resolution of this scheme is significantly lower than the one from
the optical cross-correlator. However, the scheme is cheaper and much easier to
realize, since the detector is not polarization dependent and not very sensitive to
the laser pulse duration unless the pulses become long enough so that the selected
frequency components start to decrease significantly.

It is planned to use this scheme for the synchronization of devices at FLASH which
do not require the ultimate performance of the cross-correlator based stabilization

scheme.
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8 Bunch arrival-time monitor

In order to take full advantage of the short electron bunches and the resulting short
photon pulse durations on the order of 10fs and below, arrival-time measurements
of the electron bunches with the same 10fs precision are required. The precise
knowledge of the bunch arrival-times can be utilized to improve the resolution of
pump-probe experiments by sorting the events according to their measured arrival-
times. Furthermore such a precise arrival-time detection allows identifying sources
of the jitter and finally stabilizing the arrival-time of the electron bunches by using
the measurements as an input for an arrival-time feedback.

Previous arrival-time monitors like the electro-optic methods described in chap-
ter 3 have so far only been demonstrated to provide resolutions of about 60 fs
rms [Cav05]. This resolution is dominated by the accuracy of the RF based laser
synchronization. The electro-optic methods described in chapter 3 use Ti:Sapphire
lasers which are expensive and require continuous maintenance thus making the
systems unsuitable as online monitors. Furthermore, the measurement frequency is
limited to a few Hertz due to the data acquisition with a gated camera and hence only
the arrival-time of a single bunch out of the bunch-train can be measured. Many
experiments, however, require the knowledge of all arrival-times along the bunch
train.

In the course of this thesis, a bunch arrival-time monitor (BAM) has been de-
veloped which uses the laser pulses of the optical synchronization system. Thereby,
additional sources of jitter are avoided. Furthermore, the arrival-time information
can be distributed with high stability to different locations in the accelerator.

A first prototype of the arrival-time monitor used a ring-type beam pick-up whose
signal was sent through a 30 m long cable to an electro-optic detection scheme. The
final system uses a button-type beam pick-up, and the electro-optic detection takes
place directly at the pick-up. By this, the resolution of the final system is almost an
order of magnitude better than in the prototype.

8.1 Principle of the arrival-time monitor

A schematic of a first BAM prototype is shown in Fig. 8.1. The pulse train of a
40.625 MHz stretched pulse laser is split and guided into two electro-optical am-
plitude modulators (EOMs). The EOMs have a bandwidth of around 20 GHz and
they consist of a Mach-Zehnder interferometer. Inside the EOM, the laser signal
is split and travels through two waveguides which contain a lithium niobate crystal
(LiNbOs3). In the presence of an electrical field, LINbO3 becomes birefringent. An
RF signal is applied to the two waveguides with opposite polarity and the resulting
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Figure 8.1: Schematic setup to measure the arrival-time of the beam pick-up signal.
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Figure 8.2: Operation principle of the bunch arrival-time monitor.
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birefringence causes a phase shift between the laser pulses in both waveguides. By
recombining the two laser pulses, this phase shift is translated into an amplitude
modulation of the output laser pulse train.

The modulation voltage is derived from the signal of a beam pick-up with a
bandwidth of several GHz. An electron bunch passing the pick-up induces a voltage
signal, the shape of which is determined by the time derivative of the electron bunch
charge density folded with the beam pick-up response. The zero-crossing of this
voltage signal is a measure of the bunch centroid arrival-time.

The laser is locked to the 1.3 GHz reference signal of the machine and a vector
modulator allows shifting the timing between the laser and the machine reference.
This allows scanning the laser pulse over the signal from the beam pick-up.

The timing of the laser pulse train is adjusted such that one laser pulse coincides
with the zero-crossing of the beam pick-up signal (see Fig. 8.2). This laser pulse
defines the reference time, and timing changes of the electron bunches with respect
to this reference lead to a different modulation voltage seen by the pulse. By this,
the arrival-time of the electron bunch is encoded onto the laser pulse amplitude. The
laser pulse energy is detected with a photo-detector and digitized with a fast ADC.
The ADC is clocked at twice the repetition rate of the laser in order to provide the
possibility to sample the signal and the baseline. Since the signal from the photo
detector has a width of only ~ 3 ns, the detection of the laser amplitude is sensitive
to a jitter of the ADC clock. To minimize this jitter, the ADC clock is generated
directly from the laser by feeding the second harmonic of the laser repetition rate
into a limiting amplifier. The resulting ADC clock has a timing jitter of less than
1ps rms. With this setup, the pulse energy of the modulated laser pulse can be
determined with an accuracy of about 0.2-0.4%.

8.2 Arrival-time measurements with a ring-type beam
pick-up

In the first series of measurements, a ring-type beam pick-up was used. A schematic
of the pick-up is shown in Fig. 8.3. It consists of a thin metal ring with an inner
diameter of 34 mm. The beam induced transient signal is coupled out using two
feed-throughs mounted in opposite directions in the horizontal plane. After 30 m of
cable, the signal has a peak-to-peak voltage of more than 30V and a bandwidth of
more than 5GHz. At the zero-crossing position, the slope is 0.25V/ ps.

The maximum modulation voltage of the EOMs is +5V. In order to prevent
damage of the EOMs, a limiter with a bandwidth of 26 GHz is installed. Figure 8.4
shows the pick-up signal after 30 m of cable and behind the limiter, measured with an
oscilloscope with 8 GHz analog bandwidth. Using the vector modulator, the sampling
laser pulse was shifted over the beam pick-up signal. The bottom plot of Fig. 8.4
shows the laser pulse energy at different sampling positions along the beam pick-up
signal. The shape of the beam pick-up signal is mapped inversely onto the pulse
energy. At large negative beam pick-up voltages the pulse energy is increased to a
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Figure 8.3: Technical drawing and 3D model of the ring-type beam pick-up used for
the bunch arrival-time measurements.
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Figure 8.4: Signal of the ring-type beam pick-up limited to 5V and measured with
an oscilloscope with 8 GHz analog bandwidth (top). The bottom plot
shows the measured laser pulse energy at different sample positions along
the beam pick-up signal, with and without attenuation by 3dB.
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8 Bunch arrival-time monitor

level where the photo detector saturates. Without attenuation of the beam pick-up
signal, the phase shift in the two waveguides of the EOM becomes larger than 180°,
yielding over-rotation.

The arrival-time measurement is performed at the zero crossing of the beam pick-
up signal, corresponding to a time of about 330 ps in Fig. 8.4. Here, the transient
signal has the steepest slope and a variation of the bunch charge changes the slope
but the zero-crossing position remains constant. In order to ensure that the laser
pulses always sample the pick-up signal near the zero-crossing, time changes of the
electron beam are compensated for by a slow feedback acting on the vector modulator
(VM). The arrival-time of the electron beam is then composed of the VM setting
and the arrival-time change predicted from the laser pulse energy.

In order to reduce the sensitivity to external perturbations and to laser pulse
energy variations, the analysis steps depicted in Fig. 8.5 are applied. From the ADC
raw data (top), first the laser pulse energy is calculated (center). In the figure,
an oscillation of the pulse energy is visible long time after the last electron bunch
arrived. This modulation comes from ground currents generated by the klystrons
driving the accelerating cavities. Since these disturbances may also occur during the
electron bunch trains, the energy of each laser pulse is normalized to the energy of
the previous laser pulse (see bottom plot). This correction acts as a high pass filter
and all external disturbances and variations of the pulse energy, occurring on a longer
time scale than the duration between two laser pulses, are strongly suppressed.

8.2.1 Determination of the resolution of the BAM prototype

The resolution of the arrival-time detection is determined by the accuracy with which
the laser pulse energy can be measured and by the BAM calibration factor, which is
the conversion factor between pulse energy and arrival-time. The calibration factor
is determined by sampling the slope of the beam pick-up signal around the zero-
crossing. Typical values in this first prototype setup are around S = 80 fs/ (0.01 %),
when the unattenuated beam pick-up signal is used. The accuracy of the laser
amplitude detection of o = 0.2-0.4% is degraded by a factor of v/2 due to the
normalization. This results in a resolution o; of the detector of

ot =V20p - S~ 23fstodbfs. (8.1)

In order to validate the resolution expected from the BAM calibration factor and
the noise on the pulse energy measurement, the beam pick-up signal was split and
connected to the two EOMs (see Fig. 8.1). The splitting reduces the amplitude of
the bipolar pick-up pulse and, therefore, reduces the resolution. The resolutions of
the two arrival-time detectors expected from the calibration factors and the laser
pulse energy noise are 99 fs and 88 fs, respectively. Figure 8.6 shows the arrival-times
measured by both detectors for a long sequence of electron bunches. Both detectors
show a slow, almost periodic oscillation of the arrival-time. The difference of the
two signals has an rms width of 126 fs which is in good agreement with the expected

132fs = /992 + 882 fs.
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Figure 8.5: Analysis steps to determine the energy of the modulated laser pulses.
From the ADC reading (top), the laser pulse energies (center) are calcu-
lated which are then normalized to the pulse energy of the previous laser
pulses (bottom). The modulated laser pulses near the zero-crossing of
the beam pick-up signal are shown in red. With the 40.625 MHz laser,
only every second bunch in the bunch train can be measured.
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Figure 8.6: Arrival-time determination of the zero-crossing of the pick-up signal:
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Figure 8.7: Dependence of the arrival-times of the zero-crossings from the two signals
of the ring-type beam pick-up on the horizontal beam position.

8.2.2 Orbit dependence of the beam pick-up signal

In an attempt to improve the resolution of the detectors, the two outputs on opposite
sides of the beam pick-up were connected to the two independent EOMs. In this
configuration, the expected resolutions amount to 33 fs for both EOM detectors. The
difference signal between the two detectors, however, was found to have an rms width
of more than 1.5 ps. The explanation is that the zero-crossing of the beam pick-up
signal depends on the transverse position of the electron beam. This dependence was
experimentally investigated (see Fig. 8.7) by changing the horizontal and vertical
beam orbit with corrector coils by £0.3 mm, yielding an orbit dependence of the two
detector signals of

f f
g1 = (6.94 4 0.05)—  agg = (—10.7 £ 0.02) —
pm pm
— (0.16 + 0.07) > —(—0.20 £ 0.02) (8.2)
ay.1 = (0. . m ay2 = . . o .

With these values, the arrival-time ¢ can be calculated from the times t; and t
measured at the two EOM detectors and the independently measured beam positions
x and y according to

t =t +a1,2+ayy (8.3)
t =1t + 22T + a2 yY. (8.4)

After applying these corrections, the rms width of the difference signal between the
two phase detectors is reduced to 300 fs which is dominated by the limited resolution
of the beam position monitors (BPMs) of around 20 pm.
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Figure 8.8: Electron bunch arrival-time for different settings of the ACC1 field am-
plitude. The different colors denote different bunches in the train (black:
bunch 1, red: bunch 10).

Both outputs of the beam pick-up necessarily see the same beam arrival-time. This
offers the possibility of determining the horizontal beam position very accurately:

Ll —tit (a2 —a1y)y (8.5)

A1,x — Q22

Using the errors given above and assuming a vertical orbit change of less than
4100 pm, this results in a resolution for the horizontal beam position of 3 ym over a
1 mm range.

This can be considered as a proof-of-principle for the planned beam position mon-
itors in the bunch compressor chicanes. They will use the same arrival-time mea-
surement technique but a different beam pick-up to achieve sub 5 um resolution over
a 10 cm aperture [HLSO06].

8.2.3 Arrival-time measurements of the electron bunches

The precise beam position information (see Eq. 8.5) can be used to calculate the
arrival-times with much higher precision than by using the BPM read-outs. Error
propagation yields an rms timing error of 27 fs.
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Figure 8.9: Comparison of the averaged arrival-time at the end of the accelerator
and the energy variation along the bunch train downstream of ACCI.

Figure 8.8 shows an example of a position-corrected arrival-time measurement.
Arrival-time changes have been produced by varying the accelerating voltage in
ACC1. The different colors denote different bunches along the bunch train. The
measurement is in good agreement with the expected arrival-time changes. In ad-
dition, the measurement shows that there is a systematic arrival-time difference of
about 1 ps between the first and the last bunch inside a bunch train. This is caused
by not fully compensated beam loading in the cavities. The first bunches remove
energy from the accelerating field and if this energy loss is not fully replenished, the
next bunches experience a lower field amplitude and gain less energy. In the bunch
compressors, the lower energy is translated into a later arrival-time.

The rms arrival-time jitter of the bunch trains is about 200 fs. The relative rms
jitter of the timing between two adjacent bunches inside the same train is between
40 to 60fs.

Figure 8.9 shows a comparison between the average arrival-time measured by a
BAM system at the end of the machine and the average energy deviation derived from
the signal of a synchrotron radiation monitor [Ger07] in the first bunch compressor.
A large energy slope in the first part of the bunch train is visible which is again due to
uncompensated beam loading in the cavities. This energy change along the bunch is
transformed inside the bunch compressor chicanes into arrival-time differences. The
observed energy change of 0.2% along the train corresponds to an arrival-time change
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Figure 8.10: Change of the BAM calibration constant with the horizontal beam po-
sition. The ring-type beam pick-up is used with combined outputs.

of 1.2 ps, assuming an Rsg = —180mm for BC1. This is in reasonable agreement
with the BAM measurement of 1 ps.

8.2.4 Reduction of the orbit dependence of the beam pick-up

Although it is possible to simultaneously measure the horizontal beam position and
the bunch arrival-time as described above, the large orbit dependence of the beam
pick-up signal requires the use of two arrival-time detectors, one for each port of
the beam pick-up. Furthermore, precise calibration factors for the position depen-
dence are required over a large range of beam positions, in order to provide reliable
measurements.

The large horizontal orbit dependence can be significantly reduced by combining
the two opposite pick-up signals in a broadband resistive network. The position
dependence of the combined signal is reduced to

fs fs
ay = (—0.190 £ 0.022) — a, = (—0.060 £ 0.032) — . (8.6)
pm pm
In the horizontal plane, the orbit dependence is reduced by a factor of 30 to 50
compared to the situation without a combiner.

When the combined signal is used, the BAM calibration constant shows very little
orbit dependence (see Fig. 8.10).

In the measurements presented in this section, the pick-up signal was guided to the
EOM by a 30m long cable. This cable attenuates the high frequency components of
the signal and leads to a signal broadening which is increased further by dispersion.
Furthermore, the cable length changes with temperature introducing unknown drifts
in the arrival-time.
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Figure 8.11: Signal shape of the ring-type beam pick-up for different horizontal beam
positions. The two outputs of the pick-up are combined and the mea-
surement was performed with an oscilloscope with 8 GHz analog band-
width installed next to the pick-up.

An improved resolution and long-term stability can be achieved by placing the
EOMs close to the pick-up.

Figure 8.11 shows a measurement of the beam pick-up signal without the 30 m
of cable. The two outputs of the pick-up are combined and the measurement was
performed with an oscilloscope with 8 GHz analog bandwidth installed next to the
pick-up. The signal shape is depicted for four different horizontal beam positions.
As one can see, the signal has a bump right next to the zero-crossing which is used
for the arrival-time measurement. After the long cable, this bump was smeared out.
The strength of this bump changes significantly with beam position.

The reason for this bump and also for the strong orbit dependence of the zero-
crossing of the pick-up signal is a notch in the frequency spectrum at around 5 GHz.
This corresponds to a quarter circumference of the ring-electrode in the pick-up. A
beat between the fundamental and third harmonics of the ring causes the strong
orbit dependence [HLS07].

8.3 The BAM system for FLASH

In order to avoid the negative effects of a long cable, the EOMs have been installed
inside the tunnel, next to the pick-up. The BAMs are supplied by laser pulses from
the master laser oscillator via length stabilized fiber-links. The schematic layout
of the system is depicted in Fig. 8.12. Optical delay stages are installed for each
EOM, in order to be able to adjust the timing of the laser pulses with respect to the
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Figure 8.12: Schematic layout of the bunch arrival-time monitors for FLASH.

zero-crossing of the pick-up signal. A slow feedback acting on the first delay stage
keeps the laser pulse always near the zero-crossing position. The bunch arrival-time
is computed from the known optical delay and the laser pulse energy. An absolute
position encoder measures the optical delay and provides sub-micrometer resolution.
The absolute length of 120 mm is precise to within 3 pum.

One EOM is supplied by an unattenuated beam pick-up signal which has been
limited to £5V. This signal has a very steep slope at the zero-crossing and yields
a highly precise arrival-time detection. The dynamic range of this measurements,
however, is only around 3—4 ps. The second EOM is supplied by an attenuated pick-
up signal yielding a dynamic range of about £35ps but inferior resolution. In the
case of large electron bunch timing changes, the delay stage is adjusted according to
this coarse measurement to bring the first EOM back into its optimum range. By
this combination, the BAM system can cope with large timing jumps of the electron
beam and still maintains excellent resolution. The dynamic range for slow changes
of the electron beam is only limited by the length of the optical delay stage.

The signals of the EOMs as well as a laser signal, which was split off after the first
delay stage, are sent outside the tunnel. There, the laser signal is used to generate the
clock pulses of the ADC. This scheme has the advantage that a change of the optical
delay does not affect the ADC sampling position, since all three signals experience
the same timing change.

Since the repetition rate of the MLO is 216.7 MHz and no ADC at twice the
repetition rate was available, a different detection scheme than in the BAM prototype
was applied. An ADC sampling rate of 108.35 MHz was chosen allowing to measure
only every second laser pulse. In order to measure again the baseline as well as the
laser pulse, part of the photo-detector signal is sent to a second ADC whose gate
pulse is 1 ns earlier.

Due to a better internal distribution of the ADC clock, the timing stability of the
ADCs is improved compared to the prototype. This yields a better resolution for the
laser amplitude. The normalized laser amplitude can be determined with a precision
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Figure 8.13: Technical drawing and 3D model of the button-type beam pick-up used
for the bunch arrival-time measurements.

of 0.1% to 0.3%.
The first two BAMs at FLASH are located at two different locations between BC2
and the collimator in front of the undulators.

8.3.1 Button-type beam pick-up

In order to avoid the strong orbit dependence of the ring-type beam pick-up, a
button-type pick-up was developed by Kirsten Hacker [HLS07]. A large slope at the
zero-crossing of the voltage signal to ensure a high resolution and a low maximum
voltage to prevent amplitude dependencies caused by the limiter were design criteria.

Figure 8.13 shows a schematic of the resulting design. In order to reduce the orbit
dependence, again the outputs on opposite sides are combined. One of the combined
signals is strongly attenuated and used for the coarse arrival-time measurement,
while the other one is limited to peak voltages of 5V and used for the high precision
measurement.

The combined signal measured with an oscilloscope of 8 GHz analog bandwidth is
shown in Fig. 8.14 for different horizontal beam positions. The signal duration is half
as long as the signal from the ring-type pick-up. As expected from a button-type
pick-up, the amplitude changes with beam position. The pre-ringing is an artifact
of the oscilloscope because the bandwidth of the signal is much higher than 8 GHz.

Figure 8.15 shows the laser pulse energy from the coarse and the fine EOM as
a function of the time delay between laser pulse and pick-up signal. Using the
attenuated pick-up signal, a high bandwidth measurement of the pick-up signal’s
shape is possible. The bandwidth of the EOMs is about 20 GHz. The pre-ringing
observed in the oscilloscope measurement is vanished. As seen before, the limited
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Figure 8.14: Signal shape of the button-type beam pick-up for different horizontal
beam positions. The two outputs of the pick-up are combined and
the measurement was performed with an 8 GHz bandwidth oscilloscope
installed next to the pick-up.

signals cause at some time delays a phase shift larger than 180° in both arms of the
Mach-Zehnder interferometer. The bottom plot of Fig. 8.15 shows the steep signal
change at the zero-crossing position of the pick-up signal.

8.3.2 Orbit dependence of the pick-up signal

Figure 8.16 shows the arrival-time of the zero-crossing of the button-type beam
pick-up signal as a function of the beam orbit. The combined horizontal ports of the
pick-up were used as the input of the EOM. There is no dependence of the arrival-
time on the vertical beam position visible. The arrival-time of the zero-crossing
shifts, however, for changes of the horizontal orbit. The curve is expected to be
symmetric around x = 0 but the symmetry point is shifted to £ ~ 3mm. A possible
explanation is a misaligned pick-up.

Figure 8.17 shows the dependence of the BAM calibration constant on the beam
orbit. No orbit dependence is visible in both directions.

8.3.3 Charge dependence of the pick-up signal

The dependence of the arrival-time of the pick-up signal zero-crossing on the bunch
charge is depicted in Fig. 8.18. The beam was accelerated on-crest in the entire ma-
chine and, therefore, longitudinally uncompressed. Charge changes lead to a different
dynamics in the electron gun and cause arrival-time changes. In order to investigate
the charge dependence of the beam pick-up, the arrival-time was measured simulta-
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structure.

The measurement was done with the transverse deflecting
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Figure 8.20: Dependence of the BAM calibration constant on the bunch charge.

neously with the transverse deflecting structure (TDS). The results are also shown
in Fig. 8.18.

The TDS shows a slightly smaller dependence of the bunch arrival-time on the
charge. The explanation of the larger dependence of the BAM can be understood
from the measurements of the longitudinal charge distribution shown in Figure 8.19.
Four different bunch charges are shown and it is clearly visible that a change of
the bunch charge changes the longitudinal bunch profile significantly. The rms
bunch length increases almost by a factor of three within the charge range shown in
Fig. 8.18.

The assumption that the BAM measures the beam centroid is only true, when
the electron bunch duration is short compared to the transient signal of the beam
pick-up. When the electron bunches get sufficiently long, the shape of the pick-up
signal depends also on the charge profile and the zero-crossing position may shift.
The observed difference between the TDS and the BAM indicates that the pick-up
is sufficiently fast to be affected by the bunch profile changes.

Under normal FEL operation conditions, this dependence of the pick-up signal
on the bunch charge is significantly reduced, since the bunches are longitudinally
compressed.

Figure 8.20 shows the dependence of the BAM calibration constant on the bunch
charge. Also this measurement was performed for an on-crest operation of the accel-
erator. Without longitudinal shape changes of the electron beam one would ex-
pect that the BAM calibration constant decreases anti-proportionally with charge.
However, it remains almost constant over the entire charge range. This is also an
indication that the pick-up signal shape changes for different longitudinal charge
distributions of the electron bunches.
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Figure 8.21: Correlation between the normalized amplitude of two laser pulses which
sample the ringing of the beam pick-up signal and the bunch charge
measured with a toroid. From the laser amplitudes, the bunch charge
can be determined with a precision of 32 pC.

8.3.4 Fast charge measurement with a BAM

The pick-up signal is ringing for a duration of several hundred nanoseconds after the
bunch arrived. As a consequence, not only the energy of the laser pulse near the
zero-crossing is changed, but also the energy of the following pulses. Some of the laser
pulses sample a maximum of the ringing signal and hence, their energy depends on
the bunch charge. This effect can be used to determine the bunch charge. Figure 8.21
shows the energy ratio of laser pulses arriving 7 and 13 pulses later than the pulse
at the zero-crossing. From this ratio, the bunch charge can be determined with a
precision of 32pC after the laser amplitude was calibrated against a toroid. The
advantage of using the BAM for the charge determination instead of a toroid is the
fact that a fast feedback based on the BAM can use the charge measurement for
corrections. Since the charge is calculated on the same ADC board as the arrival-
time, this avoids long transmission times.

Unfortunately, the calibration constants depend sensitively on the beam orbit
and the bunch length at the pick-up position. But maybe, this dependence can be
reduced by using different or more laser pulses for the charge determination.

8.4 Bunch arrival-time measurements at FLASH
We have seen already earlier that the arrival-time may change significantly along

the bunch train, for example due to beam loading in the cavities. Figure 8.22 shows
the bunch arrival-time for ten consecutive trains. In this situation, a beam loading

115



8 Bunch arrival-time monitor

arrival-time (ps)

5 10 15 20 25 30

time along bunch train ( us)

Figure 8.22: Bunch arrival-time distribution along the bunch train for ten consecu-
tive trains.

compensation was used which replenishes energy in the cavity. Even with this beam
loading compensation, a significant systematic timing change along the bunch train
is observed. This shows that the beam loading compensation is not yet optimized.
Measurements with a BAM provide an ideal tool to study beam loading effects.

The bunch arrival-times fluctuate from one train to the next. The systematic
shape of the arrival-time distribution, however, remains largely invariant.

This invariance of the arrival-time pattern can be used to estimate the resolution
of the bunch arrival-time monitor by correlating the arrival-times of two adjacent
bunches.

Figure 8.23 shows the correlation between two adjacent bunches in the bunch
train for normal FEL operation (left) and for an accelerator setting in which BC1 is
bypassed (right). The correlation widths are 24.7fs (left) and 22fs (right), respec-
tively, corresponding to BAM resolutions of 17.5fs and 15.6fs. This is much worse
than expected from the BAM calibration constant and the pulse energy noise of the
laser, which would give a BAM resolution of about 4 — 5 fs.

A possible explanation is fast noise acting on a time scale shorter than the bunch
spacing of 1 us. When BC1 is bypassed, arrival-time jitter due to fast amplitude or
phase fluctuations in ACC1 does not exist. Since the measured correlation widths
are very similar in both cases, this indicates that the source of the fast noise is
probably the electron gun or the photo cathode laser. The gun cavity is a very likely
source, since it is normal conducting and has a much shorter time constant than
superconducting cavities.

Figure 8.24 shows the dependence of the relative jitter between adjacent bunches
along the pulse train (left). The electron beam was accelerated on-crest. There is
a steep increase at the beginning of the bunch train which is not yet understood.
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Figure 8.23: Correlation between the arrival-times of two adjacent bunches in the
bunch train. The BAM resolutions estimated from the correlation
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Figure 8.25: Determination of the bunch arrival-time from the electro-optic spectral
decoding signal.

After about twelve bunches, the jitter remains constant. The right hand side plot
shows the relative jitter between bunch 15 and the following bunches. The jitter
increases rapidly. If the arrival-time information of the BAM is used for a feedback
system, this uncorrelated jitter cannot be corrected for and it is, therefore, important
to decrease it. The fast noise in the electron gun can be reduced by reducing the
feedback gain of the cavity regulation. In the meantime, the timing stability of the
photo-cathode laser has been significantly improved, after a damaged cable for an
RF reference signal was repaired. This was not the case in this measurement, but
we will see the improvement in chapter 10.

8.4.1 Comparison of arrival-time measurements with a BAM and with
electro-optic spectral decoding

In order to validate the arrival-time determination with the BAM, a comparison with
the electro-optic spectral decoding (EOSD) setup at FLASH was made. Figure 8.25
shows the bunch profile measured with EOSD. To determine an arrival-time from
this profile, it is low-pass filtered and a linear regression is made for the leading edge
of the resulting profile. The arrival-time is defined by the half-maximum position of
the leading edge of the filtered signal.

Figure 8.26 shows the bunch arrival-time measured by a BAM and by the EOSD
setup. Arrival-time changes are induced by changing the ACC1 amplitude. There is
a good correlation between both measurements.

The Ti:Sapphire laser of the EOSD setup was synchronized to the 1.3 GHz refer-
ence of the machine by a conventional RF phase detection scheme as it is also used
for the MLO. The accuracy with which both lasers were synchronized to the 1.3 GHz
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Figure 8.26: Bunch arrival-time measured by a BAM and an electro-optic spectral
decoding setup. The bunch arrival-time was changed by varying the
amplitude of ACC1.
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reference was about 50 fs for short time scales of several seconds. Over longer peri-
ods, the timing of the lasers drifts, due to the already discussed limitations of the
RF phase detection.

Figure 8.27 shows the relative jitter between both arrival-time monitors. Each
point corresponds to 100 shots or 20s. The regulation parameters of both lasers
were tuned during the measurement. The minimum relative jitter is 80fs. This is
very close to the expected 70fs of jitter resulting from both laser synchronizations.

8.5 Measurement of the BAM resolution and the stability of
the optical synchronization system.

In order to measure the resolution of the BAMs without perturbation by fast timing
changes of the accelerator, two arrival-time monitors were installed 60 m apart in
a straight section of the accelerator (see 8.28). Each BAM was supplied with laser
pulses from the MLO by its own stabilized fiber-link. Since there is no longitudinal
dispersion in the straight section, both BAMs should measure the same relative
changes of the electron bunch arrival-times [LAF*08c].

Figure 8.29 shows the correlation of the arrival-times of 1500 bunches measured
synchronously with both BAMs. The uncorrelated jitter amounts to 8.4fs, which
corresponds to a resolution of better than 6fs for a single BAM. This resolution
contains the instability of a fiber-link and the integrated laser timing jitter in the
frequency range from about 3 MHz to 108 MHz. The lower limit of 3 MHz arises from
the length difference of the two fiber-links.

The figures 8.30 to 8.33 show the arrival-time variations detected by both
BAMs and the difference signal of the arrival-times. Different measurement peri-
ods of 9 minutes (Fig. 8.30), 1.5hours (Fig. 8.31), 4.5hours (Fig. 8.32) and 7 hours
(Fig. 8.33) are shown. Table 8.1 summarizes these measurements.

Slow, almost periodic arrival-time drifts are seen by both monitors. They cancel
in the difference signal. From time to time, erratic excursions are visible with both
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8.5 Measurement of the BAM resolution and the stability of the optical synchronization system.
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Figure 8.29: Correlation of the arrival-times measured with two BAMs which are
separated by 60m. The correlation width of the 1500 shots is 8.4fs,
corresponding to a resolution of better than 6 fs for a single BAM.

measurement rms arrival-time difference corresponding rms resolution

duration BAM1 - BAM2 (fs) of single BAM (fs)
9 min 8.4 <6
1.5h 13.1 <93
4.5h 19.4 < 13.7
7h 28.0 <20

Table 8.1: Summary of correlation measurements between two BAMs.

121



8 Bunch arrival-time monitor
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Figure 8.30: Arrival-time measured by two BAMs over a duration of about 9 minutes

The jitter

of this difference signal amounts to 8.4fs, corresponding to a BAM

together with the difference signal of both measurements.
resolution of better than 6 fs.
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8.5 Measurement of the BAM resolution and the stability of the optical synchronization system.
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Figure 8.31: Arrival-time measured by two BAMs over a duration of about 1.5 hours

The jitter

together with the difference signal of both measurements.

of this difference signal amounts to 13.1fs, corresponding to a BAM

resolution of 9.3 fs.
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8 Bunch arrival-time monitor
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Figure 8.32: Arrival-time measured by two BAMs over a duration of about 4.5 hours
together with the difference signal of both measurements. The jitter
of this difference signal amounts to 19.4fs, corresponding to a BAM
resolution of 13.7 fs.
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8.5 Measurement of the BAM resolution and the stability of the optical synchronization system.

BAM 2

arrival-time (ps)

BAM 1

arrival-time (ps)

arrival-time difference (fs)

-100
0 50 100 150 200 250 300 350 400 '

time (min)

Figure 8.33: Arrival-time measured by two BAMs over more than 7 hours together
with the difference signal of both measurements. The jitter of this
difference signal amounts to 28 fs, corresponding to a BAM resolution
of better than 20fs.
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8 Bunch arrival-time monitor

monitors. The most likely explanation is accelerator tuning during FEL operation
by the operators. Also the difference signal shows the erratic excursions, and a
possible explanation is a change of the longitudinal bunch profile, on which both
BAM pick-up signals react slightly different.

Essential prerequisites for this excellent time resolution were a fast button-type
beam pick-up, the combination of opposite pick-up signals, the installation of the
EOMs directly at the pick-up, and a precise laser pulse energy measurement of
better than 0.2%. For the distribution of the arrival-time information, the optical
synchronization system is mandatory.
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9 Injector timing characterization and
correction

As we have seen in chapter 4, timing changes of the electron beam occurring upstream
of the first magnetic chicane are suppressed to some extent in the bunch compressors.
In case of the non-linear compression scheme without the linearizing third harmonic
cavity, as it is currently used, the compression factor for the electrons in the resulting
current spike is very high and under normal operating conditions only a few percent
of the injector timing change remain after the compression. Timing changes of the
electron bunch centroid, however, are only suppressed by a factor of four to five for
normal ACC1 phases of oacc1 = —7° to —8°. When the phase space is linearized, the
current spike will be gone and the entire bunch will be compressed symmetrically. To
reduce bunch distortions by collective effects, the compression factor will be smaller
than the one in the current spike in the present situation.

Stable bunch timing from the injector is mandatory in all kinds of schemes in which
the electron beam is manipulated with an external laser beam. Examples are a seed
laser at the undulator and a laser heater [HBET04, AZDKO08], which will be used
in future FELs to increase the beam energy spread in order to avoid microbunching
instabilities. In many cases, the timing of the bunch centroid is essential.

We have seen in chapter 4 that the longitudinal phase space distribution from the
injector depends strongly on the timing between the photo-cathode laser and the gun.
Since changes of the longitudinal properties in the injector affect the longitudinal
beam properties after final compression and, therefore, the lasing performance of the
FEL, a detailed understanding of the timing of the photo-cathode laser and the gun
is mandatory.

9.1 Measurement of the relative timing between gun and
photo-cathode laser

To study the relative timing between photo-cathode laser and gun, the effect is
used that the charge of the emitted electron bunches depends on the gun phase.
Figure 9.1 shows the measured, emitted charge for different settings of the gun
phase. In addition, the result of an ASTRA simulation is shown. As before, a gun
phase of pgun = 0° corresponds to the setting where the energy gain for the electrons
is the highest. At very small phases (¢gun < —46°), all electrons are accelerated in
the backward direction and no charge is emitted. Increasing the gun phase beyond
—46° allows part of the electrons to leave the cavity. In the phase range from —44°
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9 Injector timing characterization and correction
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Figure 9.1: Charge emitted by the electron source for different phases of the RF gun.

to —30°, less and less of the generated electrons are lost and around —30°, almost
all electrons find their way out of the gun. If the gun phase is further increased, the
bunch charge continues to rise. The reason is the Schottky effect, a reduction of the
electron work function of the CsTe-cathode in presence of an electrical field. This
increases the quantum efficiency of the cathode. At around 40°, the first electrons
are lost again. The ‘bump’ around 70° corresponds to the situation where a part of
the electrons is accelerated such that inside the full cell of the gun (see Fig. 2.3), the
electrons change their direction of motion and are emitted an RF period later.

The strong dependence of the emitted charge on the gun phase between —44°
and —30° can be used to determine timing fluctuations between the photo-cathode
laser and the gun [SHKT06], since the emitted charge changes by about 28 pC per
picosecond change of the relative timing. Both, the nominal gun operation phase as
well as the phase used for the timing measurement are indicated in Fig. 9.1.

The resolution of this measurement is mainly limited by two parameters. The
first one is the resolution of the toroid, which is used to measure the emitted charge.
This is around 3.7 pC (rms) in the current configuration, corresponding to a timing
sensitivity of about 130fs. The second contribution is the amplitude stability of the
photo cathode laser, which is typically around 2% (rms). During the measurements,
the emitted charge was around 400 pC and 2% laser amplitude jitter correspond to
8 pC of charge jitter or a timing resolution of around 280 fs. The two contributions
limit the single shot resolution to around 310 fs. Both limitations could be overcome,
either by improving the toroid system or by measuring in addition to the bunch
charge the laser amplitude with a photo-detector.

The following measurements aimed to study systematic timing effects in the in-
jector and to analyze possible limitations of a timing correction. For these measure-
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9.2 Photo-cathode laser response measurement

ments, the limited single shot resolution was not a problem, since averaged values
can be used. 100 consecutive shots were averaged in each measurement resulting in
an accuracy of the mean values of around 30 fs.

9.2 Photo-cathode laser response measurement

The FLASH accelerator is capable of producing long pulse trains of up to 800 pulses
distributed over a duration of up to 800 us. This long pulse train allows for fast
feedback systems acting within the macro-pulse to stabilize the electron beam. This
is a tremendous advantage compared to normal-conducting accelerators, as the noise
floor of most subsystems is significantly lower at higher frequencies above a few
kHz, compared to the low frequency range. A denser bunch spacing decreases the
frequency band contributing to the noise floor in a beam based feedback used to
stabilize a measured property of the electron beam.

A planned feedback system will use an arrival-time measurement of the photo-
cathode laser beam to stabilize the laser timing across the macro-pulse. A possible
limitation of such a feedback is the response time with which the laser reacts to
timing corrections. The photo-cathode laser is actively mode-locked, and its tim-
ing is defined by two acousto-optic modulators (AOMs), operated at 13.5 MHz and
108 MHz, and one electro-optic modulator (EOM), driven by a 1.3 GHz RF signal.
The AOMs define the coarse timing, while the EOM due to its higher operation
frequency is responsible for the fine timing.

To study the response of the photo cathode laser to timing changes, a vector
modulator was installed in the 1.3 GHz reference line of the laser, allowing for timing
shifts of the RF signal driving the EOM. The vector modulator was controlled by
two fast DACs providing changes of the RF timing at a rate of 1 MHz. To measure
the timing response of the laser, electron macro-pulses consisting of 30 bunches
with a spacing of 2 us were generated. The averaged charges of the single bunches
were measured at the ‘measurement phase’ indicated in Fig. 9.1 for a constant laser
timing. The same measurement was performed for the situation, where after 10 us a
timing step of 2.14 ps was added to the 1.3 GHz signal driving the EOM. Again, the
average charge was measured across the macro-pulse and from the difference of both
measurements and the knowledge of the charge slope of 281;—2, the timing response
of the laser can be evaluated.

Figure 9.2 shows the results of this measurement. As one can see, the laser needs
around 6 us to follow the timing step. Furthermore, it oscillates around the new
set-point with a period of around 70kHz. After 50 us, the oscillation amplitude is
damped to around half of its original value. It should be noted that the oscillation
can also be caused by an amplitude change of the laser instead of a timing change,
since the measurement principle cannot distinguish between both effects. In order to
evaluate this, a parallel detection of the laser pulse amplitude should be performed.

With around 6 us, the laser response is sufficiently fast to perform timing cor-
rections within the electron macro-pulse. As we will see later, the oscillation is not
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Figure 9.2: Response measurement of the photo cathode laser to a time step.
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9.3 Correction of the photo-cathode laser timing across the electron macro-pulse
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Figure 9.3: Correction of the timing between photo cathode laser and gun RF by
adding a timing slope of about 6.4 ps over the 800 us of the bunch train
to the laser timing.

a limitation, since under normal conditions, such a large timing step will never be
applied.

9.3 Correction of the photo-cathode laser timing across the
electron macro-pulse

To evaluate systematic timing changes across the macro-pulse, a bunch train con-
sisting of 30 pulses separated by 25 us was generated. As before, the timing change
is evaluated from the charge reading and the calibration factor. Figure 9.3 shows
that the relative timing between laser and gun changes by about 8 ps over the 800 us
long bunch train. A probable reason for this behavior is a temperature change of
the EOM during the macro-pulse [Sch07].

To evaluate whether a correction of this systematic timing change is possible with
the timing of the photo-cathode laser, a linear timing slope of 6.4 ps was added along
the 800 us long bunch train. As one can see in Fig. 9.3, the relative timing between
laser and gun can be flattened rather well as a result. Since the timing correction is
much smoother than during the step-response measurement, no disturbing oscilla-
tions are visible. There is still a timing change of around 1 ps present over the first
250 pus, even after the correction. To compensate for this transient effect, a more
complicated timing correction pattern has to be chosen across the macro-pulse.

Only systematic timing changes across the macro-pulse can be corrected with
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9 Injector timing characterization and correction
such an approach. To improve the timing stability, in addition to a feed forward

correction, a feedback system based on a precise timing measurement has to be

applied.
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10 Longitudinal feedback system

In order to improve the electron bunch arrival-time and compression stability, fast
feedback systems have been developed. They are based on a BAM and on the
measurement of diffraction radiation energy using a pyro-electric detector.

10.1 Bunch arrival-time feedback

The accelerating field amplitude of ACC1 has the largest influence on the bunch
arrival-time. In order to improve the arrival-time stability along the bunch trains,
the arrival-time information of previous bunches provided by a BAM is used to cal-
culate an amplitude correction for the accelerating field in ACC1 (see Fig. 10.1).
This is done with a PID controller implemented on the FPGA! of the ADC sam-
pling the laser pulses of the BAM. The resulting amplitude correction is sent
via a RocketIO transceiver to the ACC1 controller, where the correction is ap-
plied [LAFT08d, LAF+08D].

Figures 10.2 and 10.3 show the arrival-time stability along the bunch-train without
and with feedback. Without the feedback, the arrival-time jitter is between 250 fs and
350fs. The systematic variation along the bunch train is caused by beam loading,
which was not compensated during this measurement.

The feedback loop needs the BAM information from a previous bunch. In the
present configuration, there is a total delay of about 6 us in the feedback loop which
explains that the first six bunches are not stabilized. The delay has two contributions.

! field programmable gate array

phase control

amplitude control

bypass

Figure 10.1: Schematic principle of the bunch arrival-time and compression feedback.
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Figure 10.4: Best bunch arrival stability achieved with the feedback.

One is the time-of-flight from the electron bunch to the BAM as well as the laser
pulse travel-time from the BAM to the ADC. This causes a delay of about 2 us.
The other contribution is the time needed for the feedback calculations and for the
transmission to the ACC1 controller, corresponding to about 4 us.

Since the beam loading was not stabilized by a feed-forward, the later bunches
arrive later than expected. After the feedback starts acting, it takes about 20 us until
the arrival-time set-point is reached. This duration is determined by the long time
constant of the superconducting cavities. Note that the time needed for the stabiliza-
tion could be reduced by using a normal conducting cavity to apply the corrections.
After stabilization, the arrival-time jitter along the bunch train is reduced to about
40fs, compared to 240 fs of jitter in the unstabilized case. In this measurement, the
arrival-time from BAMI1 (see Fig. 10.1) was used.

The achieved stability is worse than the resolution of the BAMs. The reason is
fast bunch-to-bunch noise (see Fig. 8.24) which may be caused by amplitude and
phase fluctuations of the RF gun field as well as by arrival-time fluctuations of the
photo cathode laser. All noise generated within the feedback latency time cannot be
compensated for. From Fig. 8.24, one expects that the regulation stability is limited
to around 100 fs for a latency of 6 us. The reason for the achieved stability of 40 fs is
that ACC1 was operated about 5° off-crest, so that arrival-time fluctuations of the
electron source are partially compressed in the magnetic chicanes.

Figure 10.4 shows the arrival-time stability achieved after a damaged RF cable
of the photo-cathode laser had been repaired. This improved the timing stability of
the machine to 180fs without the feedback. With an active arrival-time feedback,
a stability of 25fs was achieved. In this measurement BAM2 was used and the
control-algorithm was improved, yielding a shorter latency time.
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10.2 Beam compression feedback
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Figure 10.5: Generation of well defined arrival-time patterns along the electron
bunch train using the bunch arrival-time feedback.

As we have seen in chapter 4, the bunch arrival-time changes by about 6 ps when
the accelerating voltage of ACC1 is changed by 1%. By using this sensitivity factor,
we can estimate the voltage stability achieved with the arrival-time feedback. The
measured arrival-time stability of 25 fs corresponds to an amplitude stability of the
accelerating field of 4.2 - 107,

The digital feedback offers the possibility to define different arrival-time set-points
along the bunch train. This allows, for example, to generate well defined arrival-time
patterns along the bunch train (see Fig. 10.5) which can be very useful in pump-
probe experiments. By this, a complete time scan can be carried out within a single
bunch train.

10.2 Beam compression feedback

The same feedback scheme was applied to stabilize the bunch compression process.
The bunch compression monitor (BCM) after BC2 is used as a detector. It consists
of a diffraction radiator and a pyro-electric detector measuring the radiation pulse
energy. Changes of the compression monitor signal are corrected for with the phase
of ACCIL.

The improvement on the compression stability is measured with an independent
BCM located upstream the undulator (see Fig. 10.1). Figure 10.6 shows the effect
of the feedback on the stability of the BCM signal. A calibration was performed, in
order to deduce the ACC1 beam phase stability from the BCM signal. Without the
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10.3 Effect of the feedback systems on the FEL radiation stability

compression feedback, the beam phase stability is about 0.2°. This is mainly limited
by bunch arrival-time fluctuations from the electron source. With active feedback,
an impressive ACC1 beam phase stability of 0.025° is achieved for the stabilized part
of the bunch train.

During this measurement, the signal of the BCM in the feedback loop was reg-
ulated to a constant set-point. The signal of the BCM at the end of the machine,
however, shows a small slope as a function of the bunch number. This could be
caused by the arrival-time slope from the electron source (see chapter 9), which was
not compensated during these measurements.

The bunch arrival-time feedback as well as the bunch compression feedback have
been active in the measurement shown in Fig. 10.6. In this configuration, it takes
longer to achieve a stabilized bunch train. The two feedbacks are not independent,
since phase variations in ACC1 also change the beam energy and, therefore, the
bunch arrival-time. An improved control algorithm is presently being implemented.
By adding an amplitude correction to the accelerating field, when a phase change is
applied, the feedbacks will be decoupled and a faster stabilization of the bunch train
will be reached.

The unstabilized first part of the bunch train can in principle be prevented from
producing FEL radiation by disturbing the beam orbit of these bunches with a fast
kicker. This would allow removing the fluctuating FEL pulses.

The arrival-time feedback based on the BAM stabilizes the arrival-time of the
beam centroid. In order to stabilize the leading spike as well, which produces the FEL
radiation, the bunch shape must be kept stable. This is achieved by the compression
feedback. The arrival-time relation between centroid and spike is influenced by the
phase of ACC1. The simulations presented in chapter 4 show that an ACC1 beam
phase stability of 0.025° corresponds in the worst case to an arrival-time fluctuation
of 25 fs between the centroid and the spike.

10.3 Effect of the feedback systems on the FEL radiation
stability

The arrival-time and bunch compression feedbacks lead to a significantly improved
stability of the FEL pulse energies. Figure 10.7 shows the FEL radiation pulse
energy along the bunch train for three different settings: without both feedbacks
(top), with active bunch compression feedback (center) and with additional arrival-
time stabilization (bottom).

Without any beam based feedback, a strong variation of the FEL radiation pulse
energy along the bunch train is observed, caused by energy and peak current varia-
tions along the bunch train. With both feedbacks active, the pulse energy distribu-
tion is almost flat except for a minor decrease towards later bunches, which could
be caused by the arrival-time slope generated in the electron source. Figure 10.8
demonstrates that the feedback loops lead to an impressive growth of the average
FEL pulse energy.
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Figure 10.7: Distribution of the FEL radiation pulse energy along the bunch train

with and without active bunch compression and arrival-time feedbacks.
The peak and mean values are calculated over 600 bunch trains. Top:
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10 Longitudinal feedback system

The feedbacks do not only remove FEL pulse energy variations along the pulse
train but they also reduce pulse energy fluctuations significantly. Figure 10.9 shows
the shot-to-shot fluctuations along the bunch train for the three different settings.
In this figure, the rms fluctuation of each position in the bunch-train is divided by
the average pulse energy generated by this electron bunch. With the feedbacks, the
fluctuations can be reduced to about 20%.
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11 Conclusions and outlook

High-gain free-electron lasers are capable of generating sub-10fs long light pulses.
In order to take full advantage of these extremely short light pulses, synchronization
with a so far unprecedented timing accuracy is required.

Within this thesis, an optical synchronization system providing sub-10 fs stability
has been developed and was implemented at the ultra-violet and soft X-ray free-
electron laser FLASH at DESY, Hamburg. The system is applied to measure the
electron bunch arrival-time with an unprecedented resolution of better than 6 fs.
Based on these precise arrival-time measurements, a feedback system has been im-
plemented, stabilizing the electron bunch-arrival time to within 25fs rms. The im-
proved stability of the electron beam reduces fluctuations of the FEL pulse energies
significantly. In future, the system will allow to perform pump-probe experiments
between the FEL and external laser pulses with an accuracy of better than 10 fs.

The timing-reference of the optical synchronization system is an erbium-doped,
mode-locked fiber-laser operating at a repetition rate of 216.7 MHz that has been
developed in the framework of this thesis. It produces 60 to 90 fs long laser pulses
and the timing information is encoded in the precise repetition frequency.

The laser pulses are distributed to the remote-locations using dispersion compen-
sated optical fiber-links. At the remote locations, part of the laser power is reflected
and travels back through the same fiber. Changes of the optical transit time are
detected with femtosecond resolution using optical cross-correlation techniques. A
feedback based on this measurement acts on a piezo-electric fiber-stretcher and an
optical delay stage in order to stabilize the optical length of the fiber-link.

An electro-optic bunch arrival time monitor (BAM) has been developed with the
intention to measure the electron bunch arrival-time using the laser pulses from a
fiber-link. The signal of a beam pick-up with a bandwidth of more than 10 GHz is
guided into an electro-optic modulator. Here, the laser pulse amplitude is modulated
by the bipolar voltage signal from the beam pick-up. Working close to the zero-
crossing of the pick-up signal, very precise arrival-time information can be extracted.

To evaluate the stability of the optical synchronization system and the resolution
of the arrival-time monitors, two BAMs have been installed in a straight section
of the accelerator, separated by 60m. Each BAM was supplied by pulses from the
reference laser via its own stabilized fiber-link. From the difference of the arrival-
times measured by both BAMs, a BAM resolution of better than 6fs has been
deduced. This number includes the stability of the optical synchronization system.

A feedback system using the precise arrival-time information of a BAM has been
developed. It acts on the bunch-arrival time by varying the acceleration field of
the superconducting cavities preceding the first magnetic bunch compressor chicane
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11 Conclusions and outlook

BC1. With this feedback, an impressive bunch arrival-time stability of 25 fsf could
be achieved.

The feedback stabilizes the arrival time of the bunch centroid. At FLASH, the
FEL radiation is produced by a leading current spike of a longitudinally compressed
electron bunch. In order to stabilize also the arrival-time of this current spike, a sec-
ond feedback has been developed which stabilizes the bunch compression process. It
is based on measurements of the radiation energy from a diffraction radiator. Varia-
tions of the bunch-compression are corrected for by phase changes of the accelerating
cavities upstream of the bunch compressor BC1. With this compression feedback, a
so far unprecedented beam phase stability of 0.025° was achieved for the accelerating
1.3 GHz field.

The combination of arrival-time and bunch compression feedback improves the
stability of the FEL radiation significantly. Furthermore, the feedbacks remove sys-
tematic FEL pulse energy variations along the bunch train. This is a mandatory
requirement for the long bunch-train operation of superconducting FELs like FLASH
or the future European XFEL.

In order to take full advantage of the optical synchronization system and the
enhanced stability of the FEL, the next step will be to synchronize also the optical
lasers, which are used for pump-probe experiments in combination with the FEL
pulses, by cross-correlating them with the optical pulse train from a stabilized fiber-
link. This will allow for timing resolutions of better than 10fs in these kinds of
experiments.

A further improvement of the electron bunch arrival-time and compression stabil-
ity can be expected if it turns out possible to reduce the rapid timing fluctuations
that are presently observed in the electron gun.
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A Abbreviations

abbreviation definition

ACC
ADC
AOM
ASTRA
BAM
BBO
BC
BCM
BPM
CSR
CTR
DAC
DOOCS
DSP
EDFA
EOM
EOSD
FEL
FFT
FLASH
FPGA
FWHM
GVD
HHG
KTP
LBO
LCLS
MLO
MO
OTR

accelerating module

analog to digital converter
acousto-optic modulator

a space charge tracking code [Flo08]
bunch arrival-time monitor

Beta Barium Borate (-BaB2Oy
bunch compressor

bunch compression monitor

beam position monitor

coherent synchrotron radiation
coherent transition radiation
digital to analog converter
distributed object oriented control system
digital signal processor
erbium-doped fiber amplifier
electro-optic modulator
electro-optic spectral decoding
free-electron laser

fast Fourier transform

free-electron laser in Hamburg

field programmable gate array

full width at half maximum

group velocity dispersion

high harmonic generation
Potassium Titanium Oxide Phosphate (KTiOPOy)
Lithium Triborate (LiB3Os5)

Linac Coherent Light Source
master laser oscillator

master oscillator

optical transition radiation

Table A.1: Abbreviations used inside the text.

145



A Abbreviations
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abbreviation definition

PID proportional-integral-derivative
PITZ photo injector test facility at DESY Zeuthen
PMD polarization mode dispersion
PPKTP periodically poled KTP

RF radio frequency

rms root mean square

SASE self-amplified spontaneous emission
SC space charge

SHG second harmonic generation

SPM self-phase modulation

TDS transverse deflecting structure

VM vector modulator

Table A.2: Abbreviations used inside the text (continued).



B Transfer matrix formalism

In this appendix, we introduce the transfer matrix formalism, which allows the de-
scription of the movement of particles along the beam line in a simple way. A more
detailed discussion can be found in [Wie03a], [RS93], or [Bro82].

The motion of a particle in the accelerator can be characterized in canonical phase
space by a six-dimensional canonical vector X = (x,p) with the spatial coordinates
x = (z,y,s) and the momentum vector p = (pz,py,ps). Here z and y denote the
transverse displacement from the design orbit and s is the coordinate along the
reference orbit. Instead of the canonical phase space, it is common in accelerator
physics to use the geometrical coordinates X . In this geometrical phase space, also
called trace space, the coordinates describing the particle motion are

SO SIS

where x and y denote the horizontal and vertical displacement from the reference
orbit, and ¢ is the longitudinal displacement from the reference particle. The co-
ordinates ' = dx/ds and y’ = dy/ds describe the horizontal and the vertical slopes
with respect to the reference trajectory, 6 = Ap/p is the relative deviation from
the reference momentum. If the momentum of the particles is constant also these
coordinates are canonically conjugated.

A sketch of the coordinate system is shown in Fig. B.1. This coordinate system
is orthogonal, right-handed (z,y,s), and it follows the reference particle along the
design orbit.

In order to guide a beam of charged particles through a beam line and to change
the particle energy we make use of the Lorentz force

F=g(E+vxB), (B.2)

where ¢ is the charge of the particle, v its velocity, and E and B are the electric and
magnetic field vectors. Electric fields are generally used to accelerate the particles,
while magnetic fields deflect and focus the beam. In the following, we will concentrate
on the effect of magnetic fields on the particle motion.

Since the equation of motion for a charged particle under the influence of an
arbitrary distribution of electromagnetic fields cannot be solved explicitly, some sim-
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B Transfer matrix formalism

individual particle

at time t \

reference trajectory

reference particle at time %

trajectory of
individual particle

,
’
,
/
’
s
7

/
’
’

Figure B.1: Accelerator coordinate system.

plifications and restrictions have to be used in order to derive mathematical tools to
describe the motion of particles in the accelerator.

If the beam line consists only of drift spaces, dipole, and quadrupole magnets, the
magnetic fields depend linearly on the deviation of the particle from the reference
path. Then, the equations of horizontal and vertical motion can be written as

u”(s) + Ku(s)u(s) = -6, (B.3)

where u(s) stands for z(s), y(s), respectively. The parameter p,(s) denotes the
bending radius of the reference trajectory at the position s and K,(s) is defined as

Ki(s) = —k(s)+ 2t _ q9(s)
Ky(s) = k(s)+ — .

(B.4)

Here g(s) is the gradient of the magnetic field in the quadrupole. For the magnets,
the so called hard-edge model is used: we assume that the magnetic field starts and
ends abruptly at the beginning and end of the magnet and that the field gradient is
constant inside the magnet.

Inside a quadrupole and for K, > 0, the left hand side of Eq. (B.3) simplifies
to the form of a harmonic oscillator. The principal solutions of this homogeneous
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equation are

Cu(s) = cos(vVKys)
Suls) = g=sin (VEus) } for Ky >0
)

Cu(s) = cosh(vVKys)
Su(s) = \/;TuSIHh(\/Kius)} for K, <O0. (B5)

Together with a particular solution u; of the inhomogeneous equation we can formu-
late the general solution of Eq. (B.3) as

u(s) = uoCyu(s) 4+ upSu(s) + 6 - nu(s)
u'(s) = wuoCl(s)+upS.,(s)+6-n,(s)

with  n,(s) = % (B.6)

The terms ¢-1,(s) and §-n],(s) describe the momentum dependent part of the motion
and the function n,(s) is called the dispersion function. The constants uy and uy, are
the initial parameters of the particle trajectory. It can be shown that the dispersion
trajectory n,(s) can be expressed in terms of Cy(s) and S,(s) by [RS93]

D) = 1o Cu(5) + 1 Su(5) + Su(s) / pul(T)cu(T) dr — Cu(s) / pul(T)su(T) dr,
(B.7)

where 1y, and 7, denote the initial conditions of the dispersion function. Equa-
tion (B.7) states that outside of bending magnets the dispersion function propagates
like any other particle trajectory and therefore, outside of bending magnets we can-
not distinguish the motion caused by dispersion from the ‘normal’ particle motion.

The longitudinal displacement ¢ of an arbitrary particle with respect to the ref-
erence particle transforms according to [Bro82]

¢ = xO/ Ca(r) dT+x6/ So(7) dT—i-yo/ Cu(r) dr

0 pﬂc(T) 0 pa:(T) 0 py(T)
Rs1 Rs2 15;3
58S
+y6/ y(T) d7T 4+ Rs56 + (o, (B.8)
so Py(T)
— ——
Rs4

where (y denotes the initial longitudinal deviation from the reference particle. The
matrix element Rsg is defined as the change of the orbit length AS divided by the
relative momentum deviation of the particle:

_ﬁz ¥ 1 (7) r Sny(T) -
Ry = 5 /30 pm(T)d +/50 py(T)d' (B.9)
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B Transfer matrix formalism

Equations (B.6) and (B.8) can be combined to a matrix equation

x Ryy Rip Ri3 Ris Ris Rig xo
z Roy Rga Rez Ros Ros Rog ()
y | _| B3 Rs2 Rsz R Rss Rse Yo (B.10)
y Ryy Ry Ruz3 Ras Rys Ry vo |’ '
¢ Rs1 Rs2 Rs3 Rsa Rss R )
o R¢1 Re2 Res Res Res Res do
R

where the transfer matrix R is

Co S 0 0 0 R
. S 0 0 0 R
| 0 0 ¢ s, 0 Ry
B=1 0 0o o s 0 Rg (B.11)

Rs1 Rso Rs3 Rss Rss Rse
0 0 0 0 0 1

The matrix elements Rig and Rsg characterize the dispersion 7,, and the elements
Rys and Ry represent the angular dispersion 7)), generated by the magnet described
by the transfer matrix R in the x-, y-plane, respectively:

1 51
1 s
Rog = / px(T 7)dr — Cl(s )/so px(T)Sx(T)dT
Ry — / p;T Jdr — C,y(s) / pytﬂsy(ﬂ ar
Ri = 8| (5)/8 pytﬂ J(7)dr — Cl(s )/spylmsy(r)dT. (B.12)

Using Eq. (B.10) we can calculate the transformation of the vector X through the
entire beam line by simple multiplications of the transfer matrices R; (j =1,...,n)
corresponding to the different elements in the beam line

X;=R, R, 1-...-R - X;, (B.13)

where the subscripts ¢ and f denote the initial and final position, respectively.
The transfer matrices of the most common beam line elements can be found in
Appendix C.
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C Transfer matrices of important beam
line elements

The derivation of the most common beam line elements can be found in [RS93] and
[Bro82]. Here we present only the results. It is always assumed that the elements
are mounted in a way that they do not produce any coupling between the (z,x’)-
and (y,y')-plane.

Drift Space is the simplest element in a beam line. In the matrix formalism it can
be described by the transfer matrix

Rp,ise (1) =

OO O OO
OO OO o~
OO O = OO
OO = -0 O
O O O OO
_ o o o oo

where [ denotes the length of the drift space along the beam line. Since 1/p = 0,
where p denotes the bending radius of the reference trajectory, no dispersion is
created in a drift space (see Eq. (B.12)).

Quadrupole Magnet with a uniform magnetic field gradient g can be described with
help of a parameter k = eg/p, where p is the reference momentum of the parti-
cles. For k > 0 the transfer matrix is

cosh ¢ ﬁ sinh ¢ 0 0
V|k|sinh¢  cosh¢ 0 0
0 0 cos @ L

i sin ¢

—\/WSingb cos ¢
0 0

0 0

RQuad(k> l) =

OO OO O
_ oo O o O

0 0
0 0
0 0

(C.2)
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C Transfer matrices of important beam line elements

For k < 0 the on-diagonal 2 x2-matrices for z and y have to be interchanged:

cos ¢ ﬁ sin ¢ 0 0 0 0
—\/Wsin¢ cos ¢ 0 0 0 0
Rl 1) — 0 0 cosh ¢ ﬁ sinh¢ 0 0
0 0 \/m sinh ¢ cosh ¢ 0 0
0 0 0 0 10
0 0 0 0 0 1
(C.3)

In both equations ¢ = l\/m , where [ is the magnetic length of the quadrupole.
For k > 0 the quadrupole is focusing in the vertical plane and defocusing in
the horizontal plane. For k < 0 the situation is vice versa. Since 1/p = 0, no
dispersion is created in a quadrupole magnet.

Sector Dipole Magnet is a dipole magnet whose end faces are perpendicular to the
central beam trajectory. The transfer matrix of a horizontally deflecting sector
dipole magnet with a uniform magnetic field is

cos « peSina 0 0 0 pz(l—cosa)
— % sin o cos 0 0 O sin o
0 0 1 a 0 0
Rspwm(ps, ) = 0 0 0 "1 o 0
—sina —py(l—cosa) 0 0 1 —p;(a—sina)
0 0 0O 0 O 1
(C.4)

Here, « is the deflection angle and p, denotes the bending radius of the beam
trajectory. Since 1/p, # 0, horizontal dispersion is generated.

Rectangular Dipole Magnet is a dipole magnet with parallel magnet faces, i.e. its
end faces are not perpendicular to the central beam trajectory. If the magnet
is installed symmetrically with respect to the central beam trajectory, it can be
described introducing an additional edge focusing matrix

1 0 0 000
tana/2 0 00 0
Pz
0 0 1 000
F(pxaa): 0 0 _tana/2 10 0 (05)
Px
0 0 0 010
0 0 0 00 1

The transfer matrix for the rectangular dipole magnet can then be expressed as
a matrix product of F(pg, ) and Rspm(pz, @):

Rrpm(pz, @) = F(pg, a) - Rspm(pa, @) - F(pg, @) . (C.6)

Since 1/p; # 0, horizontal dispersion is generated.
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D Propagation of light pulses in optical
fibers

A short introduction to the propagation of ultra-short light pulses through optical
fibers is given. It is based on [Agr01], where much more details can be found.

D.1 Fiber losses

Optical fibers provide an excellent tool for distributing optical light at minimum
losses. The light power P(L) after transmission through an optical fiber of length L

can be expressed by
P(L) = Pye L, (D.1)

where P, is the initial light power and a the attenuation constant. For standard
single mode fibers at a wavelength around 1550 nm, the attenuation constant can be
as small as 0.2dB/ km.

D.2 Dispersion

The refractive index inside of materials depends on the optical wavelength and when
an optical pulse propagates through an optical fiber of length L, the different fre-
quency components receive a phase shift of

d(w) = no(w)kL, (D.2)
where ng(w) is the frequency dependent refractive index and

o

k
A

(D.3)
the angular wave number.

The product ng(w)k is called the mode-propagation constant f(w) and by ex-
panding it into a Taylor series about the central frequency of the laser pulse wy

Blw) = nO(w)% = fo + fi(w —wo) + %52(60 — wo)® + éﬂ:&(w —wp)’+---, (D4
where "
Bk = <dw€>ww0 with k € Ny, (D.5)
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D Propagation of light pulses in optical fibers

the fact that the refractive index differs for different optical wavelengths can be
expressed in the coefficients 3;. The propagation of the optical pulse with the group
velocity vy = ng(wp)/c is described by the parameter 1, the parameter 3, describes
the group velocity dispersion (GVD), and the terms (3 with k& > 2 are describing
the higher order dispersion, which have to be considered, if the spectral width Aw
is not small compared to the central frequency wy.

For pulse broadening due to dispersion, the most important parameter is 35 and in
fiber optics, typically the so called dispersion parameter D is used, which is connected
to 32 by )

D= —/\Ljﬁg . (D.6)

D.3 Dispersive pulse broadening

To evaluate the broadening of an optical pulse due to dispersion let us parametrize
the electrical field distribution E(r,t) of the optical pulse by

E(r,t) = %i: [F(m,y)A(z,t)ei(ﬁoszot) +cec.|, (D.7)

where z and y are the transverse coordinates and z the longitudinal coordinate
inside the optical fiber, F'(z,y) the modal distribution inside the fiber, and A(z,t)
the slowly varying pulse envelope.

With the Fourier-transformation, the transition between time-domain and
frequency-domain can be made, which for the pulse envelope A(z,t) is given by

Alz,w —wy) = / Az, t)el@Wmwo)tqy (D.8)
e .
Alzt) = o Az, w — wp)e @0t d(w — wy) . (D.9)
T J -0

The effect of dispersion can be considered in frequency domain by a phase shift and
after a fiber of length L the pulse envelope is given by

Az + L,w — wp) = Az, w — wp)eLBotBr(w—wo)t 32 (w—wo)*+58s(w—wo)*+-) (D 10)
Only the Gy with £ > 2 lead to a pulse broadening.

After the dispersive phase shift has been applied in the frequency domain, the

pulse can be transformed back into time domain according to Eq. D.9, and the

phase shift ¢p(z,t) due to dispersion can be determined from the separation of the
complex envelope function A(z + L, t) according to

A(z+ L,t) = |[A(z + L, t)| 9P 1) (D.11)

For a transform limited Gaussian-shaped pulse envelope

+2

A(z,t) = Age o (D.12)
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D.4 Self-phase modulation

the above phase shift due to a non-vanishing s leads to a pulse broadening which
can be expressed in terms of the dispersive length

Ly~ Tl (D.13)
| 52|

After the fiber of length L, the pulse length is increased to

()] s

For a Gaussian pulse with a duration of 100 fs FWHM, the dispersive length is about
7.9cm in a standard single mode fiber.

UT(L) =0Ty

D.4 Self-phase modulation

Due to the small core-size and long interaction length in an optical fiber, the laser
pulses can experience significant nonlinearities even at low laser pulse energies. The
most important nonlinear effect is the dependence of the refractive index of the
fiber on the optical intensity. In first order, the refractive index n(w, |E[*) can be
expressed by

n(w,|E®) = no(w) 4+ ng | E|? , (D.15)

where ng(w) is the refractive index for very small light intensities as it was introduced
above, |E ]2 is the optical intensity, and ns is a coefficient characterizing the strength
of the nonlinearity, which depends on the material and geometric dimensions of the
optical fiber.

An optical pulse propagating through a fiber of length L experiences a phase
change due to nonlinearities which is given by

oNL = 12 | E)* kL . (D.16)

Since this phase change is induced by the pulse itself, ¢n1, is referred to as self-phase
modulation (SPM).
Instead of ny quite often the parameter
ngk‘

v = A (D.17)

is used, where Aqg is the effective core area, defined as

(122 PG ) dy)

eff = (D18)

ff |F(x,y ] dzdy

With v, the phase change by SPM can be expressed by
ONL(t) = vP(t)L, (D.19)
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D Propagation of light pulses in optical fibers

where P(t) it the time dependent laser power.
Similar to the dispersive length a nonlinear length can be defined, providing the
length scale over which nonlinear effects become important for the pulse evolution:

1

= —. D.20
7P ( )

L,
Here, P, is the peak power of the laser pulse. In standard single mode fibers with
v~ 1W~ km™!, the nonlinear length is around 1.1 m for a Gaussian-shaped laser
pulse with a duration of 100 fs FWHM and a pulse energy of 100pJ. If Lp < LNr,
the dispersive pulse broadening occurs much faster than the formation of nonlinear
distortions, so that the effect of nonlinearities is negligible.

D.5 Nonlinear Schroedinger Equation and split step
technique

The propagation of the envelope function A in optical fibers is described by the
nonlinear Schrodinger (NLS) equation which includes all the effects discussed above.
Its derivation can be found in many textbooks, also in [Agr01], and it is given by

0A o . il OA  B30°A
R SR T R T

o liaras L2 (a2 a) -1, a2lAP
_27(|A|A+w08T(yA| A) TrAS- | - (D.21)

A frame of reference moving with the group velocity vy = 1/ is used in this equation
and T is defined by
T:t—ﬂlz. (D22)

The left hand side of the Eq. D.21 describes the dispersive effects and the atten-
uation of the laser pulses inside the fiber, while the right hand side includes the
nonlinear effects. In addition to the self phase modulation discussed in the previous
section, two more nonlinear effects are included in Eq. D.21: The term proportional
to w™ ! describes the effect of self-steepening, which occurs for very short and broad-
band optical pulses and causes a reduced velocity with which the peak of the pulse
propagates. This leads to an increasing slope of the trailing part of the pulse. The
last term, which is proportional to Ty, describes the Raman effect: If the optical
spectrum becomes very broad, the shorter-wavelength tail can transfer power to the
longer-wavelength tail. The parameter T is around 3 fs at a wavelength of 1550 nm.

It is not possible to solve Eq. D.21 analytically. The equation can, however, be
solved numerically with the so called split-step Fourier method. In this method, the
dispersive and the nonlinear interactions are treated separately while the pulse is
propagated from z to z+ Az. In a first step, the effect of nonlinearities on the initial
pulse envelope function A(z,T) is applied. The resulting envelope function is Fourier
transformed in the frequency domain and the dispersive effects are applied according
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D.5 Nonlinear Schroedinger Equation and split step technique

to D.10. The resulting envelope function A(z,w — wyp) is transformed back into the
time domain using the inverse Fourier transformation and the next propagation steps
from z + Az to z + 2Az and so on are calculated in the same way. By using a fast
Fourier transform (FFT) algorithm, this scheme is relatively fast.
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E Images and drawings of selected
experimental set-ups

Figure E.1: Prototypes of the master laser oscillator (left) and two fiber-link stabi-
lization units (right) used at FLASH.
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Figure E.2: Engineered version of the fiber-link stabilization front-end. The fiber
spool with dispersion compensating fiber is installed underneath the op-
tical set-up of the balanced cross-correlator. The bottom layer contains
the electronics for a power level monitoring as well as an RF based back-
up circuit to monitor fiber-link length changes.
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E Images and drawings of selected experimental set-ups

Figure E.3: Engineered version of the master laser oscillator (MLO). The setup in-
cludes the laser as well as a light distribution unit with six output ports.
The fiber part of the laser oscillator is temperature stabilized and four
wave-plates inside the oscillator are motorized. An RF based circuit to
synchronize the laser to an RF source is also included.
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Figure E.4: Technical drawing and image of the optical front-end used for the bunch
arrival-time measurements (top and middle). Both BAMs used dur-
ing this thesis are based on this design. The bottom drawing shows
an improved design. Among other things, optical delay stages with a
significantly improved reliability are used.
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E Images and drawings of selected experimental set-ups

Figure E.5: BAM readout and regulation electronics. The aluminum chassis contains
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two photo detectors the signals of which are split and connected to two 16
bit, 108.3 MHz ADCs each. Adequate delays ensure that the two ADCs
sample peak and baseline of the laser pulses coming from an optical
BAM front-end. Alternatively, one of the four ADCs can be used to
sample the signal of a bunch compression monitor. The FPGA installed
on the VME board calculates the fast correction signals for the bunch
arrival-time and bunch compression feedbacks. These corrections are
sent via an optical RocketIO link (green cables) to the digital controller
board of the first accelerating module ACCI1.
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