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l. INTRODUCTION

General aim and historical background

Application driven laser development is aiming for coherence, directionality, brightness or
monochromacity, wavelength tuneability and stability depending on the specific requirements. In
general high focal intensities with reproducible high beam quality, both temporally and spatially are
required. There are jumps in intensity which take us to different levels of understanding of the world
around us. If we take the Hydrogen-atom as an example and estimate how much energy is more than
just a disturbance for an atomic system. The electrostatic (Coulomb) field of the atom is =
3-10"W/cm?. As long as the intensity of the incident light is smaller than that, we can use the
perturbation-theory. Further borders are 10"® W/cm? when the oscillation energy of the electron is
comparable with the steady state energy, and relativistic effects are coming into the calculations. The
next is at 10%° W/cm?, the intensity-region for “vacuum-nonlinearity”.

To generate high intensities one could increase the energy, increase the focusability or
shorten the pulse duration. The limits for those last two are the diffraction and the uncertainty relation.
To get short pulses a broad bandwidth needs to be generated. Diffraction limit is pushing the frontiers
to shorter wavelengths.

Together with the laser development aiming to reach these limits, free electron lasers (FEL),
based on electrons in accelerators and undulators are making their way to shorter wavelengths and
higher coherence. Currently for the 1keV photon energy range they are the only candidate to generate
high power coherent radiation. However, this requires short electron bunches with extremely high
quality to be produced, with ultralow emittance, where lasers take their place by providing the electron
source together with a photo-cathode and an RF—gunI.1"1. Photo-injector (PI) allows approximately two
orders of magnitude higher brightness than a conventional injector and is also used for high-energy
linear colliders, such as the Compact Linear Collider (CLIC).

Laser systems are now an essential part of an accelerator/ FEL facility not just by providing
the primary electron source, but also seeding the FEL with higher harmonics of the laser for achieving
better FEL lasing, delivering photons for pump-probe experiments and characterization of the electron
bunches. The Linac Coherent Light Source (LCLS) at SLAC National Laboratory generates, as of
2010, the shortest wavelengths at 0.15nm in 80fs long X-ray pulses. European X-FEL at DESY
Hamburg and SwissFEL at Paul Scherrer Institute in Switzerland are both aiming to reach 0.1nm
wavelengths with up to 5.10% peak brilliance (meaning number of photons /s mm? mrad® 0.1%
bandwidth).

During the history of laser development generation of short pulses was the first step to reach
high intensities. Short pulses have been achieved since the mode-locking technique was invented in
the mid-1960s"?. Together with Q-switching techniques"® high intensities could be reached, opening
up the possibility for non-linear optics. The first femtosecond laser was based on dye, but the narrow
tunable range and the unreliability of these type of lasers lead back to the development of new solid
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state materials, such as alexandrite (Cr:BeAl202)"* and Ti:sapphire (Ti:Al203)"“. Later, using prisms
to compensate for group velocity dispersion in the oscillator cavity allowed pulses as short as 27 fs to
be created'®. In the past 40 years many other novel mode-locking techniques were introduced, such
as acousto-optic modulation"®, additive pulse mode-locking, and other passive techniques self-mode-

1.9,1.10.

locking, such as Kerr-lens mode-locking (KLM) and more recently SESAM (Semiconductor

Saturable Absorber Mode-locking), which is replacing the previously used organic dye saturable
absorber and is applied to generate ultrashort pulses. KLM enabled the generation of 6.5 fs pulses"”.
With nonlinear broad bandwidth generation and recompression 4.5 fs pulselengths can be
reached."'?""®

The easiest way to scale up the energy of a laser is to build a chain of amplifiers. Two routes
can be followed here, one is to generate high power at longer wavelengths, and convert to UV

(multicolour lasers); the other is to generate low intensity UV pulses and amplify them directly. To

amplify UV pulses in a conventional laser system one is limited by the fact, that we have to have a Vv
time’s bigger field for pumping (v being the generated laser frequency) and we have to extract energy

in 1/ v’ times shorter time to provide the same ratio between spontaneous and stimulated emission.
However, as for efficient extraction of the energy stored in the amplified media, we also need to be
working close to the saturation fluence of the given gain material, which in the case of solid state
materials is much higher. This leads to the need of strong focusing; which together with the short pulse
leads to unwanted non-linear effects and eventually damage. Due to this, the generation of short
pulses with high intensities was restricted to excimer and dye lasers until 1985, when Chirped Pulse
Amplification (CPA)"'*""® was developed and made it possible to generate ultrahigh power levels in
solid-state laser materials. As the laser pulse is stretched (chirped) before the amplification utilizing
dispersion in the material, the longer low intensity pulses can be safely amplified, still providing the
necessary fluence for efficiency extraction. The pulses are then compressed back to their original
transform limited duration. There are two main approaches in infrared laser pulse amplification using
CPA technique. The first is power amplifier, where the active material is pumped directly by a light
source, typically flashlamps, laser diodes or another laser source. The other approach is to amplify the
IR pulses in a nonlinear optical material using a parametric process to transfer the pump light of a
laser working at a shorter wavelength into the signal beam. This is the so-called Optical Parametric
Amplifier (OPA). Here the advantage of longer chirped pulses is two-fold. One is to avoid damage and
unwanted non-linear effects and the other is to efficiently match and overlap with the length of the
pump pulse, as energy transfer is instantaneous in this case between the two. Optical parametric
amplifiers can cover a wide range of wavelengths from 300nm-4pym. Most of the commercially
available tunable wavelength sources are based on parametric oscillators or amplifiers.

Laser systems based on this technology developed at several institutes are now available
commercially and can generate 20 fs pulses with 1J of energy and provide a focused intensity around
10%° W/cm?, well exceeding the barrier for relativistic optics at 10'® W/cm? and giving the onset of
nonlinear effect and ionization. These pulses can be interacted with nonlinear or gaseous materials to

extend their wavelength range from XUV to THz radiation. High Order Harmonics down to XUV regime
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and with pulse durations inherently shorter than the drive pulse can be created, which opens up new

16 As the focussed intensity is so great, even the

application fields of the attosecond science
unwanted background radiation is intense enough to cause unwanted Coulomb-explosion, thus

knowledge of the pulse-shape and the sources of pre-and post-pulses and pedestals are important for

contrast improvement and for the success of experiments in this regime.
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Fig. I.1. Brightness from different sources as function of photon energy, showing the superiority of X-FEL'’s in the 1keV range

and how lasers through High Harmonic Generation are still in the ring to deliver the brightest beams.
In the above mentioned multi-colour laser systems the IR amplified pulses are converted to
UV through nonlinear conversion in crystals. At high intensities this process can be seriously limited by
multi-photon absorption. In 1929, Maria Goeppert Mayer was the first to predict the possibility of two

photons being absorbed in an atom in the same time""®

. This was soon after Einstein’s discovery of
the photoelectric effect, and it suggested that states which are unreachable by one photon are allowed
in the case of simultaneous absorption of two photons. However this effect only could be observed
with a bright source, which only became available after the construction of the first laser. Because of
the fairly low intensities available that time, scientists were more excited about the fact that this way
they can make transitions between states, which are not connected by electric-dipole reactions, and
can achieve coherent excitation to UV range, making visible radiation useful. In 1961 Kaiser and
Garrett published the first paper experimentally showing generation of UV light from two photons of

1.18

their 694 nm red maser light.” ™ With the development of high intensity lasers nonlinear absorption was

found to limit the intensities passing through the window materials and optics.”g’ 120,121

Using nonlinear optical crystals the shortest possible wavelength achievable to date is 166

nm"? At these short wavelengths both linear and nonlinear absorption will have a major role in losses

and temperature detuning of the phase-matching angle'?®®

and optical damage. This is why the
average power of these solid-state UV lasers still cannot compete with excimer lasers. However, when

ultrashort pulses are required, then the bandwidth and gain-narrowing of the excimer laser puts a limit
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on the shortest achievable pulse length of ~150fs“". Dye lasers provide about the same bandwidth .

Available solid-state laser materials at this wavelength are still exhibiting low gain. Optical parametric

amplification provides a good tool for broadband amplification down to 300nm 26

. Two-photon
absorption induced losses also can limit the achievable gain from these systems, as both the
parametric process and the absorption vary quadraticaly with the laser intensity. The pump
wavelength during this amplification process is at the 266nm range.

The work reported in chapter Ill.1 is specifically directed towards the design and
implementation of laser systems meeting the requirements of CERN Compact Linear Collider (CLIC)
Test Facility 2 and 3 (CTF2 and CTF3) drive beam photo-injector. The laser is part of the high
brightness electron source by illuminating a photo-cathode under high RF field. Design studies and
prototype building of a mode-locked, high repetition rate, high gain, high power diode pumped pulse-
train laser system operating in the UV carried out at Rutherford Appleton Laboratory are reported.
Experiences gathered are used then for the design of a larger laser system to meet the requirements
of CTF3. Long, stable pulse trains with up to 2J of total energy are generated after amplification.

Chapter lll.2. shows correlation measurements carried out between the laser and produced
electron beam at CERN. Amplitude stability is one of the main parameters yet to be met. Possible
stabilization schemes are also discussed in this chapter.

One of the main challenges in the generation of long high repetition rate trains in the UV is the
absorption losses in the conventionally used harmonic generation crystals. Two-photon absorption
losses played a key role in the degradation of the pulse-train generated with CLIC requirements. Two-
photon absorption measurements performed for the first time on CLBO and other crystals are reported
in chapter Il.3. Measurements were carried out the Szeged excimer laser facility using the 248nm of
the KrF system.

A fast, clean phase-switching system was required for CTF3 laser, ensuring any leakage
satellites were below the 1% level to maintain efficiency and reduce radiation loss control on the future
CLIC machine. In chapter lll.4. the detailed design of this system, based on telecommunication fiber
optic modulators is presented. Measurements carried out both on the electron and the laser beam to
demonstrate stable, accurate and satellite free switching will be detailed here.

In high intensity laser-matter interactions pulse shape is one of the most important
parameters, which needs to be fully characterised. In single pulse laser systems, pre- and post-pulses,
pedestals caused by system elements and the amplification process can degrade the temporal
contrast to an unacceptable level. In conventional CPA systems, when ultra-broadband pulses are
generated, optical elements will limit the spectral acceptance and hence cause change in the temporal
shape of the pulses. Amplified spontaneous emission, saturation and gain narrowing in high gain
amplifiers will also affect temporal shape. In chapter III.5. of this work | calculate the effect of the
residual nonlinear phase-distortions due to misalignment and spectral distortions due to bandwidth
limit of the optics in a conventional OPCPA system. | estimate the effect of these on the temporal
contrast of the ultrashort, high intensity pulses. | also show that by measuring the spectra, the
temporal contrast can be calculated in a significantly higher dynamical range. This is an important fact,

when we try to measure temporal shape of a UV pulse, as commercial temporal shape measurement
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devices, such as autocorrelators have limited usability. The work also includes modelling of temporal
contrast measurements with conventional second- and third order correlators. The last part of this
chapter will give some calculations for pre/post pulses, and their effect on spectra and phase.

Modelling results are compared with measurements taken on the TITANIA laser system at Rutherford
Appleton Laboratory.



Il SCIENTIFIC BACKGROUND AND AIMS
.1 Photo-injectors

Photo-injectors have taken a new role as electron sources for accelerators when high
brightness pulsed electrons are in demand for high energy linear accelerators. Thermionic guns can
no longer provide the specifically ‘tailored’ electron bunches required from the injector. As laser pulses
can be shaped in space and time, electron bunch parameters at the exit of the gun can be carefully

tuned to achieve low emittance’ "'

, energy spread” and short synchronized electron bunches®. Photo-
injectors are now the first choice for electron source linear colliders, linear accelerators with energy
recovery, fourth generation light sources, free electron lasers, injectors for laser-driven plasma wake
field accelerators, or low-energy electron LINACs for applied research; all bringing their own
requirements for the electron source (see Table 11.1.1.).

Table 1.1.1.: The required parameters from the electron source for different applications.H:High, M:Medium, L

High Low Short

Type of machine Some specific requirements for the laser

charge4 emittance bunch

Linear colliders Good stability (phase, amplitude)
Synchronizability to RF
FEL L H L High average power

UV or tuneable near-IR

‘Beer can shape’

RF sources H M
Wakefield accelerators H M Polarized with helicity control
New accelerator L M L High peak power
schemes
Coherent radiation L H
sources
Radiochemistry H M

1A beam of particles can be characterized the density of the paticles in the six-dimensional phase space, where size and
momentum are defined along each Chartesian axes. Referefnce Il.1shows, that in the case of a system of non-interacting
particles emittance is preserved over time in ideal conditions. Hence it's importance in beam characterization. In practice the
six-dimensional description is usually split into three two-dimensional subspaces, (x; px), (v; py), and (z; pz). The emittance is
defined in terms of the area occupied by the beam in these two-dimensional spaces. If the area occupied by the beam in the (x;

px) plane is I}, then the normalized or invariant emittance is defined as €} = —— where my is the electron rest mass and c is

TmgyC
the speed of light. A low emittance particle beam is a beam where the particles are confined to a small distance and have nearly
the same momentum. In a linear collider keeping the emittance small means that the likelihood of particle interactions will be
increased resulting in higher brightness. To obtain high peak power from an FEL, the electron beam emittance has to be low to
ensure that the interaction takes place over longer length and the produced radiation is more coherent.

2 Energy spread determines the energy distribution of the particles withing an electron bunch. It is like the bandwidth of a laser
pulse, and the aim is to reach a very ‘narrow band’ source. Unlike other sources, such as conventional thermionic injectors or
damping rings, the energy of electrons produced in a photo-injector is correlated in time and spread only in a very narrow
energy band (<5keV).

3 Bunch is the equivalent of the pulse in laser terminology and bunch length gives the information about the temporal
distribution of the electrons. Often in accelerator physics this is given in units of length, rather then time.

4 Charge is equal to the total number of electrons produced in a bunch times their charge (1.602"° Coulomb) and through the
quantum efficiency of the cathode is also proportional to the number of photons, which it is produced by.
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Photo-injector lasers serve the primary role of providing the electrons at a front end of an
accelerator together with a high gradient electron gun. This requires the laser to have the correct
photon energy and hence the right wavelength for photo-emission from a specific cathode material.
Wavelengths can vary from UV to IR depending on the application and the cathode used and whether
polarized electrons are necessary. The pulse repetition rate is primarily set by the RF used for
acceleration and requirements can vary from 10Hz single shot machines to long train of GHz repetition
trains. As Free Electron Lasers emerged in the XUV regime together with the fast progress in
accelerator technology, lasers now need to provide extremely high quality electron beams'?.
Wavelength tuneability, shapability in space and in time are desirable for tuning the electron bunch
parameters to achieve high brightness. In the following sections an introduction is given to the photo-
injector architecture, the typical cathodes and the injector specific to the CERN Compact Linear
Collider (CLIC). The requirements for the CERN CTF2 and CTF3 photo-injector lasers are described
and the superiority in comparison to thermionic injector is discussed.

1.1.1 Photo-injector basics

The schematic of a photo-injector is shown on Fig.ll.1.1. It consists of a master oscillator
generating radio frequency (RF) signal, to which both the high gradient RF cavity and the laser’s seed
oscillator are synchronised. The injector also includes a photo emitting surface, the photocathode,
which is illuminated with a train of pulses in the UV (although cathodes operating at other wavelengths
also exist). The RF cavity is shaped to reduce the effect of the space charge forces between the
produced electrons and gives the initial acceleration of the electrons to a few MeV.

\C‘SZT?cath_Ode: : .- . High gradient \
N ‘ Z ; RF cavity
2620m o qameration [ AP R

A

Photo
cathode

— .
RF cavities RF drive /

Fig.ll.1.1: The components of a photo-injector are a laser, a photo cathode an RF source and an RF cavity (right)
Specific design for CTF3 PHIN injector (left)

The previously used thermionic guns required a very careful design of the gun in order to
produce either good quality DC long pulses‘r’, or short pulses, which need sub-harmonic bunchers to
create short bunches by modulated fields. Pulsed systems are generally inefficient and result in
satellites between the main bunches. Electrons produced through photo-emission however only have
the ‘imprint’ of the laser pulse structure from which they are produced and hence allow for greater

flexibility. Photo-injectors can deliver current densities at least four orders of magnitude greater than

® In accelerators bunches are the short burst of electrons, while pulses are either produced in a gated fashion or are containing
a train of bunches.
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thermionic guns, up to 10° Alcm?. By applying sufficient electric field to overcome space charge forces,
brightnesses up to 5-10'° Am™rad?/cm® have been demonstrated 11617

The electron bandgap of the photo-cathode material will define the laser wavelength; the
quantum efficiency of the cathode will determine the energy per pulse required from the laser; the
vacuum conditions and sensitivity to the electric field will define the gun architecture, while the
application will determine the average current and pulse structure, having a direct effect on the laser

average power requirements and its architecture.
The main advantages of photo-injector versus thermionic gun are listed below:

e it replaces the thermionic gun and the bunching system by a single RF gun
e it produces high current densities and high brightness

o the pulse shaping is much easier, as it can be done directly on the laser

e can be adjusted in order to optimise the RF power generation

¢ small emittance is possible with laser pulse and beam shaping
However several issues related to using photo-emission process remain:

e UV power and pulse to pulse stability of the laser needs to be delivered

o Necessary average charge needs produced from the photo cathodes (in case of high average
current injectors, such as the ones required for CLIC)

o Timing jitter to external reference RF, typically <0.5ps, but for FEL applications can be <0.1ps

o Pointing stability of the produced electron beam is directly dependent on the laser beam

1.1.2 Photo-cathodes

The photoemission process is well represented by the Three Steps model "% The photons are
first absorbed by the cathode material, then the electrons are moved from the valence to the
conduction band and finally the electron overcomes the surface barrier and exits the cathode.

Our ideal wish list for a photo-cathode would be high quantum efficiency, infrared or visible
wavelength for injection, long lifetime even in moderate vacuum conditions. It also has to be easy to
prepare and transport. However, meeting all these requirements in a single emitter is not possible.
Metal cathodes provide low quantum efficiency and hence are used usually with high power single
pulse laser systems, while alkaline semiconductor cathodes with higher quantum efficiency need less
energy per pulse from the laser to produce the same charge and are suitable for pulse-train operation
guns, such as the ones used at CERN or at DESY. GaAs cathodes are suitable to produce polarized
electrons, but require careful helicity and wavelength tuneability of the laser around 800nm. These
laser systems are based on Ti:Saph. A good summary of available cathodes and their uses can be
found in ref. 11.10.
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Typical photo cathode parameters and possible limitations are listed below, in Table 11.1.2.
Sensitivity to the vacuum will have a big effect on lifetime of the cathode and in turn on the availability

and reliability of the injector system. Other things to consider are:

e Time response to picosecond pulses will ultimately determine the pulse length required from
the laser
¢ Bandgap of the cathode will determine the wavelength of the injection laser

e Quantum efficiency will set the energy/pulse requirement for the laser

Other limitations, which do not directly affect the laser requirements, also have to be taken into

consideration:

e Dark current produced (when cathode is not illuminated), which affect beam quality
e Sensitivity to high field gradient

¢ Charge limit effect, maximum extractable charge/area

e Long operational lifetime, activation, reactivation, rejuvenation

o Ease and reproducibility of preparation

Table 11.1.2. The most widely used photo cathodes and their advantages and disadvantages.

Photo cathode Advantage Disadvantage
Cs;Sb, CsK,Sb v" High quantum efficiency Difficult to prepare
v' 500 nm laser Short lifetime
. Not sustain very high fields
. Expensive preparation chamber
. Expensive transport system
. Need very good vacuum
Cs.Te v" High quantum efficiency e  Needs UV
v" Long lifetime e  Expensive preparation chamber
v' Sustains high fields . Expensive transport system
. Questionable response to pulsetrain
Cu, Y, Mg v" No preparation chamber needed . Needs UV
v' Long lifetime (> 1 year) e Low quantum efficiency (Mg better 0.3%)
v'  Fast response
v/ Sustain very high fields
v/ Sustain bad vacuum
LaB¢, WcaOBaO v" No preparation chamber needed . Needs UV
v' Long lifetime e  Low quantum efficiency
. Need to be heated prior to operation

11 Cs,Te cathodes

There is long history of high efficiency cathode development at CERN
were chosen as the emitter for CLIC photo-injectors due to its capability to produce high charge, high

working QE and relatively modest vacuum requirements. Cs,Te cathodes fabricated at CERN with
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coo-evaporation process can provide up to 20% starting efficiency and relatively long lifetime, when

operated with wavelengths ~260nm. The full list of main parameters is listed below in Table 11.1.3.

Table 11.1.3. Basic parameters of CssTe measured at CERN

Working wavelength =270 nm

Maximum QE =20 % @ 262 nm
Operating time with QE > 15 % from weeks to months
Working pressure = 10 mbar baked vacuum
Maximum electric field =127 MWim

Relaxation time =2-3ps

Dark current guasi equivalent to copper
Peak current =10 KA

Single pulse charge at least 100 nC in 10 ps

lMean current =1 mA (limited by laser)
Mean current density 21 mAdcm®

Laser damage threshold = BWicm* @ 262 nm

The relationship between the produced charge and the laser parameters can be described by the
following simple equation:
C[nCl=8-n[%] w[w - A[nm] I1.1.)

Where C is the produced charge in nC, 7 is the quantum efficiency6 of the cathode in %, W is the
energy/micropulse in pd and A is the wavelength of the laser in nm (8 includes elementary charge,
Plank constant and speed of light). This shows that if cathodes can be produced with similar quantum
efficiencies to Cs;,Te, but working at the second harmonic wavelength of the laser, then potentially the
laser parameters could be reduced by a factor of six. (a factor of three could be gained from
conversion efficiency to UV, and a factor of two from the wavelength). This would also simplify
detection and efficient propagation of the laser beam. Apart from reducing output power requirements
on the laser, the stability of the system would be improved, by eliminating one nonlinear conversion
stage from the laser. Cs3Sb development is promising to move the operational wavelength to the
visible. Vacuum sensitivity and hence lifetime of these cathodes are expected to be worse, than
Cs,Te, however limited testing time has not allowed further investigation of these cathodes to date.

Currently photoinjector cathodes and lasers are still falling behind the thermionic source in
terms of stability and reliability.

6 Quantum efficiency equals to the number of electrons produced divided by the number of photons they are produced by.
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1.1.3 CERN Compact Linear Collider, Test Facility 2 and 3

The Compact Linear Collider (CLIC)7 is a future lepton collider being designed to provide

precision measurement of any new particles the Large Hadron Collider (LHC) may find, as well as

opening up new energy frontiers, beyond the capabilities of existing particle accelerators "'
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delay loop | > 4 dolay loop
@ decelerator, 24 sectors of 876 m

BD: BD
45 m 275km 275 km
TAr=120m © mainlinac, 12 GHz, 100 MV/m, 21,02 km ar maln linac

TAradlus 1201
- ™ ¥
48.3 km
CR combiner ring
TA turnaround
DR dampingring
ggR gu";gzngg::grzzgor | booster linac, 6.14 GeV
BDS beam delivery system
IP  Interaction point
W dump e~ injector, e* injector,
2.86 GeV 2.86 GeV
Fig.ll.1.2. CLIC 3TeV design layout
The CLIC e-/e+ collider is based on Table I1.1.4. CLIC drive beam injector parameters
the two-beam acceleration concept illustrated Parameter Nominal values  Unit
on Fig.ll.1.2., where 24 sub-pulses of the |Beam energy 50 MeV
. . Pulse length 140.3/243.7 s/ns
0.5GHz drive beam are interleaved through a Bt / s/
) ) ) Beam current 4.2 A
delay loop and combiner ring to create high Bunch charge 8.4 c
RF power, at 12GHz locally, by deceleration Number of bunches 70128
of the drive beam. This is used to power the Total charge per bunch 590 mC
accelerating structures for a second beam, | Bunchspacing 1.082 0
. Repetition rate 100 H
the main beam. P z
. - Emittance at 50MeV 100 mm mrad
Currently in CLIC Test Facility 3 Energy spreadat50MeV 1 S—
(CTF3) the main beam, to be accelerated, is | punch length at 50MeV 4 mm (rms)
produced by a photo-injector. Since polarized Charge variation shot to shot | 0.1 % (rms)
electrons are a requirement they must be | Chargeflatnessflat top 0.1 % (rms)
. . All d satellite ch <7 %
produced by a photo-injector and hence it ltabosiibial. >
Allowed switching time 5 ns

was chosen as the base line option for the

CLIC machine. Negative electron affinity GaAs cathodes, producing these electrons require a tuneable

7 Today, high energy physics experiments are focused on the tera electron volt (TeV) energy regions to explore the physics
beyond the Standard Model such as supersymmetry, extra dimensions and new gauge bosons. LHC will extend this range up to
14 TeV. There are several collider concepts to provide complementary and precision measurement data to the LHC results.
Compact Linear Collider (CLIC) at CERN is one of these besides the International Linear Collider (ILC) and Muon Collider (MC
projects).
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source ~800nm for high polarization purity. As these cathodes have long relaxation time (>10ns), with
the repetition rate of the gun (4ns bunch separation) a mode-locked laser system would not provide
any advantages. Therefore a Ti:Saph Q-switched system was developed at SLAC to deliver long

bursts of laser light. More details can be found in CLIC Conceptual Design Report."“'

Despite the fore
mentioned disadvantages of the thermionic source, because of its demonstrated reliability it is the
baseline option for the drive beam injector for CLIC. However the satellites produced by the sub-
harmonic bunching system,- creating the short bunches out of the DC electron beam,- may yet prove
to be a radiation issue for the future machine. As a result, the possibility of using a RF photo-injector
as the drive-beam source was investigated. Injector parameters as of 2011 are shown in Table 11.1.4.
As some of the parameters on the laser and cathode side require a feasibility study"'”’"'zs,
development of the first laser system, PILOT, producing long trains of UV pulses for CTF2 was started

in 2000.

11.1.3.1  Basic parameters and requirements for the drive beam injector laser

The laser system''®in 2001 at CERN was based on powerful flash-lamp pumped regenerative

amplifiers and power amplifiers, a pulse multiplication technique to produce a train of up to 48 pulses
and also included a stretcher and compressor. Scalability with this setup to longer trains was
impractical. Since many thousands of pulses are required in the UV for the final CLIC machine all with
identical parameters and a tight specification on mean power and average power it was necessary to
build a more realistic system to test performance. The terminology is described below, with a typical

scheme detailed in Fig. 11.1.3.

g

FWHM: few ps
_A J(\
Oscillator — \ / ’> Micropulse
cw amplifier |||||J L| i
Synched to the RF with sub-multiple frequency
Steady-state build up of pulse train envelope
= Fvery 0.01-1s
Burst mode
amplifiers —
- ~few 100 ps -
Macropulse, containing
the micropulses, also called pulse train
Optical gate Energy in macropulsef duration of macropulse=
pulse train mean power
«—>
Single to
100s of ps

Fig.11.1.3. Typical pulse structure and definitions in a photo-injector laser system

e  Micropulses: The individual ~10ps long pulses

e  Macropulse: A flattop train of micropulses
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e Mean power: Average power of the macropulse

o Peak power: Peak power of one micropulse

e Duty cycle: Length of macropulse / period macropulses

e Average power: Average power of the whole laser (mean power X duty cycle)

Specification and scaling towards the CLIC parameters are listed in Table 11.1.5. Some terms

unique to this type of laser systems had to be clarified and demonstrated in order to show the
feasibility of a photo-injector for CLIC. Parameters which require attention for scalability or are
particularly challenging, are marked in red. As one can see, the main challenges lies in the high
repetition rate and hence high average power and the high gain, which needs to be constant to deliver

long flat trains after conversion to UV.

Table 11.1.5. CLIC drive beam laser requirements with a 2 step test phase included for demonstration and feasibility studies

DR pea A pe

cTF2/PILOT|CTF3/PHIN| CLIC |CALIFES
charge/bunch (nC) 0.36 2.3 8.4 0.6
gate (ns) 1400 1200{ 140371 19.2
bunch spacing(ns) 4 0.666 1.992 0.666
bunch length (ps) 10 10 10 10
Rep. rate (GHz) 0.25 1.5 0.5 1.5
number of bunches 350 1802 70467 32
machine reprate (Hz) 5 5 100 5
margine for the laser N.A. 1.5 2.9 1.5
charge stability <1% <0.25% <0.1% <3%
QE(%) 4 3 2 0.3
laser wavelegth (nm) 262 262 262 262
energy/micropulse on cathode (nJ) 60 363 1988 947
energy/micropulse laserroom (nJ) 120 544 5765 1420
energy/macrop. laserroom (uJ) 4.2E+01] 9.8E+02| 4.1E+05 4.1E+01
mean power (kW) 0.03 0.8 2.9 2.1
average power at cathode wavelength(W) [negligible 0.005 41 2.E-04
micro/macropulse stability <1% 0.25% <0.1% <0.1%
conversion efficiency 5 0.1 0.1 0.15
energy/macropulse in IR (m)) 0.8 9.8| 4062.2 0.3
energy/micropulse in IR (uJ) 2.4 5.4 57.6 9.5
mean power in IR (kW) 0.6 8.2 28.9 14.2
average power on second harmonic (W) 0.04 0.49 406 1.E-03
average power in final amplifier (W) 1 9 608 15

The aim of the first PILOT laser was to show reliable production of a long pulse train. Stability
was aimed at 1% pulse energy variation both for micro-and macropulse. Using the existing hardware,
namely the available 250MHz oscillator seed it was possible to produce a 0.32nC/bunch, 1.4 us pulse

train of 350 pulses. The laser architecture had to be replaced by more reliable diode-pumped system.
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The aim was also to understand the scalability of such Master Oscillator Power Amplifier
(MOPA) systems to the higher power levels required for CTF3 and for the future CLIC machine. For
the PILOT system the main aim was to efficiently pump and extract power from the amplifiers, to
measure thermal properties of the chosen material, to compensate if necessary for thermal distortions
in the beam and efficiently convert to the cathode wavelength. In addition to this the stability of the
system had to be investigated so that the sources of noise could be understood and an active
stabilization scheme planned for the future. Because of the special operating characteristics of the
laser, the literature given isn’t always fully applicable, so part of the work concentrated on to creating a
code for the amplifier based on the conservation of energy, the basic rate equations and steady-state
operation for pulse trains. The results of these calculations describe the performance well and can be
used to optimise the system as well as for future designs for CTF3 and towards CLIC.

As high average power, long trains and very high gain were required with the final 1.5GHz
seed repetition rate, the design, even for the less challenging PILOT system, had to include these
requirements for future scalability. The choice of the material and the laser architecture are
described in 11.4.2, and the reliability and stability issues in 11.4.3. The new scientific results of the

work are detailed with the construction and the test in lil.1.

1. My aim was to build a diode-pumped MOPA (Master oscillator power amplifier) in multi-
pass arrangement, test the steady-state properties of the system and generate 4"
harmonic of the fundamental 1047 nm light provided by a mode-locked Nd:YLF
oscillator. The laser system should satisfy the requirements for the CERN CTF2 injector
and provide a 1.4 ps long train of <10 ps pulses with 5 Hz macropulse and 250 MHz
micropulse repetition rate. In order to produce 0.15 nC of charge from the Cs,Te photo
cathode it must provide 30 nJ/micropulse energy at a wavelength below 270 nm. My
aim was also to write a code/model to calculate the predicted behaviour of the
multipass amplifier and then compare the data with the measurements.

2. My aim was to design a two stage amplifier system in multi-pass arrangement at 1047
nm, seeded by a mode-locked Nd:YLF oscillator, using the developed code. The laser
system should satisfy the requirements for the CERN CTF3 experiment, to provide a 1.3
us long train of <10 ps pulses with 50 Hz macropulse and 1.5 GHz micropulse repetition
rate. In order to produce 2.3 nC of charge from the Cs,Te photo cathode it must provide

370 nJ/micropulse energy at the 4™ harmonic of the amplifier.

11.1.3.2 Phase-coding

The long RF pulses with 12GHz repetition rate cannot be directly produced by any
conventional RF source. Hence a high-current low energy beam is generated at the electron source
and later the drive beam buckets are recombined in the so called CLIC drive beam recombination
scheme. This being one of the most challenging tasks for CLIC test is carried out in CTF3 with
multiplication factor of 8 and is detailed on Fig.ll.1.4. Out of the 1.2 us long train, 8 buckets or sub-
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trains (140ns each) need to be repositioned longitudinally between each other shifted by 180 deg
respect to the RF phase.The so called even buckets are kicked into the delay line, as they are in
phase with the RF deflector, while the odd buckets go straight, as they are out of phase with the
deflector. The delayline introduces a delay of half period. As a result, after the delay line there will be
1.2us long train of bunches, but now with 3GHz repetition rate for 140ns and a gap for 140ns. These 4
of 3GHz sub-trains are now sent into the combiner ring, where they ‘wait for eachother’ and with the
correct delay applied recombine to 12GHz in a single 140ns long train. These bunches then all
together are kicked out of the ring. The combiner rings increases the frequency further by a factor of 4

in case of CTF3 and an additional factor of 3 in case of CLIC.

Phase Coding Delay Loop Scheme Combiner Ring Multiplication

Sub-Harmonic st Tur RF Deflector Ficld
Bunching I/[)/2 k—— 180° Phase Switch 1 m

Odd | ! '
Ddd Chring = (n+1/4) Ao
d

211(1

Buckets

Acceleration g

Buckets 4th

.

Deflection v /2

7o A Delay Loop —42m  Combiner Ring — 84m

Bunch Length
Chicane

Fig.ll.1.4. CTF3 Layout with the pulse multiplication scheme

For this to work the initial electron bunch train must be ‘phase coded’ i.e. some of the bunches
must be delayed by half of an RF period with respect to the others. With the current thermionic gun
this is achieved by sub-harmonic bunching, which is done over 8 consecutive pulses and causes

118 The transition performance of the 180°

considerable amount of unwanted satellites in the system
switch and the level of the satellites currently present in the system with the thermionic gun are shown
in Fig 11.1.5. These satellites at ~7% level could prove to be a serious radiation hazard for the future

CLIC machine as they will propagate on a different path from main electron beam.
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Fig.ll.1.5.Switching performance in CTF3 with thermionic source and sub-harmonic bunchers measured during the switching
period (left) and in one of the sub-trains (right)

However, with the laser based photo-injector the phase-coding can be done on the laser
pulses before they are sent to the photocathode. The time structure produced by the laser directly
correlates to the produced electron bunches. In CTF3 the source of the laser pulses is a 1.5 GHz
mode-locked ps laser: The required coding system will delay (or not) so-called “even” and “odd” trains
(laser) of bunches (electron), so called “sub pulses” (electron). The coding does not need to be
continuous, it will be sufficient to apply the coding over periods of >400 us at up to 50 Hz repetition
rate to match the amplification window of the amplifier chain. Each sub pulse will contain 212 laser
pulses. The delay applied to the even sub pulses has to be 180 deg at 1.5 GHz i.e. 333 ps. The
specifications for the phase-coding are summarized in Table. 11.1.6. and the corresponding timing

structure shown in Fig. 11.1.6.

Table 11.1.6. Input parameters for the phase-coding and the coding required below

Parameter Value

Wavelength 1047 nm
Maximum average power 320 mW
Pulse length (Gaussian FWHM) 6 ps
Pulse repetition rate (cw mode-| 1.5 GHz
locked)

Time between pulses ~666 ps
Polarisation Horizontal
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Switching required for >400 ps ( at up to 50 Hz)
Length of sub-pulse ~140.5 ns (212 pulses)
Switching frequency ~7.1 MHz

Delay between generated sub- | 333 ps

pulses

Pulse timing stability <0.2 ps

Amplitude stability <0.1% rms

Total system loss <9.6 dB

Number of subtrain to injector 8

Amplitude flatness rms <0.1%

Time delay accuracy <1ps
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Fig.ll.1.6. Phase-coding time structure requirement

The important performance parameters of the coding system include:

e Switching time: The system must allow complete switching from one sub-pulse to the next
between two consecutive 1.5 GHz oscillator pulses i.e. within 666 ps. Together with the jitter

of the switching electronics a rise time of <200 ps on the optical modulator or switch is

required.

o Stability: There are very tight requirements on the pulse-to-pulse energy stability and the
timing stability of the overall laser system. The coding system must not increase the timing
jitter of the laser pulses by more than 0.2 ps rms. Any variations in the pulse energy must be
minimized. They should be kept below 0.1% rms, although higher values than this may be
acceptable as the laser system will include both passive and active amplitude stabilization.

e Losses: The coding system will be inserted between the existing oscillator and preamplifier.

Any losses in the coding system will have to be made up in the preamplifier and subsequent

power amplifiers. These losses should therefore be minimized.



o Reliability: The laser system, including the coding system needs to operate for long periods

(days/weeks) with very high reliability.

3. My aim was to design and implement phase-coding system, which provides switching
rise-and fall-times below 200ps at 7.1 MHz with a phase-shift of 180deg at each switch
respect to the 1.5 GHz, to integrate the phase-coding into CTF3 PHIN photo-injector
laser system and to test the performance with electron beam.

1.2 Ultrashort laser pulses

Short pulses in the few ps to fs range can be achieved by mode-locking. In solid-state lasers
the pulse duration ranges from a few fs to 10’s of ps and the repetition rate from 10MHz-100GHz.
Oscillators are limited to <1ud pulse energy due to the high intracavity power level and for most
applications require further amplification. For the CLIC photo-injector application high mode-locked
repetition rates are required. This limits the achievable single pulse energy (micropulse) to less than a
Nano Joule. Since the energy per pulse in the UV needs to be delivered at the micro Joule level high
gain amplification is necessary. In the following parts the basic description of the systems to generate
and amplify laser pulses are described, it concentrates on those which are relevant to this work. A
description of the laser pulses and pulse trains is also given.

I will not detail the rate equations and how population inversion is created in 3 and 4 level laser
materials. References to these can be found in SPIE Field Guide to Lasers by R. Paschotta, or other

more detailed books.II.17,II.18,II.19,IIA20.

1.2.1 Generation of ultrashort laser pulses

11.2.1.1 Mathematical description of laser pulses

In the time domain the simplest way to describe an optical pulse is by its power distribution
P(t), which is a function representing the duration of the pulse and diminishes in the rest of the time.
Pulse length is given either as full width half maximum (FWHM) z,, where the power drops to half, or
in sigma, meaning the rms of the distribution. Peak power of the pulse P, is proportional to the energy

of the pulse (E,) and inversely proportional to the duration, including fs form factor, which is

characteristic to the pulse shape.

T 11.2)

To understand where these measurable values come from we take the following detailed

description based on Diels’s book'?"

on ultrashort laser phenomena. Using the fact, that in linear
optics the real-valued electric field of the electro-magnetic wave can be described as a Fourier

decomposition of monochromatic waves.
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E(w)= [E()-e™d. 14)

where E(a)) is the complex spectrum, the Fourier-transform of the time dependent electric field E(?)
not to be confused with £, in eq.ll.2., referring to energy of the pulse. ®(w) is the spectral phase.
Using complex description for E(a)) simplifies the analysis of E(2).
Knowledge of the positive part of the spectrum is sufficient to describe the light field, as E(?) is
real and hence E(a)) is Hermetian.
E*(w) =0 when <0 and,

E*(®w) = E(w) when @3>0 11.5)

Ef(a)) =0 when ®>0 and,
E~ () = E(w) when @<0 11.6)
As a result E(w) = E (@) + E* (w). Similarly E(t) can also be split into two parts, E* ()
being the Fourier-decomposition of the positive part of the spectrum, while £ (?) of the negative part

and both are complex-valued and can be expressed as a product of amplitude and phase:

E* () =|E* ()|explioyt +ip, (1) = %A(t) exp(imyt +ig, (1)) )

Similarly for E* (@) with the absolute spectral intensity I( @ ) and spectral phase ®(w) can

be introduced :
E'(0) = [E' (@)]ep(i0@) = |- () exp(-id0()) ')

For mathematical description both negative and positive parts are used, however in the

laboratory only the positive and real parts are observed. Spectral intensity is related to the values
measured by spectrometers and envelope function of A() is related to pulse intensity. @ (w) relates
to how spectral components arrive in time, while @, () tells us how frequency is changing in time.

The intensity function of the pulse can be given as:

_1 2
I(t) = 5 g,cnA(t)”, 11.9)

where &, is vacuum permittivity, ¢ is speed of light in vacuum and 7 is the refractive index of the

material the pulse is travelling in.
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There will be two typical pulse-shapes used for modelling in chapter 111.5. One is Gaussian,

which following the previous therminology can be described as:

E(py=Lo
2 11.10)

~. E -1 T _(r)
B @)= e 111)

where 7, is the FWHM of the corresponding intensity distribution. The other is Hyperbolic sechant

(sechz), and is described as:
E
E*(1) :—Osech[2ln(l+\/§)/ }
2 To 11.12)

N+(a))— E,-t, 7 wsech 2T T
4In(1++/2) 4In(1+~2) ) 11.13)

Distributions are shown in Fig.ll.2.1 for 50fs FWHM long pulses.
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Fig 11.2.1. : Temporal distribution of the Gaussian and Hyperbolic sechant pulses of 50fs FWHM

Usually changes are done on the spectrum or in time to control the pulse-shape of the laser.

Chromatic dispersion8 due to propagation through an optical system, not taking into account non-linear

effects can be described as a Taylor-expansion of the @(®) spectral phase:

Dispersion is sometimes called chromatic dispersion to emphasize its wavelength-dependent nature. There are generally
two sources of chromatic dispersion: material dispersion and waveguide dispersion. The term has become more used, since
fiber technology has developed to distinguish from intermodal dispersion and polarization mode dispersion.
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H) = ¢<a>o)+¢'(wo)(w—wo>+%¢"(a>o)(a>—wo>2 +é¢"’<wo)(w—wo)3 o 1114)

The zeroth order describes the absolute phase or carrier envelope phase (CEP) and has only
significance in few cycle lasers and will be not discussed in detail in the frame of this thesis. The first
order derivative, called group delay (GD) describes the delay of the envelope to the carrier.

The second order derivative, called group delay dispersion (GDD) gives the frequency
dependence of the group delay and is introduced when pulse length change is desired without
affecting the pulse shape itself.

The third derivative, called third-order dispersion (TOD) will cause complicated distortions to
the pulse shape by redistributing the frequencies unequally respect to @y. This in return also affects

the contrast and is usually to be avoided in ultrahigh intensity laser systems. The level of aberrations
together with the pulse bandwidth will determine the magnitude of the effect on the pulse. For narrow
bandwidths and hence longer pulses, the lower order terms will be important. For pulse-durations
below 1ps GDD starts to become significant and for pulses in the 10’s of fs and below region TOD and
even higher order dispersion will have significance on pulse shape and hence minimum pulse length
and maximum focusable intensity. Pulses with no chromatic dispersion are called bandwidth limited

(BWL) pulses, as their length can be directly retrieved from the spectrum of the laser. For each

specific pulseshape the so called time-bandwidth product9 K<7,-Av will give information about the

shortest possible pulses achievable. The values of K is 2-/n2/7=(0.441 for Gaussian and (.31 for

hyperbolic sechant pulses.
% In the case of fs oscillators, the
10 ns pulses after several roundtrips will gain
bigger optical bandwidth as the number of

1ns

modes increase and will start to suffer from

e chromatic dispersion due to propagation
10xe though the active media or reflection off
1ps mirrors, same as described in equation
100 fs \/ [1.14. If GDD or the second order derivative
10 fs has a magnitude of¢2, then the resulting
1fs al ' ' 7, pulse length will be for a Gaussian pulse

1fs 10fs 100fs 1ps 10ps 100ps 1ns

with BWL pulse length of 7p!
Fig. 11.2.2. Effect of second order chromatic dispersion (GDD) on the

pulse length

11.15)

% Time-bandwidth product is usually defined in terms of frequency v, rather then circular frequency w. In both time and
frequency FWHM values are taken.
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From here one can easily see, that the chromatic dispersion has much larger effect on short
pulses, scaling with the reciprocal square of the BWL pulse length (see Fig. 11.2.2.). This is another

reason, why chirped pulse amplification, described later, is widely used for these sub ps pulses.

Experimentally it is the variation of @(w) spectral phase which affects the E(2) electric field

and hence the pulse duration, without, in an ideal case affecting the /(@) spectral intensity itself, such

as it is desired in stretchers and compressors. Higher order chromatic dispersion can be a by-product
of a misaligned or not well compensated chirped pulse system. Also, in reality the spectrum
sometimes extends beyond the physical size of the gratings, or the bandwidth acceptance of mirrors
or the measurement system and effects both the spectral phase and the spectral intensity at the same
time. On the other hand manipulation and compensation of the spectral intensity / (@) for distortions
experienced in the optical systems and during amplification can also help in improving pulse contrast.
In this chapter | will give a general overview on how elements in traditional Chirped Pulse Amplifier
systems (described in 11.3.4.5.) affect chromatic dispersion and pulse cleanness, while in chapter III.5.

I look into calculating the overall effect of these on the pulse shape and contrast.
Brightness has been

mentioned before as the most

¢=1 ps important parameter, which is

% :g: ——————————————————— m g =mc related to the focusability and the
5 e Ideal Contrast [ = [, exp(—t* /7°) fluence of the ultrashort pulse.
BTN | V—— mv2=nKT, [100 V] When calculating the brightness/
B 1015 Typical Contrast = 103 intensity one always assumes a
% | Vossae s dewe o - expansion certain pulse shape, typically
[ B R ettt - ionization Gaussian or sech’. In real systems
101 _ the temporal shape can be different
___________________ > ;’ap_(:r(x;i;mn from these, in some cases pre-or

10° 101 10? 10° o post-pulses can develop. The

Fig 11.2.3.: The role of the pulse shape in high intensity laser-matter temporal contrast is one of the most
interactions important parameters, as

post/prepulses can affect the interaction between the pulse and the material in the experiments (see
Figure 11.2.3.).

11.2.1.2 Mode-locked oscillators/description of laser pulse-trains

For short pulse generation below 1ns, which is where our interest lies, mode-locking is the most
important technique. Most ultrahigh intensity laser systems will have a mode-locked oscillator as their
front end. Detailed description of the different mode-locking techniques can be found in several
references' """ 1819120 Lare | will focus on those aspects, which have significance for high micropulse

repetition rate photo-injectors.
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I Gain medium Pulse-shortening device I i

Partially
. reflecting
Continuous laser output mirror

pump source

Fig.ll.2.4: Basic architecture of an oscillator. Pulse shortening device or mode-locker can be saturable absorber, phase
modulator, amplitude modulator, optical-Kerr media. ..

The oscillator consists of some basic elements: two end mirrors (one of which has a slight leakage,
called the output coupler) and the active media, as shown on Fig.ll.2.4. The active material is pumped

directly by a light source, typically flashlamp or laser diode "'"%°

.The pumping is based on exciting
atoms, ions or molecules through absorption of the pump light, so that energy is stored in the active
media. This will radiate through spontaneous emission at a well-defined wavelength range. From this
‘noise’ or the applied modulation depending on the architecture different modes spatially and
spectrally will be selected and amplified by the stimulated emission through many thousands of
roundtrips. Inside the resonator, supporting many longitudinal modes, by the use of some mode-
locking device the modes are forced to oscillate in precise phase with each other, generating a train of
ultrashort pulses. Pulse shortening by the mode-locker and pulse broadening due to gain narrowing
and dispersion will reach a steady-state, and an operational condition is reached.
% As a consequence the lower limit of the
/ Time domain \ Frequency domain achievable pulse duration depends on the
’L gain bandwidth of the material and also on a
trade of many parameters. The repetition

rate, which is usually the difference frequency

. ) between two longitudinal modes, is hence
KH ok // determined by the cavity length and the

N

Oscillator modes number of pulses circulating in the cavity.

1]

Basically, each time an intracavity pulse hits

| | L the end mirror (output coupler) part of the
e Frequency pulse is leaving the cavity with regular
occurrence.
Fig. 11.2.5. : Comb line spectrum of a Gaussian pulse train Starting from a mathematical description

by the Fourier-transform of such periodic train of pulses also gives us insight into the underlying
physics. The amplitude spectrum of a pulse-train consisting of short Gaussian pulses is a comb line
spectrum also with Gaussian profile, as shown in Fig. 11.2.5. The comb lines are equally spaced in the
spectrum at a distance equal to the nominal f.,, repetition frequency, where:

frep =

c 1
2L T, 11.16)
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L being the length of the resonator, ¢ is speed of light and Ty the cavity round-trip time. The lines in
the mathematically calculated spectrum therefore correspond to the modes, which are within the
bandwidth of the material and the cavity itself. The Gaussian envelope of the spectrum will be directly
related to the length of the pulses. Consequently the number of the lines will increase if the ratio for
pulse period and pulse duration increases. These will be the spectral lines utilized in our experiment
described in 1ll.4. to set up the correct time-delay for the phase-coding needed for the CTF3 laser
system (detailed in 11.1.3.2.).

Semiconductor Saturable Absorber Mode-locking (SESAM), which is used in the PI laser
systems described in later chapters, is based on the fact that a semiconductors’ absorption decreases
when irradiated by high intensity laser radiation, as the photons will excite electrons from the valence
to the conduction band. SESAM mirrors also contain a Bragg reflector with the quantum well absorber
in between the Bragg mirror and the surface. In this case the mode-locking is passive and the
oscillator pulse-train builds up from noise. Higher peaks will experience less loss and will continue
circulating around the cavity. Over some number of roundtrips these fluctuations become stronger. An
imbalance between gain-saturation caused by the strong pulses and losses- seen by the weak ones-
builds up. However this is a very sensitive imbalance, which can be disturbed by dust or damage to
the SESAM, or weak reflection back from the rest of the laser system. Any random increase in the
pulse energy will change the saturation level of the absorber further increasing the gain and the
energy of the pulse. Noise exhibiting in these types of oscillators, which were also observed in the
laboratory, will be discussed in more detail in 11.4.3. The main advantage of this technique is that it
is passive and so it allows turn-key operation of the oscillator.

Ultrashort pulse oscillators often use self mode-locking, which is based on the Kerr-effect in the
active media, typically Ti:Sapphire, like the one at TeWaTi. When high intensities, such as when a
high-energy ultra-short pulse is focused into a material, the nonlinear properties of the material are no
longer negligible. The refractive index becomes a function of the intensity. This in turn causes a delay
of the beam, which is intensity dependent and is hence the largest at the centre of the beam and
smallest in the wings. The distorted wavefont then leads to focusing (Kerr-lensing). That is why this
way of mode-locking is called KML (Kerr Lens Mode-Locking).

The temporal and spatial modes coupling makes the design complicated. When a hard aperture is
used the Kerr-lens decreases the losses at each roundtrip through the aperture. In the case of a soft
aperture KLM, the overlap between the pump and the oscillator mode leads to higher gain at the
centre of the pulse. Unlike the SESAM ML technique here usually an initial disturbance that has to be

introduced the to cavity to start the mode-locking.

1.2.2 Amplification of ultrashort laser pulses

As oscillators typically only generate an average power of few hundred milliwatts- see above-
further amplification is required for our applications. At the required 1.5GHz repetition rates for the

CTF3 injector laser the single pulse energy from the oscillator is below a nJ.
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There are two main approaches in infrared laser pulse amplification. The first is power
amplifier, where (as in the oscillator) the active media is pumped by an external source and the pump
power is stored in the material on the scale of the materials fluorescence lifetime. Pulses can either
propagate through the gain material in many passes and keep the mode-locked structure of the seed
(Master Oscillator Power Amplifier) or can build up large energies in a single pulse in a resonator
(Regenerative amplifier). Fiber based amplifiers are emerging, but due to non-linear effect they are still
limited to fairly low peak pulse powers and are often used to boost the power of the high repetition rate
oscillator up to ~10W, as will be done in our case for the CTF3 Pl laser.

Optical amplification is possible by other means, which are based on optical nonlinearity of a
material. The approach is to amplify the IR pulses in a nonlinear optical material, and by using
parametric process transfer the pump light of a laser working at a shorter wavelength into the signal
beam. Here there is no energy storage and energy transfer can only take place, when pump pulse is
present. Optical parametric amplifiers can cover a wide range of wavelengths from 300nm-4um. Most
of the commercially available tuneable wavelength sources are based on parametric oscillators or
amplifiers.

Depending on the repetition rate and the micro pulse structure (in the case of Pl laser), and
the maximum pulse length broadening as well as bandwidth preservation in these systems different
architectures can be chosen. Pulse cleanness and contrast is also important at the end of the
amplification process. Oscillators usually deliver clean TEMOO spatial modes, which are best to be
preserved during amplification as much as possible.

Staging of the amplifier system can be helpful for thermal management and dispersion control,
beam profile cleaning between stages, as well as for isolation or pulse temporal shape cleaning. In all
cases to avoid non-linear effects and damage Chirped Pulse Amplification can provide the tool for
reaching high pulse energies with moderate pulse intensities. These systems will be briefly described

in the following.

11.2.2.1 Gain saturation, steady-state

Small signal gain, as the name suggests is the gain obtained, when a very weak signal is
passing through the amplifier. In the case of the single pulse this is decribed by the ratio of the output
and input pulse energy. As arbitrarily high output intensities would only be achievable with arbitrarily
high pump power and stored energy. Hence under normal conditions the gain obtained is less then the
small signal gain. This is called gain saturation. The intensity of the signal has to be well below the
saturation intensity of the material to satisfy small signal condition. Saturation intensity of a material is
defined by:

hv F

sat

O, Ty Tp 11.17)

sat
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where h is the Plank constant, o, is the emission cross-section of the material, 7, is the fluorescence

lifetime and £, is saturation fluence. Note, that /" is still exchangeable to power density / (intensity)

in the case of cw amplification or amplification of pulse trains in our case'?*

. This is valid, as in the
case of single short pulse amplification the spontaneous emission and hence fluorescence lifetime
does not have a significant effect on the timescale of the pulselength.

The saturated gain along the length of the amplifier for a pulse train can be described as:

gz)=—>0
1+1(Z%m 11.18)

where g is small signal gain coefficient, z is the propagation direction along the rod, /(z) is the

reached average pulsetrain intensity at this part of the amplifier. If we assume, that inversion does not
change during the pulse transit time, then the signal density build up can be described as:

dl

—=8)1(2)

dz 11.19)

For large signal levels, which will be the case for the final amplifier for CTF3 and CLIC, where

I(z)> I, the following approximation will be valid as a relation between input and output intensity" *°:

Iout = Iin +Isatg0L’

11.20)
where L is the length of the crystal. Inserting eq.11.18 into eq.11.20. and integrating along the length of
the crystals gives the following expression:

1, _ In(G,/G)

m

I G-1 11.21)

sat
where Gy is the actual small signal gain measured with extremely slow input seed levels and G is the

saturated gain. G is only dependent on the pump rate'®, I, is the property of the material used and
when pumping is fixed the actual gain will only be dependent on the input fluence or average pulse
train intensity. For example, the gain is reduced by a factor of ~5 of the small-signal gain when the
input fluence or intensity equals to the saturation fluence/intensity. As seen from Fig. 11.2.6. at seed
levels well above saturation the gain is going to be limited, also limiting the maximum achievable
output power. This will be the case for the final amplifier for CTF3. Here if the pump power is
increased to achieve higher small signal gain it does not result in higher saturated gain. In this case

increasing the beam size to achieve lower input fluence can give a bigger overall gain.

1 The fraction of the pump light, which contributes to the upper laser level population.
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Gain saturation in steady-state

8 06 - —G0=10
t‘f —G0=15
04 — -

S
02 ——

G0=25

Fin/ Fsat

Fig. 11.2.6. The gain reached at steady-state as a function of input fluence from equation I1.17.

Calculations for large gain are more complex as optical intensity varies significantly within the
amplifier. The approach taken is to divide a high-gain amplifier into a sequence of short, low-gain
amplifiers, as it will be presented in 111.1.3.

To see how steady-state builds up in a power amplifier, let us look the balance between input,
output and losses. The calculation is applicable to cw input or pulse trains (average power), if each
individual pulse does not change the upper laser level population considerably. The fluorescence
losses and the extracted power will hold balance with the induced pump power, which can be

described in the following equation, assuming homogeneous pump distribution:

P

out

-P

in

1 L
:Pout(l_a):771Ppump_A'?'IHG'(I-’_BASE)’ ”22)

where P, is output power, P, is absorbed power, 77; is the portion of the pump power, which

contributes to population inversion of the upper laser level'! and p is the number of passes. Bysk is
the contribution to the losses by amplified spontaneous emission (ASE) which is often difficult to
estimate in a design. More detailed description of ASE will be given in 11.2.2.7. For example, inserting
the values for Nd:YLF, setting B4sz=0 and taking the output requirement for CLIC of P,,, = 29kW
scaling from the CTF3 amplifier with a gain of 4 and an extracted area corresponding to 1cm diameter
gives a value of 29.9kW for absorbed power. If we assume the 90% of the pump power is transferred
to the rod and 80% of this is absorbed, then this gives a total pump power of 41.5kW. A comparison
between single and multi-pass amplification can also be made using equation 11.22. For amplifiers with
the same gain the fluorescence loss term is inversely proportional to the number of passes and
consequently will require reduced pump power to reach the same gain. For the example above the
difference between single and double pass means 0.48kW reduction of the pump power for the same

gain.

" This coefficient includes the pump transfer efficiency, the pump absorption efficiency, the quantum efficiency of the pumping
process ( the fraction of the absorbed pump photons which contributes to the population of the upper laser level), and the
quantum defect (the ratio between the laseing photon energy and the pumping photon energy).
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It is possible to achieve up to few pJ/ pulse in a single pump unit by directly amplifying the
oscillator pulses. When pumping times are comparable to, or longer than the fluorescence lifetime of
the active media, then steady-state is reached. Amplifiers often running in burst mode, when high
mean power levels in steady-state at the kW level are needed (as the example on Fig.l.1.3 shows).
Once the required length of pulse-train is reached in the steady-state pumping is turned off, until the
next burst is needed. This way thermal effects are minimized, but they still take advantage of the
stable operation in the steady-state saturated regime.

It is worth to mention here, as stability is important for our applications, that although amplifiers
offer the ability to correct for the long term amplitude drift of the seed laser, when run in saturated
steady-state, at the same time they exhibit very high small signal gain in this case and are very
sensitive to back reflections, causing parasitic lasing. Isolation of the different stages of the system
therefore is crucial.

Design choices made specifically for the photo-injector laser at CERN are detailed in chapter
11.3., while the full design of the pump chamber and the performance of the amplifier are reported in
lll.1. together with the detailed description of the specific model for the used multipass side pumped

rod geometry.

11.2.2.2 Master Oscillator Power Amplifiers

The term master oscillator power amplifier (MOPA) refers to a setup, where a master or seed
laser generates the required pulses and an optical amplifier boosts the output power. The seed
(master oscillator) is passing through a bulk amplifier, where the material is pumped by an external
source, such as a flash lamp or laser diode (Fig.ll.2.7.). MOPA configuration offers to keep spatial and

temporal properties of the master oscillator, while scaling to higher power. As performance, such as

External pump source

f \!!!K!\I!!E/
Master /i .

oscillator \
A Amplifier
crystal

e~

Fig. 11.2.7. Example of a multipass scheme with angular multiplexing, where beams passing through the

amplifier at different angles.
pulse length, line width, wavelength tuning range are dependent on the high beam quality laser
oscillator source, they can be decoupled from the effects associated to the generation of the high
power, by having an external boost of laser power. When feedback or modulation is required to deliver
a specific pulse train envelope it is easier to modulate the low-power seed laser, or to use an optical
modulator between seed laser and power amplifier, rather than directly modulate a high-power device.
We will take advantage of this when phase-coding is implemented in the CTF3 laser system (111.4.3.)
Slower power changes to compensate for drifts may be done by adjusting the amplifier's pump power,
without changing the quality of the beam. Scalability of these systems is easier; hence additional

amplifiers can be put to the end of the system. The optical intensities are lower in an amplifier,
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compared with the intracavity intensities in a laser and hence nonlinear effects are less significant. All
of these advantages are utilized for the development of amplifier stages for the CERN PI.

To reach steady-state fast and to get high gain the seed has to pass through the material many
times, especially during the early amplification stages. However, as multi-passing a rod amplifier
geometry is done by angular multiplexing, as shown on Fig.11.2.7., losses between passes often result
in no increase of net gain after a few passes. Multipass configuration still offers a high gain and high

extraction efficiency solution.

11.2.2.3 Pumping geometries / diode pumping

Many different pump geometries are available depending on the gain coefficient, the overall
gain required, the thermal properties of the optical media and the average power to be reached, as

well as the pump source brightness. More detail

can be found in'?® . A side pumped rod geometry |:|
is shown in Fig. 11.2.8. Nd:YAG
Before the 1980’s the extremely high cost reflector
of laser diodes prevented their everyday
application in high power systems. However the pump %

- . o diodes
compactness, efficiency, maintenance and lifetime
Fig. 11.2.8. Side pumped rod geometry with diodes.

made it attractive for some applications and so the (http://accessengineeringlibrary.com; RP photonics)

market started to grow and the higher volume
production eventually decreased the cost/Watt in the last decade. The lifetime of these diodes has
increased to 2*10° shots, and by developing the micro-channel cooling system, stacked arrays
providing extremely high compactness 2 kW/cm? directly radiated peak intensities are available'** The
emission of the diode is a light cone (usually 40° in one direction and 10° in the orthogonal) with small
emitting area. Micro lensed and fibre coupled options are available for mode-matching with high
brightness, although for pumping large rods the natural divergence can be utilized.

When side pumped rod geometries are used in conjunction with laser diode pumping scalability
becomes easy by adding more arrays along the length of the rod. Diode pumping with array sizes
(typically ~1cm) often close to the transverse size of the optical media and with stacks offering high

123. " As uniform

pump power, matching also the length of the crystal make efficient pumping possible
pumping can easily be achieved in a large volume, thermal load and stress can be reduced, when
compared to end pumped configurations. Single pass gains of ~10 are typical for commercially
available, so called pump modules. These pump modules also offer easy scalability of the power and
with careful design of the gain profile in a side pumped rod configuration, beam quality of the oscillator
can be preserved to a large extent. Although the power of laser diodes still won’t compete with that for

flashlamps, there are several other advantages of using diode lasers, see Table 11.2.11.
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Table 11.2.1.Comparison of diode and flashlamp pumping

Property Laser diodes Flashlamp
Electrical to optical
. 25-85% 45%
efficiency
Exact match with Nd doped Broad, causing heat, thermal aberrations, and material
Emission bandwidth ) )
materials degradation (UV)
o 2*10° shots pulsed <10° shots pulsed
Lifetime "
10" hours cw 500 hours cw
Repetition rate Up to few kHz" Low repetition rate

The exact match between the absorption spectra of the Nd doped materials (808 nm) and the
emission spectra of the diodes — which is tuneable by the cooling temperature- requires much smaller
cooling devices and helps to suppress the thermal aberration in the system, which implies better beam

quality. This in the same time also increases optical to optical efficiency, as shown in Fig. 11.2.9.

@ heat dissipation by
pump source

 heat dissipation of
reflectors

M power absobed by
the cooling system

@ heat dissipation in
the rod
i laser output

u fluorescence loss

i optical loss

Fig. 11.2.9. Typical distribution of the electrical power in a flashlamp pumped (left) and a diode pumped (right) system, showing
that much larger fraction of the power is utilized at the optical output and much lower goes into heat in the case of diode
pumping.

For some applications narrow band absorption is desirable, but for large rods a few nm
bandwidth can help to increase homogeneity along the length of the absorption and to make the
amplifier less sensitive to temperature variations.

Although the initial cost of the diode is higher than a flashlamp for the same power, lifetimes
are typically much higher and can be even further extended by cooling below room temperature and
running at 90% of the maximum operating current. However the static sensitivity of the device calls for

environmental control and careful design of the drive electronics.

11.2.2.4 Regenerative amplifiers

Architecture of these lasers can be very similar to those described in the previous section, but
this time the active medium with a population inversion created by pumping is placed inside a
resonator. The cavity for this reason contains one or two optical switches to switch in the seed pulse

provided by a mode-locked oscillator and to switch out the pulses after amplification when the stored

12 Here we are talking about high power diode arrays, where ~100W of power is generated by a single array. Higher repetition
rates are possible in single emitters.
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energy has been removed by the seed after several round trips. A combination of a fast electro-optical
switch (Pockels-cell) and a thin film polarizer is generally used for switching. The intracavity pulse
energy can be monitored to achieve the ideal timing for switching out the pulses. Gains up to 10° and
pulse energies in the mJ range can be achieved with this technique. However the maximum repetition
rate is limited by the speed of the available electro-optical switches and is limited to the few MHz
range.

It is worth to mention here, that in both high gain multipass amplifiers and regenerative
amplifiers the spectrum of the seed pulse can be affected by gain narrowing and can result in
lengthening of the pulse. A spectral filter inserted in the amplifier, which makes the net gain spectrum

wider and flatter can compensate for this.

11.2.2.5 Chirped pulse amplification

When a single pulse is amplified in storage material the extraction efficiency, defined by
extracted energy/ stored energy, will be optimum, when input fluence of the laser pulse is a few times

the saturation fluence of the material*

. Solid materials compared to dyes and excimers can store
1000 times more energy in a unit volume. However as saturation fluences in solid materials are high
due to their small stimulated emission cross-section, high focused intensities (>1GW/cm?) are required
for direct, efficient amplification of ultrashort laser pulses. In this case the nonlinear properties of the
material are no longer negligible. The refractive index becomes a function of the intensity, similarly to
the effect utilized for Kerr Lens Mode Locking.
n=n,+n,l, 11.23)

where ny is the refractive index and n; is the non-linear refractive index of the material. The total on-

axis nonlinear phase shift experienced by the pulse when propagating through a material of L length is

described by the B-integral (not to be confused by the B introduced for ASE).

27§
B, = - n,ldz 11.24)

0
When By is greater than 1 it can lead to beam-distortion, break-up, filamentation of the beam and
damage to the system components through the hotspots, which are generated. If 1J/cm? needs to be
extracted from e.g. Nd:Glass amplifier then the intensity levels for efficient extraction at 1TW/cm?
would correspond to By, of ~1000.

To overcome this problem CPA (Chirped Pulse Amplification) has been developed"?*.The
oscillator generates a train of pulses with pulse energy around nJ, and ~100MHz repetition rate, these
pulses are then stretched temporally with a pair of gratings or prisms to reduce the peak intensity, by
introducing a delay between the different frequency components of the beam, using the second order
dispersion (GDD) described in eq. 11.14. These stretched pulses are then amplified in a regenerative
amplifier or in a parametric amplifier. The gain can be up to 10"%. After the amplification process an
opposite group delay dispersion is applied on the pulse in order to compress the pulse close to its

diffraction-limited length as shown on Fig.11.2.10.
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Oscillator Amplifier
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Stretcher

b 4
Dot .l_L
Fig.l1.2.10. The CPA. O: Oscillator S: Stretcher A: Amplifier C: Compressor.

The intensity is reduced during amplification and then compressed.

The system components have to be well matched and the effect of amplification (dispersion,
non-linear effects, gain saturation and gain narrowing) have be taken into account. Referring back to
Fig.ll.2.2. we can see, why this technique is mainly used for sub-ps laser pulses, where the GDD to be
introduced needs to be relatively small to achieve long pulses for amplification. This means a shorter
length for stretchers and compressors and hence more compact systems. However, the stretcher and
the compressor have to accommodate the broad bandwidth associated with these short pulses and
the following optics have to withstand the high intensity. Operation in vacuum is sometimes necessary
to avoid air breakdown. To achieve diffraction limited pulses any spectral distortions, such as clipping,
gain-narrowing must be avoided. Sometimes spectral filtering between stages of amplification can pre-
compensate for such effects. The CPA technique is also used widely for high intensity parametric
amplifiers described in the following section. Here, apart from reducing unwanted nonlinear effects,
matching the pulse length of available high single pulse energy pump-lasers will make the process

more efficient.

11.2.2.6 Optical parametric amplification

The gain medium of the

Z00 parametric amplifier is a nonlinear crystal

Signal o,

with non-zero second order susceptibility.

As this is a non-linear effect | will describe

Nonlinear crystal

pPump @p physics behind the process in detail in

Fig.1.2.11.: An example for Optical Parametric Amplifier I.4.1, when non-linear susceptibilities are
introduced. A typical arrangement of
three-weve interaction during OPCPA is shown on Fig.l.2.11.

The signal pulse, is usually produced by a short pulse laser. The pump is provided by a
second laser, which operates at a shorter, more energetic, wavelength. For high pump energies Q-
switched lasers are a popular choice. There is a by-product pulse produced during this process, called
the idler, which is generated at the difference frequency of the pump and the signal. The amplification
is only possible, when the two pulses (pump and signal) overlap temporally and spatially in the crystal.

There is no stored energy in the material.
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The complexity and cost of these systems makes them attractive only once they are used in
conjunction with the CPA technique described above and ultrahigh intensities are required. In this
case the broadband seed can be stretched to the right length to match the pump pulse length and

therefore efficient use of the pump energy can be achieved'*"#

. The gain achieved in these
amplifiers will be proportional to the square of the crystal length when no saturation occurs and will be
proportional to the intensity of the pump pulse. With certain phase-matching configurations ultra-
broadband amplification up to 300nm is possible, which is not possible in conventional solid-state
amplifiers. Since there is no stored energy in the crystal thermal management is not an issue for these
types of lasers. Contrast of the pulse will be further discussed in 11.4.4. Here it is worth to mention,
that if the pump pulse duration is relatively short and matched to the duration of the stretched seed
(signal), then improvement in the pedestals is possible, while achievning high gains at ~10°. Indeed
diode pumped laser amplifiers described in the previous section are becoming an attractive choice

compared to Q-switched lasers as a pump, when generation of few cycle laser pulses are desired.

11.2.2.7 Amplified spontaneous emission

The pumping level and the population inversion in a material will hold balance with the
extracted power and the fluorescence losses, as described in Eq. 11.18. Moreover fluorescence losses,
which are emitted in every direction, can still be guided down the active material, especially in long
laser crystals with high single pass gain and depending on the geometrical arrangement reflected back
in many passes for further amplification. This so called amplified spontaneous emission (ASE) can put
serious limitations to the achievable gain, cause instabilities or be present at a relatively low level
during the pumping and cause long pedestals around the pulse. These are unwanted both for high
stability to be achieved for the photo-injector lasers and the high contrast required for ultrashort high
intensity laser based material science. Isolation of the different passes and amplifiers stages is
therefore important in high gain systems and rough surface rods, antireflection coatings for the lasing
wavelength as well as wedged rods will all help to fight parasitic oscillations, which can build up from
ASE when strong coupling is present.

The effect of the ASE in amplifiers is to increase the rate of depopulation of the upper laser
state and hence limit the achievable steady-state gain. It has been studied in detail to estimate the
level of ASE in the case of the CLIC photo-injector's amplifiers by I.N.Ross"?. This increased
depopulation will also appear as a reduction of the upper laser level lifetime. The effective lifetime can

be written as:

Ty

T, =———
& 1+B .,

11.25)
where 7 is the fluorescence lifetime measured in the case of spontaneous emission and 7.4 is the
effective lifetime due to ASE.

The fluorescence power from a volume element dV at a distance » from a point P in the rod
and crossing an area element dA at P is given by:
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where f'is the fraction of the population inversion N, which fluoresces at the laser wavelength. The

corresponding fluorescence intensity d]ﬂ is then given by:

dVdA

dl,=f-g, 1, e —— 11.27)

/8

This leads to a rate of change of excited state population at P of (N/z)(dl ,/1,,) and a consequent

sat

value of B s given by:

B =18 I %gfr)dlf- 11.28)

rod

As the geometry of the multipass amplifiers also allows multiple passes for the ASE and coupling

factors are difficult to define, this parameter was left free for gain calculations and was determined by
obtaining best fit to the measured values.

Indeed, parasitic lasing, caused by optical feedback of the ASE signal from imperfect

antireflection coatings was observed at the early stages of the laser development, causing instabilities

and occasionally damage to optics. Later with good isolation both spatially and with magneto-optic

(Faraday) isolators ASE feedback was reduced to a negligible level.

11.2.2.8 Gain narrowing

Transform limited pulses entering an amplifier have a certain bandwidth, which could be
modified by the gain spectrum of the medium. Generally this leads to higher amplification for the
central part of the spectrum and hence narrowing of the spectrum. This is called spectral gain
narrowing, which will translate to the lengthening and changing shape of the pulse. Estimation of the
gain narrowing in our case for the photo-injector laser is not critical, but is interesting and will be briefly
discussed in later chapters. It is also worth to mention here, that the effect also depends on the gain
and on saturation level (which can have the opposite effect) and so for regenerative amplifiers the
severity of gain narrowing, especially for ultrashort pulses will call for the application of spectral filters

(active or passive) to pre-compensate for this.

1.3 Photo-injector lasers

Typically all Pl laser systems start with a mode-locked oscillator running at a harmonic of the
RF frequency, oscillators are now commercially available with active cavity length control for
synchronization. They can provide down to ~200 fs timing jitter performance. Architectures exist from
MOPA, regenerative amplifiers, CPA to fibre amplifiers with required pulse structure, energy/ pulse

and pulse shape to reach the charge and electron beam quality specification.
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The CERN application requires a non-conventional type of laser system since we want to
generate long pulse trains at GHz repetition rate, which cannot be regarded as cw. High gain is

required but the pulse structure doesn’t allow for a regenerative amplification scheme.

1.3.1 Existing laser systems

Table 11.3.1.shows some electron sources around the world based on laser driven photo-
injector, including the one, which is subject of this thesis. The often unique pulse-structure requirement
to match the RF used in the accelerator complex calls for an unusual architecture, where many
thousands of pulses have to be amplified to the same energy often with unusually high mode-locked
repetition rates. As a relatively high macropulse energy needs to be achieved, these systems are
usually running in burst mode to avoid thermal effects and damage. The repetition rate of this
macropulse is often what determines the pumping source itself. As stability is becoming increasingly
important with the development of XUV FEL'’s, diode pumping has become the choice because of
better stability and controllability of the absorption and hence the population inversion and gain in the
active material. The repetition rate required from the oscillator is usually within the range, which is
commercially available with synchronization to external source built into the laser. Some previously
developed diode-pumping cavities can be used and there have been a number of novel

11.29,11.30,11.31,11.32

approaches with high efficiency. Systems with high gain and high efficiency have also

13311341135 The need for laser

been developed, but often using the more complex regenerative amplifier
systems in accelerator development, particularly for photo-injectors, has led to development of pulse
train systems "**"*""% However the need for extreme short and long term stability of photo-injectors
has not, so far, reached the required level. So the aim of this work was to create both an efficient and

high gain system, with high stability.

Table 11.3.1. Pl lasers and their basic parameters (Ref.11.38,11.39,11.40,11.41,11.42)

ELSA FLASH TESLA APSPDL ELETTRA
(FEL) (FEL) (FEL) (FEL) CTF3/ PHIN
. Nd:YLF .
Material Nd:YAG Nd:YLF Nd:Glass Ti:Saph Nd:YLF
Nd:Glass
Pulse length 20ps 6-15ps
on cathode 30ps 4.4ps square 2-10ps éps
Diode
Pumping Flashlamp and Flashlamp | Flashlamp Diode Diode
flashlamp
3 and 2 .

. nd nd e rd 2
Harmonic 2 2 mixing and 3 4th
4" with glass 4™
laser
Wavelength | = o) im | 2620m | 263nm | 2320 261nm 262nm

on cathode 263nm
Cathode K2CSSb Cs2Te Cs2Te Cs2Te Copper Cs2Te
Macropulse 1Hz Up to 10 Hz 6Hz Up to50Hz 1-5 Hz
reprate 10Hz
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Micropulse | 1\ \ambz | 27MHz | 1 MHz . 1.5 GHz
reprate Single pulse
Pulse train 1 pulse-
1 1.
length >0us 800 pus 800 ps 3 Hs
E"e'glyR/p ulse | 10w 300 W 200 | 6000w | 15000 5 )
Macrop. 3% 5 3% 1.5-3%
Stability ° ' (<10%) 1.7% 0.8% (<0.5% in IR)
Microp. ? o
. ? 1-2% ?
Stability (<5%)
Pockels- PC
Stabilizer OCKels - and - None None yet
cell flashlamp
Transmission 67% - ? - - -
Macrop. 1% i 0.7% i i i
stab.
Microp. stab. 0.8% - 0.9% - - -

1.3.2 Available gain materials

The choice of material is determined by many different parameters:

e the available pump sources for the given absorption band will determine the efficiency
of the pumping

e the pulse shape and length and rise time are important for low emittance machines for
FEL, thus broadband laser materials are needed for spectral manipulation or stacking
of several short pulses

e the fluorescence lifetime of the material will set the limit of the longest extractable
macropulse, although pre-pumping techniques could slightly extend beyond this
timescale

e stimulated emission cross-section and small signal gain for given a pump will
determine the number of stages required for the laser amplifier chain

o the thermal properties of the crystal will determine the scalability of the system to high
average powers and ultimately the complexity of the final system as well as the quality
of the beam

e the available oscillators with high repetition rate and their power level will also have a
net effect on the complexity of the system.

e saturation fluence together with available crystal sizes and their thermal fracture limit
will determine the maximum fluence which can be extracted efficiently from a single
amplification stage

o the difference between the pump and the emission band determines the proportion of
the power converted into thermal losses and will limit the average power or complicate
the cooling required

Table 11.3.2. lists the main parameters for those materials, which could be considered for operation at

262nm range using Cs,Te cathodes.

39



Solid-state gain media based on ion-doped crystals or glasses typically have small laser cross
sections due to the weakly allowed transitions. The large saturation fluences and intensities and long
fluorescence lifetime makes energy storage and extraction efficient. However for passive mode
locking, they tend to exhibit Q-switching instabilities.

For generating short pulses for the above mentioned pulse and shaping to flat top, the material
has to support the bandwidth. In this case Nd:YLF and Nd:YAG don't meet the requirements.
Nd:Glass is able to support sub-ps pulses and permits high energy storage efficiency. It is a good
choice for single pulse amplification; however for steady-state operation with long trains and relatively
high average powers crystal based materials can deliver higher gain and exhibit better thermal
properties. Ti:Sapphire has a gain peak around 790 nm, so the 3rd harmonic would be suitable for the
Cs,Te photo-cathodes. The bandwidth supports fs pulses, but large external pump-lasers are required
for the pumping in the amplifier(s). Because of the short upper laser level lifetime the pump has to be
on a few microsecond timescale. (Q-switched, flashlamp pumped, ns frequency doubled Nd:YAG or
Nd:YLF lasers are commercially available). Cr:LiSAF is one of the new materials, which has got a
slightly higher emission wavelength (850 nm), than Ti:Sa, its 3rd harmonic is still applicable for the
photo-cathode, and the lifetime (67 us) of the upper laser level makes it compatible with diode
pumping. This option would give the most compact system, if diodes were available in the absorption
band.

11.20

Table 11.3.2. Important parameters of materials considered for Pl application

[7)]
[72]
PARAMETER 5
5
Z
Lasing 1053, 670—
wavelength[nm] 1064 1047 1054 1064.3 1030 1070 780-920
Harmpnic 4th 4th 4th 4t 4t grd grd
required
Pump bands 750, 750, 750, 808.5, 940 440- 440,
[nm] 810 810 810 880 580 560-690
Fluorescent 230 480 290 100 | 1000 | 32 67
lifetime [ps]
Emiss. cross-
section 6 1.2,1.8 0.42 15.6 0.18 3 0.48
X107 cm?
Saturation 158
Fluence 0.32 R 4.5 0.123 10.6 0.8 49
2 1.05
[J/lem?]
Pump int. for X2
| gain [kW/cm?]
Therm. cond.
(W/mK] 13 6 1.19 0.05 42 3.09
BWL pulse 18 8 0.15 05 | <01 | 0.075
duration [ps]
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For the CERN photo-injector laser <10ps Gaussian pulses were required and hence complicated
pump techniques could be eliminated. This also cuts Nd:YAG out from the choices because of its
limited bandwidth just supporting 18ps pulses. Nd:YVO, and Nd:YLF are both naturally birefringent
and so for high power operation the thermally induced depolarization losses are best avoided.
Nd:YVQ, is an attractive material for diode pumping with relatively large absorption bandwidth it is less
sensitive to the temperature induced wavelength drift of the diodes. Absorption is very high allowing
pump absorption even in short crystals. However the short fluorescence lifetime would not be
compatible with the 140us operation of CLIC and the thermal conductivity is poor, which would also
limit further scaling to the system to high average powers.

Thus the choice for Nd:YLF was made for several reasons. The long fluorescence lifetime allows
for steady-state operation in burst mode for the required train length and stimulated emission cross
section allows for efficient energy storage. Nd:YLF has relatively high gain, and is available in large
sizes which makes scalability easier even with the relatively limited fracture limit (22W/cm) for this
material. The thermal power in the case of YLF is 32% of the output power. Even for the CLIC
requirement with an average power of 600W it will be possible to find suitable crystal length and
cooling technique to avoid fracture. Moreover it has been demonstrated for other materials that
etching the rod barrel surface to eliminate micro-cracks can increase the fracture limit by an order of
magnitude, so it is expected that by using this surface finish fracture will not be an issue for the
amplifiers needed for CLIC/CTF3/CTF2. Available crystal sizes allow for rod geometries, where pump
power can be evenly distributed along the length of the rod (rod lengths up to 101.6 mm and

diameters up to 9.5mm are currently available). Thermal properties of Nd:YLF are listed in Table 11.3.3.

Table 11.3.3. Thermal properties of Nd:YLF

Parameter Value

Young’s modulus E=85-10"Pa

Poisson ratio m = 0.33

Pump wavelength Ap =806 nm

Laser wavelength A= 1047 nm

Doping concentration of Nd3+ | 1.0%

Refractive indices Na =1.448,nc = 1.470 (@1047 nm)
Thermal optical coefficient dna/dT = -2.0-10%/K

dnc/dT = -4.3-10°/K
Thermal expansion coefficient | ¢ = 8.3.10°/K

a=13.310%K
Thermal conductivity k =6.0 W/(m K)
Absorption coefficient a=24cm’ @806 nm
Cooling temperature To =293 K

11.3.2.1 Thermal effects

Now, that we have selected Nd:YLF as the preferred material and a side pumped rod
geometry as the ideal amplifier architecture let’s look in detail at the associated thermal effects in this
case. There are two aspects to take into account apart from the fore mentioned for fracture limit. One
is the cooling of the rod, the second is the beam distortion caused by the birefringent nature of Nd:YLF

and the average power. The cooling rates for rods in water are in the range 1-10W/cm? K at flow rates
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of 4-40 I/min. With relatively low flow rate of 5l/min and with thermal deposition rate of 140W into a
1cm dia. x 10cm rod, the water would heat by ~5°C.

Although beam distortion in the case of Nd:YLF is relatively low, the distortion will be different
in the direction of the optical axis and perpendicular to it due to its birefringence. At 1047nm 145 the

thermally induced focal lengths for o and e rays are:

_ o D? 11.29

fo=220%p )

— _062D? 11.30)
fo=—0.620%p ,

for D rod diameter in mm and Py, thermal deposition in W. For example, for D = 10mm and P, = 200

W: f, = 1 m; fe = -0.38 m. Thermal lensing measurements performed on the CTF2 laser will be

detailed in 111.1.3.6. in comparison with this model.

11.3.2.2  Electro-optical switches

There are two types of switches used in this work, both based on electro-optical, or so called
Pockels-effect. A Pockels cell consists of a crystal, which is transparent to the used wavelength, with
some electrodes attached to it. When a voltage is applied to the crystal it causes a change of
refractive index between the slow and fast axes and hence can be reguarded as a voltage-controlled
waveplate. The electric field can be applied in the direction of the light beam, which passes through
holes in the electrodes. Large apertures are possible, but switching speed is often limited. Transverse
devices have the electric field perpendicular to the propagation of the light. The material is usually a

non-linear crystal, such as KTP, BBO, KD*P, LiNbO5; Pockels-cells are usually characterized by their
half-wave voltage Vz, which is the voltage required for inducing a phase change of 1, equivalent of a

A2 waveplate. This is the voltage applied in regenerative amplifiers or in the gating cell to cut the
steady-state part of the train in our case. The half-wave voltage of a Pockels cell depends on the
crystal material, the electrode separation, and hence crystal size, and the length of the region where
the electric field is applied. A balance has to be found between speed of the device and the aperture
size required to avoid damage. Matching of driver to the cell is advantageous as each cell has slightly
different impedance and is also prone to elasto-optic effects. Depending on the switching function
required, cells together with the drivers have to be carefully tuned to avoid piezo-ringing.

The demand for high bandwidth switches for telecommunication has promoted the advance of

11.46

fast fiber-optic modulators with reliable long-term stable operation™™". Polarization switches based on

gallium arsenide (GaAs), used in the same way as Pockels cells, are now available on the market with

47 " Lithium niobate

40GHz bandwidth, but are limited to the telecommunications wavelength of 1.5um
(LINbO3) fiber-optic modulators have been developed at 1um wavelength for amplitude modulation,
and offer a high extinction ratio of 40dB"“®.The waveguide-based Mach-Zehnder interferometer
consists of a Y split, where the polarized optical input signal is split into two equal components. One
arm contains the electro-optic crystal (LiINbO3), where a phase-shift can be introduced by applying a
voltage across the crystal. The two arms are then recombined and, depending on the relative phase

between the 2 arms either interfere constructively or deconstructively, giving an output signal which is
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sin>-dependent on the applied voltage"*°

. Another approach is to use an electro-optic phase shifter in
one arm of a Mach-Zehnder interferometer and use constructive or deconstructive interference for
amplitude modulation or switching. The modulator usually requires a bias voltage to set its operational
point and an RF signal, which provides the transfer function for the modulator. When the bias is set
for operation at the QUAD working point (see Fig.11.3.1.), in the case of no RF input the modulator
transmits 50% of the signal (not including losses on the connectors). When RF input at +/- the half

wave voltage is applied, a high extinction ratio signal is provided with the imprint of the RF pulses.

Laser )
MZ Modulator Fiber coupler

* ] (90:10 or 99:1)

Monitoring
photodiode

DC Bias Modulator Photodiode
bias je— signal
Dither signal] controller ampilification

Fig.11.3.1. A typical arrangement for pulse structuring using a Mach-Zehnder modulator based EO switch. Operation at the
QUAD working point is shown on the right. (Photline Ltd.)

While crystal based Pockels-cells typically require a few kV drive voltage, depending on the
geometry and the wavelength, the systems mentioned above and based on fibres, due to their small
cross-section only require a half wave voltage of ~5V. In our case these devices were either used to
select a train of pulses at the required length or used as part of a feedback loop to keep the output
energy of the laser constant. Due to the use of the fibre the average and peak power are limited.
Chapter Ill.4. Of this work is directed towards selecting the right device for the phase-coding setup
and building a suitable system.
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1.3.3 Stability and reliability

The stability of a photo-injector is mainly dependent upon the stability of the drive laser. Other
factors, like degradation of the photo-cathode and vacuum conditions can be controlled to some extent
and are not within the scope of this thesis. There are many parameters affecting stability, not all of
which could be investigated during this work. A summary of possible noise sources is given in Table
11.3.4. Often the three types of noise are interconnected, causing a net effect on the electron beam

stability.

Table 11.3.4. Possible noise sources of the system

Amplitude Pointing
* Electrical noise/power supplier * Water cooling system *Thermal drifts
noise
+ Air conditioning *Pointing
* Pumping diodes (temperature variation+
airflow)

* Seed source (osc+preamp)
* Vibration
* Phase coding
+ Airflow in beam transport
* Pointing (amplification +
harmonic stages) + Lack of relay imaging

* Thermal drifts

* Mechanical vibration

The main parameter tolerances are listed below in Table 11.3.5.

Table 11.3.5. Parameter tolerances for the Pl laser system

Parameter Required typically

Pulse rise time (10-90%) 1ps

Laser to RF phase stability <0.5 psrms
Homogeneity on the cathode 10% ptp
Pulse-to pulse optical energy jitter (macropulse) | <0.5% rms
Spot diameter jitter on the cathode 1% ptp
Pointing stability <1% ptp

The environmental conditions, such as temperature and humidity changes, electrical noise,
and vibration will all have an effect on the laser stability and hence the work has to start with passive
stabilization. Moreover all parameters are interlinked, where pointing and beam size instabilities can
lead to amplitude instabilities. Timing jitter leads to further increase of amplitude instabilities for the
delivered electrons. Stabilization has to be done with all parameters in mind.

Why stability is important and what can affect it is discussed in the following sections. Apart
from delivering the parameters, long, reliable operation and automatization of the system is also
necessary. Laser protection with interlocks linked to diagnostics on the system are also part of this, by

making sure errors in one sub-system do not cause damage to other parts of the laser and failures can
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be identified quickly. These diagnostics also provide an online monitoring of the system for noise

characterization and for identification of noise and drift sources.

11.3.3.1  Timing stability and synchronization

The master oscillator repetition frequency has to be a
sub-harmonic of the RF signal. Because the acceleration is by
a high gradient RF field any phase change at the gun affects
Fig. 113.2. Laser to RF phase stability the energy slew through the bunch (Fig.ll.3.2.). This then

affects the compression and the arrival time to the next LINAC
in cases of FEL’s. The bunch length and the produced current are inversely proportional, which means
that the net effect can lead to serious degradation of the performance. Therefore, for these machines
the tolerances are much tighter, reaching to below the 30fs regime. For the CTF3 machine this effect
starts to be significant at 1 ps rms jitter. Most of this jitter comes from the seed oscillator, so active
feedback is needed to control the cavity length by comparing the oscillator’s output phase with the RF
phase. Standard phase-locked loops are available with the laser oscillators. Apart from the mechanical
stabilities of the laser the electronics driving the feedback can also affect the performance and the best
values commercially achieved are ~150fs rms jitter 1-100MHz. A summary of the performance
between different pump sources and repetition rates can be found in ref. 11.50. However, the demand
for improving timing distribution of the RF signal parallel with high performance fibre
telecommunication links has triggered the use of fibre oscillator based RF reference links'*". This has
opened the possibility to optically synchronize the laser to the reference by optical cross-correlation
techniques. Due to the lack of available fibre reference source this technique has not been used at
CERN yet.

Specification for pulse duration change is the same as it is for the timing jitter. Depending on the
optical elements used in the laser system this effect can be negligible. During the amplification due to
gain narrowing the pulse gets stretched. This effect depends on the properties of the material and the
level of the gain. If the amplifier is stable, then the change will be small. There can be other elements
having influence on the pulse shape, such as harmonic generation crystals and phase masks for
homogenisation of the beam profile. It is preferable to use the harmonic generation crystals in the
saturated region for better beam quality and stability. The pulse length changes with the level of the
saturation, so instability of the input will cause pulse length changes. However this effect is only

significant with fs pulses.

11.3.3.2  Amplitude stability

The requirements for the optical energy stability are very tight. Less than 0.1% rms stability should
be provided on the photo-cathode for CLIC. This is difficult task, as 0.1% rms means ~0.025% rms in
the fundamental, if forth harmonic is required on the photo-cathode. Table 11.3.6. summarizes the
effect of 1% energy jitter on the parameters of the electron beam.

Several aspects of the system affect the pulse the pulse stability:
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e  Temperature of the pumping diodes

Table 11.3.6. Parameter variation of the electron beam with laser

amplitude jitter effects the wavelength of them, which then
Variation of parameters with £1% laser energy jitter changes the absorption into the crystal and
Charge variation +1% so the maximum energy that can be
Transverse Normalized Emittance +0.6% extracted.
Longitudinal Normalized Emittance +0.8% e The temperature of the crystal and
Energy Spread +0.9% airflow and change the optical path, which
Bunch Length +0.3% can have a significant effect in a case of a

multiple-pass amplifier system.

e The stability of the laser diode power supply directly determines the stability of the output.

o Depending on the level of saturation in the amplifier(s) variations of the seed laser can have a

large or small effect on the output.

¢ High voltage switches, driving Pockels-cells in the system can introduce noise, piezo-ringing

over the train length.

o Thermal effects in the harmonics crystals can cause variation even on the timescale of the

pulse trains.

e Other electrical noise from the high voltage supplies can affect detection system used for

feedback stabilization.

e The oscillator itself can exhibit noise related to relaxation oscillations or the type of mode-

locking used.

The advantages of the steady-state operation and at high saturation will be discussed later in
l.1.3.5. The Fourier analysis of the noise can often give good indication of the sources of the
noise".

Long term amplitude variation with >1s period are generally due to thermal effects, which
eventually cause misalignment in multipass amplifier systems as well as change in pumping profile.
This will lead to the variation of the gain and will affect the output power. These slow drifts can be
easily compensated with a feedback stabilization system monitoring shot-to shot variations
(techniques listed in 11.3.3.4). Discrete spectral lines in the noise spectrum at 50Hz or at the 10-100
kHz region can be associated with switching power supplies (diodes, Pockels-cell etc.). In the region
below 1 kHz noise originates from mechanical vibrations. Sources of faster noise can be caused by
relaxation oscillations from the laser oscillator and are typically around 50-600 kHz and appear as a
broad continuous peak in frequency domain measurements. Any vibration induced noise around the
spectral line of the relaxation oscillation will cause large oscillations of the output power and so the
system has to be designed for good mechanical stability. As the system is passively mode-locked with
a Semiconductor Saturable Absorber (SESAM) higher frequency noise can appear in the 100MHz
regions due to Q-switching instabilities. These can be avoided by good design of the system but can
appear due to damage, degradation or misalignment of the optics in a well-designed system too.

As the amplifiers are running in saturated-steady state mode, noise can be damped depending on

the saturation level of the amplifier system. As the fluorescence lifetime is 480us for the Nd:YLF

46



amplifiers used in the particular case, significant attenuation of noise due to gain saturation will only
happen <1 kHz region. The harmonics stages both work at slight saturation, but as the wavelength
conversion is a non-linear process with a quadratic dependence, it will be the major contribution to the

increase of the noise from IR to UV output.

11.3.3.3  Pointing stability/ beam transport

The emittance will change by 0.3%, when optimized beam size is changing by 1%. Although
specifications were not given for either beam size or beam position on the cathode, these parameters
should be monitored and controlled with high accuracy.

A good design of the optical system can already help with the pointing stability and as a result with
amplitude stability. Relay imaging the oscillator cavity to the amplifier crystals and to following
subsystems will ensure, that the thermal drift induced changes will have the least effect on the output
performance. Beam transport systems for photo-injectors can be over 10’s of meters long due to the
radiation level and the accelerator associated hardware. Good isolation of the beam from airflow is
important and vacuum transport is considered, when the UV beam is used. Active stabilization is
possible via a beam position measurement usually performed with a quadrant photodiode and
correction by a pair of piezo-controlled mirrors. Flexibility is required for beam size adjustment,
especially for FEL injectors, where emittance tuning is necessary, imaging a hard aperture with
different sizes nearer to the cathode is a good solution. However this requires ample margin in the
available energy, so losses can be compensated for. As laser room was planned to be near the
cathode and Gaussian beams were requested in the CTF3 case, a simple image relay system with
one moveable lens for beam size adjustment was implemented. Part of the beam transported in the

machine is in vacuum tubes to avoid losses.

11.3.3.4  Active amplitude stabilization techniques

Most amplitude stabilization techniques are based on a detector, which measures the amplitude
(i.e. a photodiode producing a measurable photo-current) an instrument on which the feedback can
act, affecting the output and a feedback circuit, as seen on Fig.Il.3.3. The nature and the source of the
noise determine the resolution and speed required from the sub-systems. In the PI laser some
solutions were implemented based on either control of the pump current of the diodes or flashlamps,
or by stabilizing the output independently from the amplification stages, using EO switches (Pockels-

Ce”S)II.SGII.37,II.4O-
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For slower drift

Wideband amplifier compensation with a simple

hota waveplate polarizer attenuator

1 ' ! - limited by the speed the
t Vreferénce l i

waveplate can be moved at - is
sufficient. Typically 1% rms
s ' stability on the cathode was
achieved using one or a
EO modulator L ; / combination of these systems.

Pockels-cell
[Pocisoel / In the case of the CTF3 laser

Polarizing beam splitter  beam splitter . . .
the  situation is  further

Fig. 11.3.3.: Pockels-cell based feedback stabilization scheme

complicated by the fact, that

although laser works in steady-state and provides flat-top train in the IR, due to the high 1.5GHz

repetition rate, absorption losses in the 4th harmonic crystal can cause changes along the train length,

by earlier pulses having an effect on the following ones. This often causes not just amplitude, but also

transverse laser beam profile variations. Further constraints to the stabilization during the pulse train in

the case of the CTF3 laser are listed below:

Pockels cells are in UV are usually based on non-linear crystals, here the two-photon absorption
would be considerable given the small aperture size needed for the required switching speed.
Thus control in the UV therefore is not advisable.

The laser is operating in burst mode at all stages after the preamplifier with very short burst
lengths after the Pockels-cell and at the harmonics stages. This requires a fast response time
from the feedback system, as some of the noise from the frontend (oscillator and preamplifier),
will appear as a level shift between macropulses.

A stabilization system could be installed at the preamplifier stage to regulate low frequency
modulation (LFM) level shift; however any changes and noise due to the amplification process in
AMP1 and AMP2 and in the harmonics stages will not be compensated for. Moreover during the
conversion process the amplitude variations increase due to the non-linear conversion process
and so even tighter specifications are required for the feedback system at the preamplifier stage.
If the feedback system is installed before the second harmonic generation stage, then it must be
able to regulate both low frequency modulations from the oscillator and preamplifier as well as
level shift from the AMP1 and AMP2 stages. However at this stage of the system the laser is
already in burst mode and so compensation has to be very fast. The system would also need to
be able to handle the high power loads.

Fast noise observed from oscillator and preamplifier cannot be compensated with a conventional
feedback system. The option of the feed forward system is very challenging, as the optical delay

will have to be set accurately to match the speed of the electronics.
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1.4 Generation of UV and losses

Working with short wavelengths limits the number of materials can be used, because the
absorption band of many materials falls into this region. At high intensities not just the linear
absorption will cause losses, but the nonlinear, two-photon absorption, as well. As mentioned earlier
the most efficiently pumped sources are working in the IR region, so generation of the desired UV
wavelengths only can be done by parametric processes. By using nonlinear optical crystals the

1.22

shortest possible wavelength achievable to date is 166 nm““ At these short wavelengths both linear

and nonlinear absorption will have a main role in losses and temperature detuning of the phase-

matching angle"23

and in optical damage. Two-photon absorption induced losses also can limit the
achievable gain from these systems, especially if the pump wavelength is in the UV, as both the
parametric process and the absorption will depend quadraticaly from the laser intensity. The basic
description of the non-linear interactions and those processes relevant to the thesis, second harmonic
generation, parametric amplification, two-photon absorption and its measurement techniques are

described in the following sections.
1.4.1 Non-linear processes

When the electric flied of the light is applied to a dielectric medium the negative charge (valence
electron) together with the positivelly charged parent will create an oscillating dipole, which follows the
frequency of the external field in the case of linear optics, creating an overall polarization response. At
low intensities this response is linear and is related to the external field through the linear susceptibility
of the material. In terms of wave equations it can be described as':
1 0’E -1 0°P,

VXVXE—— = ,
ct o’ g’ o

11.31)

where P is the polarization vector:
J— 1)
P (o) = 6‘0,”(( (w)E(w), 11.32)

where &, is the electric permittivity of free space. y is the Fourier-transform of the dielectric response

tensor of the material, called susceptibility tensor. It has nine components in the Cartesian coordinate
system and in an isotropic medium only contains one non-zero component. The shape of this
component with respect to frequency characterizes the dispersion properties of the material.

This analogy can be followed from linear optics into the non-linear regime. When the field becomes
sufficiently high the dipoles can no longer follow the oscillations of the external field and new

frequencies will appear which can be described as an additional non-linear polarization vector. This

way in eq. 11.31. the P; can be exchanged with the sum of linear and non-linear polarizations:

P=P +P,. 11.33)

5 No magnetic dipoles, no electric conductivity or static charge is taken into account. For homogeneous media v x Vv x E ~ -V2E,
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P,; in the case of higher fields can be represented by its Taylor-expansion, where new waves

are generated:
=(2) =0
P,=¢,/x EE+y EEE +..| 11.34)

This way using the macroscopic Maxwell-equations non-linear optics can be treated under the

electro-magnetic phenomenon'®°.

This time nonlinear polarization introduces inhomogeneous
differential equations. Propagation and related nonlinear coefficients can be defined through field-
independent and local-field-induced nonlinear optical susceptibilities. As intense laser pulses induce
such non-linear effects in most cases the electric field in 11.34. is described as the sum of discrete
frequency waves (see 11.2.1.). Eq. I1.34. can contain a combination of different frequencies and hence
the non-linear polarization will also consist of different terms representing oscillation frequencies as a
result of the sum of two or more frequencies that contained by the external light field. Negative
frequencies will be taken into account as the complex conjugate of the field of the corresponding
positive frequency.

When propagating through an anisotropic dielectric media the electric vector will not longer be
necessarily perpendicular to the direction of the propagation. A displacement vector is then defined as:
which is perpedicular to the propagation vector k. In second order optics the susceptibility is often

marked with the effective non-linearity, where tensor d is:

d,

e =2/ 2, 11.35)
with the convention to replace letters by numbers i.e. dxyz= dxzy=d14 and so the tensor will be a form

of a 3X6 matrix. If there are no resonances at the given frequencies, then all susceptibilities will be real

values.

11.4.1.1  Frequency conversion

Second order non-linear processes allow for the conversion of the frequency of the high

intensity light incident upon materials with large non-linear susceptibilities and generate coherent

D(w) = £,E(0) + P(0) = &,&, E(w), 11.36)
radiation at wavelengths, which are otherwise difficult to produce or amplify. The three basic
processes applied to convert the frequency for a given laser are Second Harmonic Generation (SHG),
Sum Frequency Generation (SFG) and Difference Frequency Generation (DFG). In the first case one
single pump wave generates its own second harmonic wave, while in the case of SFG and DFG two
pump waves generate a new frequency.

All these processes are phase sensitive. To calculate the overall contribution and phase-

relationship along the crystal, the wave vector k'* of all the beams are taken. Different portions of the

" The magnitude of the wave vector is the wavenumer, which is inversely proportional to the wavelength. The direction of the
vector is normal to the surfaces of constant phase. In the case of isotropic media they coincide with the propagation of the wave
and the energy (Poynting-vector).
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material contribute to the overall amplitude of the produced signal at the exit. As the pump and the
produced waves are usually not propagating with the proper phase-velocity relation the energy
transfer changes direction many times during the propagation through the crystal, as the phase
relation changes. This means, that the interaction length is reduced and only very weak signal is
produced at the new frequency. When phase matching (PM) is achieved the contributions along the

crystal add up constructively. In the case of SHG this would imply, that the fundamental and two

second harmonic waves would be perfectly phase matched k, =2-k, while for SFG

k,=k, 6 +k,,.

wl

In an anisotropic media the dielectric tensor (containing the relative dielectric constants) is
symmetric and hence can be described in an orthogonal coordinate system, where the tensor is
diagonal. The axes of this coordinate system will be the principal axes of the material and the medium
is called biaxial. In the special case, when two of the principal axes align the media is called uniaxial.
In both case the crystal has birefringence or sometimes called double refraction properties. Most of
the crystals used for frequency conversion are anisotropic uniaxial crystals of this kind. There will be
two refractive indices assigned to the two polarizations, one which is parallel to the optical axis
(symmetry axis of the crystal) and is called ordinary wave and one, which is perpendicular to it and
called extraordinary. This property can be used to achieve PM conditions as chromatic dispersion will
be different along the principal axes. There could be many conditions when PM is satisfied. Type |
phase-matching is considered when relative to the crystals optical axis only one polarization is
pumping to achieve new frequency wave, while in Type Il PM both ordinary and extraordinary
components contribute the generation of the new signal. In biaxial crystals the phase-matching
conditions are less obvious and propagation in a particular direction in respect to the optical axes has
to be found, which is described by two angles. Type | and Il definitions are still standing in this case.

In the case of critical phase-matching the crystals is cut and tuned in angle to obtain high
efficiency. The crystal can also be temperature tuned (non-critical PM), where all polarizations are
along the crystal axis. PM conditions can be maintained for longer interaction lengths by having a
series of short slices of crystals (periodically poled) with subsequent opposite orientation of the axes
(quasi PM).

High efficiencies up to 80% can be achieved with high intensities inside resonant cavities. In
our case second harmonic generation in two stages from IR to visible and then visible to UV is of the
main interest. However, when Ti:Saph lasers are used for photo-injector applications to take
advantage of the broad bandwidth and hence the temporal shapability of the beam the shorter
fundamental wavelength means that SHG and SFG are often used together to generate the 3"
harmonic.

In the case of SHG the non-linear polarization for both wavelengths present will be:

P, =2z,d; A, exp(idkz) 11.37)
P =4syd A, , 4, exp(—iAkz). 11.38)
And so the coupled wave-equations will take the form of:
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dA 2w

20 . 2 .
—=2 =j——d A exp(iAkz
dz  nye 7 xp(iAkz) 11.39)
dA 20 * 11.40
2 =i =% d A, 4] exp(~idkz), :
dz n,c -
where A is the slowly varying complex field amplitude, deﬁr is derived from eq. Il. 36. with the

corresponding tensor components and Ak represents the phase velocity difference between the two
waves. The intensity is proportional to the square of the real part of A. Let's take an infinite plane
wave approximation, which is valid for our case. The solution of the wave-equations which can be

found in reference 11.55 (chapter 2) will give the following parameter for efficiency77:
n,, =tanh*(L/L,)

. . 11.41)
L, - 1 2¢,n, n,y,cA,” 1 11.42)
4md

1,00y J1,0)’

where n is refractive index of the material at the given index frequency and is directly related to the

real part of the linear susceptibility of the material. For infinite plane wave approximation with no pump

depletion the maximum efficiency will be given by }/Zla,(O)LZ, where L is the length of the crystal. In

the case of perfectly phase-matched SHG with the depletion of the pump becoming significant, L,;

would produce a conversion efficiency of ~60%.

There are some important parameters to consider during SHG as the laser will have a finite
bandwidth and specific properties in space and time. Gaussian beams have natural divergence and
small beams are often required to create higher intensities to increase efficiency, which will further
enhance divergence. When the divergence of the beam is comparable to the angular bandwidth of the
crystal this effect becomes significant. Since perfect phase-matching can only be satisfied for a certain
11.56

frequency it is useful to define the phase-matching BW
half:

of the crystal, where efficiency is reduced to

Ak, =2.784/ L. 11.43)

The propagation of the extraordinary wave and the energy (Poynting vector) is not in the same
direction in most cases. Hence the ordinary and extraordinary waves, as they have a finite size in
space will ‘walk off’ each other along the crystal at some crystal length become separated (aperture
length L,). The angle inside the crystal between the two orthogonal polarization beams can be
calculated from the cut of the crystal and the corresponding refractive indices. At the same time the
size of the beam can change considerably as it propagates over the length of the crystal. The spectral
bandwidth of the crystal combined with the given geometry will determine the shortest pulses
achievable after conversion and could be very significant for sub-ps conversion. Moreover, when short
pulses are used the group velocity mismatch will cause the pulses become separated in the

propagation direction after some length of the crystal. L,; defined earlier has to be modified by a factor

between the pulse length and the critical interaction time. This effect is even more severe in the case
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of UV generation, as we are approaching the absorption band of the materials and dispersion
becomes more significant. Furthermore linear and non-linear absorption could cause considerable
losses, especially at UV wavelengths where it would also heat in the crystal, which in turn creates
temperature gradients and changes the phase-matching conditions. Gradients are usually difficult to
compensate for in large crystals used for relatively low intensity input beams. Temperature acceptance
of the crystal is hence important for UV generation. In 11.4.3. | will take a look of the available non-
linear crystals for UV conversion and compare their performance keeping in mind the requirements for
CTF3 drive beam injector.

11.4.1.2 Parametric amplification in the UV

In the case of DFG the lower input frequency wave cannot just be depleted but also amplified. The
photons of the higher frequency wave (pump) contribute to the amplification of the so called signal a
lower frequency, while creating a second lower frequency signal called idler. In this case coupled wave
equations, similar to those described in eq. 11.39-40. are applied, but this time for the three
corresponding waves and [ being the pump intensity. When no initial signal is present the process is
called parametric fluorescence and is essentially created from quantum noise at the frequencies which
satisfy conservation of energy and phase-matching at the same time. An important parameter of the
parametric amplifier is its gain bandwidth, which in high gain regime depends on the gain itself.

Materials with low dispersion can provide large bandwidths. Gain will be proportional to the square of
the y parameter defined in eq. 11.42. G—-/Lz.

There are two main points to mention here. Regarding the contrast parametric amplifiers will offer a
great way to enhance contrast as gain will only be present, when the pump is present and earlier or
later rouge pulses/pedestal will not be amplified. For this purpose CPA used in conjunction with
parametric amplification, when the signal pulse length is matched to the pump could provide high
contrast and avoid nonlinear effects and damage. Moreover the phase of the signal pulse is preserved
through amplification and thus it is possible to amplify few cycle pulses with this technique with the

CEP (zeroth order term in eq. 11.14.) kept stable.
11.4.1.3 Two-photon absorption

During TPA two photons from the incident radiation field are absorbed simultaneously and there is
an electron transition from the ground state up to the excited state (see Fig. 11.4.1.). In our case (a) the
two photons are provided by the same optical field, which is also called single-beam TPA. At higher
intensities there are more photons and the probability of absorption of two photons in the same time
increases. In the scope of this work TPA is an undesired effect, however there are several applications
based upon it. In 1967 materials have been found, which became transparent in the case of high
fluence incident pulses. In 1968 the opposite behaviour was observed in a Q-switching material, the

absorbance was increased with the intensity'*’.
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These types of materials can be used as passive

—4— Excited state _7%_ limiters in high power laser systems. If one is prepared to
ho 0 e ﬂ......a.?ﬁ sacrifice the output power for higher stability, than TPA is
.......... &~ Virtual state shown to be a good passive tool. Cao and Warren
o heo, demonstrated 76% noise reduction with 40% overall

) 11.58-11.59 . .
L Ground state —— efficiency. Another recently developed application
a b for TPA uses the fact that IR radiation penetrates deep

into the material and TPA will only have effect in the
Fig.Il.4.1.: Transition schematic of (a) self- TPA,  Vicinity of the focus, so polymerisation can be achieved
(b) pump-probe TPA in small scale and in three dimensions.
The intensity variation along the propagation direction due to absorption is described in the
following differential equation”'55’°h9':
ﬂ:—oc-]—ﬂ-lz 11.44)
dz

Where a: linear absorption coefficient, £: nonlinear absorption coefficient, /- instantaneous intensity
and z: direction of propagation. [ is related to the third order susceptibility, the imaginary part of which
will determine the strength of the nonlinear absorption as described below.

Referring to eq.ll.35. the propagation equation for a monochromatic field at frequency @, in a

medium with third order susceptibility x(3)(co;co,-oa,co) is:

dE
P _ ( )
—= w; 0,—0, ® E,.
= 4npc ( ) p‘ p 11.45)
By separating the real and imaginary parts:
( )(a) 0,—W, M) = ;(( )+z;(( ) 11.46)
we have:
dFE @, 2
P 3) 3
= iy )E )| E . .47
If the phase is included:
E,(2)=|E,(2)e"?, 11.48)
so the propagation equation becomes:
d‘E ‘ w ( 3
+iE _pr 3) E .(3) E ) ”49)
‘ ‘ dz 4n c Zr ‘ A ‘ p‘

This propagation equation can be separated into two parts, one for amplitude and one for phase:
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a)p 3) 3
———2 4O|E 1150
dz 4npcz ‘ p‘ )
a¢_ @, o|E, [ 11.51)
X P
dz 4npc

3 3
This, }(,( )Ieads to nonlinear refraction, while Zl-( ) leads to nonlinear absorption. Multiplying the

equation for nonlinear absorption by |Ep|:

2
d|E d|E
‘ p_ﬁz_&%@)Ep“:z_ﬁ, 11.52)
dz 4npc dz
Since
n e, c
7 =" o ‘ ‘2 11.53)
p 2 p
we can write:
dﬁ _ . P Z,-(3)[p2
dz 2n "¢’ g,
» 11.54)
dl 5
= 2 —_pI ~.
dz z ?

This leads us back to eq. 11.44. with the physical paramaters determining £.

By substituting eq 11.52. in the wave equations and solving them numerically one can accurately
calculate the TPA effect on harmonic generation and optical parametric amplification. The method of
determining the effective intensity is by “slicing” up the crystal into small elements, and calculating the
product of gain and conversion for each element, with the intensity attenuated by the TPA from one
slice to the next. Calculations, not detailed here show; that the reduction of the amplification bandwidth
is less critical with increasing crystal length, however reducing the peak intensity of the pump seems
play a key role.

Although the phenomenon of nonlinear absorption is a well-known, the two-photon absorption
coefficients for nonlinear crystals at the above-mentioned UV wavelengths are not yet available in the
literature or they are not consistent. Recently the level of TPA has been found to be polarization
dependent and to be function of the crystal cut, too.

Experiments carried out on the ASTRA laser system in the UK'?® have shown that the TPA at the
pump wavelength of 267 nm reduces the achievable gain for the 400 nm sub-50 fs signal pulses. We
have shown this in theory and compared several nonlinear crystals and their performance as
parametric amplifiers in this wavelength range. The most promising crystals for NOPA technique using
pump pulses at 248 nm and 212 nm are 3-BaB,0O, (BBO), CsLiB¢O,o (CLBO) and Li,B,O; (LTB).

Since the TPA and the nonlinear conversion processes show different dependence on the crystal
length and intensity, in order to find the optimum parameters, it is essential to know the values of the

TPA coefficients. So far, measurements have been carried out for nonlinear crystals at the
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wavelengths of 267-264 nm, and 216 - 211 nm and only for BBO and KH,PO, (KDP)

Crystals.ll.GOIl.61 11.6211.6311.6411.65 11.65

For CLBO, only estimation has been mentioned in the literature.
Since the available focused power of table-top solid-state laser systems rapidly increases and
approaches 10%° W/cm?, more information is required about the TPA coefficients of these nonlinear
crystals. In chapter 1ll.4. | report measurements, which were carried out on different nonlinear
frequency converter crystals to determine their nonlinear absorption coefficient (TPA) in order to
predict the losses in multicolour laser-systems.
4. My aim was to measure the nonlinear absorption of different nonlinear crystals by
making transmission measurements with a KrF laser at 248 nm. First measured two photon

absorption coefficients at this spectral region for CLBO and LTB.

1.4.2 Measurement techniques for two photon absorption

The value, which is interesting in the measurement, is the transmittance of the material under
different conditions. As TPA is intensity dependent process and large variations of the transmission
makes the measurement more reliable, the choice can be made to either vary the beam size or the
laser energy. Thin samples can offer a high sensitivity and are suitable for Z-scan measurement
methods; however there is a danger of surface damage and self-focusing. We also should be careful
with the pulse length, as longer pulses reach the peak intensity at higher energies. In the Z-scan
method the laser is focused down with a short focal length optic and the beam size is characterized
along the waist, where the short sample is then placed. However, if long (several mm) materials are
available and the laser beam is energetic enough to be kept collimated within the long crystal
providing high intensity at the input, the direct measurement of transmission as a function of the input
intensity seems a more straightforward method. With thick samples, measurements must be taken to
insure, that the laser beam is reasonably collimated along the crystal, and measurements of the
incident and transmitted energy are taken on the same shot. In this measurement system the incident
energy should be variable and the beam parameters such as pulse length and shape, beam size

should be correctly measured or kept constant as much as possible.

1.4.3 Available non-linear materials and their properties

When high average power, harmonic generation or amplification is considered in the UV regime

the following contributions from different parameters have to be taken into account:

e  Temperature gradients created by absorption induced heat mainly depend on the generated UV
profile (SHG).

o  With Gaussian profiles the center part of the beam containing higher relative intensity will result in
higher absorption and hence more heat. Flat top beams are desirable, if short crystals are used.

. This heat causes thermally induced phase-mismatch, which should not be mistaken with real
saturation. Analysis of the input and output beam profile can give a good indication of the severity
and presence of absorption. For example a hole in the middle of the beam can be observed when

high intensities are used in crystals with low temperature acceptance or in the NCPM case.
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e  For full characterization of the thermal gradients thermal conductivity and surface heat transfer

coefficient'-

has to be known for the crystal. These values are not always available for full
model.

e TPA will create gradients twice of that of linear absorption and the longer the crystal the higher
the gradient during SHG as UV intensity increases.

e  When shorter crystals are used one has to compromise on the conversion efficiency.

o Multiple crystals with the same total length can give better performance”'67.

e PID control (proportional-integral-derivative), which introduces a negative spatial profile to pre-

11.68

compensate for gradients ™" can also help e.g. by cooling with gas jet on the front surface, but

turbulence can affect stability and the nozzle has to be designed to match the beam size.

Table Il.4.1. The most used crystals for 4" harmonic generation of 1047nm and selected parameters for comparison

Crystal/parameter KDP :]:10] CLBO LTB ADP
(LB4)
Type | | | | |
0/cut phase-matching angle (deg) 481/45 |48.8 63.4/45 |66.9 Non-critical
at 293.5K
deff (pm/V) Efective nonlinearity 0.473 1.73 8.06 0.145 0.685
v efficiency {1/sqrt W) 8.35E-5 |2.62E4 [1.44E4 |1.13E5 ?
112 for max. effic. [GW) 0.143 0.02 0.048 7.83
A© mrad.cm angular tolerance 1.76 0.18 0.55 0.19 215.39
Acceptance angle (deg) 3.52 0.37 111 0.38 430.78
Walk-off (mrad) 283 8532 31.58 53.09 -
0.08
Length in cm, where the beam separate due to walk-off for (10.173 |1.169 3.166 1.882
1mm beamradius
AT temperature acceptance Kcm 241 5.79 6.41 0.5
Damage threshold {1fcm?) 15 13 25 0.0699

Table 11.4.1. shows the important parameters of crystals used. Considering UV generation in
BBO, both single wavelength TPA of the second harmonic and fundamental plus harmonic have
significant absorption. CLBO has lower TPA than BBO and could provide a better solution. KD*P has
the same TPA as BBO, but KD*P temperature acceptance is only half of the BBO’s, which results in a
higher gradient. KTP has 3 times the efficiency of LBO and exhibits high temperature bandwidth.
However LBO has smaller absorption and better thermal conductivity, which could make it a more
suitable material for high power conversion.

Numerical modeling of thermal effects in nonlinear crystals for high average power second
harmonic generation is not in the scope of this thesis. Some very useful publications on modeling
thermal effects can be found in ref.11.69-11.70.

1.5 Pulse structure, satellites and contrast

Fig.ll.5.1. shows the unvanted pedestals and pulses around the main pulse. Depending on the
fluorescence lifetime of the active materials used for amplification and the pump duration, ASE
pedestals will appear at the longest timescales ~ns or longer depending on the pump duration and the
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used material. As regenerative amplifiers are often used for achieving high intensities at the front-end
of the system and are based on electro-optical switches with limited extinction ratio a certain level of
leakage is then propagated through the system and may be further amplified. As chirped pulse
amplification is necessary to achieve ultrahigh intensities, pulse compression, as the last stage of the
system with its ability to compensate for higher order dispersion will also affect the resulting contrast.
Limited spectral bandwidth of the optics in the system will also ultimately cause temporal distortions.
The knowledge of the temporal contrast down to the dynamic range of 10® in the UV is a difficult task,
especially because of the lack of the suitable materials for measurement. In the following sections | will
discuss the different measurement techniques available for temporal characterization and contrast
measurement of pulses. The different techniques for pulse cleaning are not covered in this thesis. A
good summary with ample references can be found in ref.1.71 .

Contrast also plays a role
in  photo-injector lasers. As
mentioned in 1.1.4. satellites in
between the mode-locked pulses

will produce low charge electron Main pulse

bunches, which will be lost during
electron beam propagation and

can cause excessive radiation

Intensity on log scale

losses for the future CLIC
Amplified leakage

accelerator. | will also have a

short review in this section

regarding the  measurement -10° -10° -10%2 0 Time (s)
techniques both for the laser and

Fig I1.5.1.: Typical temporal shape of an ultrashort amplified high intensity laser

the electron beam to meaure the
pulse

level of satellites.

1.5.1 Single pulse measurement techniques

Fast photo detectors with 10s of ps resolution are now available together with high resolution
digital signal analysers for pulse characterization in the ns range. However, once the pulse length
reaches the ps range or below these techniques can no longer resolve the pulse shape.

Optical spectrum can be easily measured, especially for fs range pulses, as the bandwidth is
sufficiently broad to be resolved by all commercial spectrum analysers. As detailed in section 11.2.1.1,
in the case of known phase characteristics, this spectral measurement can provide a good estimation
of the pulse duration. However, when the phase is unknown spectrum on its own will not provide all
the information necessary to retrieve pulse duration and distortions to the pulse shape caused by
higher order dispersion. In this case direct optical measurement techniques are required. Often the

whole electric profile of the pulse needs to be characterized. Apart from full characterization of the
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shape of the main pulse, the ability to resolve pre-and post-pulses at low levels the dynamic range of

the measurement system is also an important specification.

I' s BS H ﬂl.ti?*r

nonlinear
crystal

detector

nonlinear detectar
crystal

BS

pulses pulses

Fig I1.5.2.: Intensity (left) and interferometric (right) correlator

(pictures taken from www.rp-photonics.com)

A correlator is a device comparing two signals (cross-correlator) or a singal and its replica
(autocorrelator) to characterize its temporal properties. They usually consist of two arms. The
correlation between the two arms is achived by variable delay (scanning correlator) or sheering (pulse
front tilt). This way timescale of the pulse can be visualized on an extended time scale or in space.
The non-linear process, providing an instantaneous response to the overlapping beams will ensure the
resolution. Auto-correlators split the incoming light into two parts and after delaying one arm
recombine them in a non-linear crystal, two-photon fluorescence material or TPA detector™® (non-linear
effects described in section 11.3.1.). to create a time dependent signal as a function of the overlap.
Cross-correlators will use a different wavelength or pulse length, which allows for enhanced resolution
in the detection of the pulse-shape ((E.g. shorter pulse scanning across the measured pulse). There
are many categories which by correlators can be sorted. Two examples are shown in Fig.l.5.2. If the
correlation signal is only present when both arms are present the correlation is called background

free' "2

. Depending on the duration and pulse-shape complexity different techniques are better suited.
In general intensity autocorrelators'® are suitable for few ps pulses and have been employed in some
measurements during the characterization of the photo-injector laser, which is subject of this thesis
(Femtochrome Reas. Inc. FR-103HS). However autocorrelators carry the ambiguity that the same

.73

correlation function can belong to many different intensity distributions and the do not give any

information about the asymmetry as the signal measured is A,(t) = ffoool(t)l(t—r) is symmetric

around 1=0"". They usually only have 3-4 orders of magnitude dynamic range and so their suitability
for contrast measurement is also limited. For asymmetric shapes 3" order correlators are better for
distinguishing pre-and post-pulses. In some devices 3" wavelength is generated only in the presence
of both arms and hence dynamic range can be improved compared to 2" order autocorrelators' ",

This technique is the most widely used in ultrashort pulse laser systems due to its simplicity. Balanced

' The incident pulses directly generate a nonlinear TPA photocurrent in the semiconductor, such as GaAs.

' Here autocorrelators are considered to be always 2nd order devices, strictly mixing a signal with it's replica. So called 3rd
order autocorrelators sold on the market are coming under a cathegory of cross-correlators in strict matematical context. Here a
second harmonic signal is mixed with the original pulse and indeed assymetris of the pulse can be detected this way.

' The ambiguity of different autocorrelation techniques is related to the mathematical one dimensional phase retrieval problem
which is unsolvable and means that many pulseshapes can correspond to the same spectrum or autocorrelation function.
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detection and lock-in amplifiers can improve the dynamic range further, subject to available repetition
rate. .75

Interferometric autocorrelation produces a signal with a fast oscillation at a period of half the
optical wavelength. The signal is the highest, when the two arms overlap in time and constructively
interfere. The peak signal in the second order case is eight times higher than the background, giving a
good indication of the alignment of the system. For shorter pulses with chirp interferometric
measurement will provide better indication of higher order dispersion. A home-made interferometric
autocorrelator was used in our measurements performed on the TeWaTi laser system. As higher order
dispersion compensation was in our interest in order to produce the shortest possible pulses the full
analysis of the correlation traces was needed. Since the work included in this thesis was done there
are online Fast Fourier-transform (FFT) techniques, which are combined with interferometric
measurements for exactly this purpose MOSAIC"®.

Other methods of pulse characterization, like FROG""” or SPIDER""® are more precise in the
few 10’s of fs regime, however the setup and the data retrieval is more complicated in these cases.
Optical parametric amplifier correlators provide the highest dynamic range demonstrated up to date,

with a theoretical limit of 10'° contrast measurement'-°.

1.5.2 Pulse train measurement techniques

The single pulse energy of a macropulse is usually retrieved from the measurement of the
power divided by the repetition rate. However, when satellites are present between pulses, which
could be outside of the scanning range of the auto-correlator this leads to a false estimation.
Conversion efficiencies usually give a good indication when such background is present in the system.
As high resolution in time together with long scanning range is often required to fully characterize
pulse trains, including their frequency, background or satellites pulse contents, the techniques below
will give a good extension to the single pulse measurement techniques, described in the previous

section.

11.6.2.1  Fast photodiodes/oscilloscopes

Fast photodiodes used together with fast oscilloscopes can provide a good measurement of
the laser repetition rate. However with only 8bit resolution the ability to detect satellites between the
pulses down to the specified 4% level in the case of CLIC laser is difficult; due to the PD response,
which is usually followed by some oscillations. Fiber coupled photodiodes with up to 60GHz bandwidth
are available for the visible and near infrared range and free space small area photodiodes with 100ps
pulse response time for the UV are still useful for characterization. The best oscilloscope available in
the PHIN laser laboratory at CERN was the LeCroy Serial Data Analyser SDA18000 with a bandwidth
of 18 GHz. A New Focus 1024 fiber coupled diode was used, which has an impulse response of 12ps
FWHM. The measurement is shown in Fig.l1.5.3. The measurement resolution causes the 5.5ps pulse
appearing as a roughly 35ps wide pulse (FWHM), with some post-oscillations. With the 60 Gsamples/s

rate at a point is taken every 16.7 ps. This means that 4-5 points are recorded during one pulse. The
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interval accuracy is 3.3ps. (The trigger jitter is specified to be 2.5ps RMS.) As mentioned earlier the
jitter of the laser is about 0.5 ps RMS to the reference of 1.5GHz. This means, that the delay cannot
be directly measured accurately between two consecutive pulses. This can be solved by saving a

trace and post processing.
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Fig.11.5.3. An oscilloscope trace and four times sin(x)/x interpolation
The combination of these devices proved to be a good indicator of e.g. bias error in our phase-
coding system. Moreover slower detectors are very useful for average output power and gain

monitoring of the system.

1.5.2.2 Streak camera

Streak cameras serve a very similar purpose as the oscilloscope based measurements, but
with much higher temporal resolution (Hamamatsu now offers models with down to 200fs resolution).
They are also able to detect single photon events and hence can often be found in accelerator
instrumentation for detecting secondary light produced by particle beams. It can also reach down to
very high 100keV photon energy range.

In an optoelectric streak camera the pulses are focused through a slit into a photo-cathode
and in very much the same way as in photo-injectors electrons are produced. These electrons are
accelerated and deviated by a synchronized linear sweep voltage and hit a phosphor screen, where
the ‘streak’ across the screen is proportional to the time of arrival at the slit. The screen is then imaged
onto a CCD. When ps range pulses are measured and pulse separation needs to be known these

devices are the best and the easiest to operate, if they are available.

11.6.2.3  Frequency domain measurements

The main instrument used for frequency-domain analysis of mode-locked lasers is the RF
spectrum analyser. It is used to measure the amplitude and phase-noise modulation spectra of the

photo-diode signal also used for the oscilloscope measurements. The minimum detectable signal is

61



set by the input noise floor of the instrument itself (noise equivalent power). RF spectrum analysers
typically have a useful frequency range of 100 Hz—1GHz, and can be extended with a lower frequency
FFT analyser, if full noise characterization of the system is necessary. In our case for laser noise
characterization the system also has to be able to perform gated measurements as the signal after
amplification is no longer cw. As laser repetition rate is low, these measurements are rather
challenging. For frequency domain measurements two spectrum analysers were used in our case:
Agilent Technologies EMC Analyser E7405A, and Agilent Technologies MXA N9020A Signal
Analyser. The former has been employed for measurements at the phase-coding, oscillator and
preamplifier stage, where the signal is still gcw. The latter for measurements at AMP 1 and AMP 2
stages, as MXA N9020A Signal Analyser is capable of gated FFT measurements.

Noise measurements performed on the laser will be detailed in 1ll.2.2. For the theoretical

background of the measurements themselves one can consult references'**"#

. For the phase-coding
(described in 11.2.1.4.) a frequency-domain measurement was developed to characterize the exact
delay between the odd and even pulse trains, as any error here will be seen as a phase-error by the

injector leading to charge fluctuations of the injector (11.2.3.1)

1.5.3 Optical elements affecting contrast
11.6.3.1  Stretcher/compressor

In 11.2.2.5. the concept of chirped pulse amplification (CPA) was introduced. To obtain the
shortest possible pulse duration after during this amplification process- only limited by the bandwidth -
is only possible with careful phase control of the pulse during stretching and decompression. There
are many different stretcher and compressor configurations existing. Both grating and prism based
schemes are used in double pass in order to remove spatial dispersion of the beam. Two basic
examples are shown in Fig. 11.5.4. For high power CPA lasers, where stretching to several 100’s of ps
is required grating, with higher dispersion provides a better solution. In a negative dispersion
configuration, light with shorter wavelengths takes less time to travel through the device, as it is less
diffracted than light with longer wavelengths. In the case of positive dispersion, this is reversed. In a

CPA system the total dispersions of the stretcher and compressor should cancel out.

Fig. 11.5.4. A typical setup of prism and grating pair for introducing and removing chirp. b and r indicates the bluest

and the reddest part of the spectra. On (a) ¢1 is the Brewster angle.
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However as additonal chirp can be introduced by the amplifiers and other optics, simple
matching of the stretcher and the compressor is not always sufficient. To achieve considerably shorter
pulses, then 100 fs higher order dispersion control and compensation of the whole chain is necessary.

The negative group velocity dispersion introduced by a pair of prisms or gratings allows us to
fully compensate for the second order phase variation across the bandwidth, but in both cases the 3™
order phase may remains non-zero after compression. This is negative in the case of a pair of prisms,
and positive in the case of grating pairs.

Futhermore non-parallelism of the grating planes will leave residual angular dispersion®,
which will limit the maximum focusable intensity. This manifest as temporal chirp and pulse front tilt
and has been thoroughly investigated by the TeWaTi laser group in Szeged”'83""84""85""86. The TOD
component of this effect will cause contrast degradation at the ps levels. The problem is further
complicated in this case, as angular dispersion induced chirp effect is evolving during the propagation
of the pulse and so compensation is only possible for a certain target position in tha case of plane
waves.

Ultra-short lasers at fs range will have very wide spectrum. This will put a finite limit to the
spectrum due to the size of available gratings. This in turn results in cutting the spectrum at a certain

intensity level, which will be also discussed in the contrast calculations.

11.5.3.2 Broadband mirrors

A dielectric mirror designed for reflecting broad range of wavelength will consist of many thin
layers of different dielectric materials.

The reflectivity as a function of the

100 T Ee——— T T T S —
(7 / \ R wavelength will consist of a flat part,
L o5 | | 455 where the mirror is optimized and can
% ] 45°plll'l,l v be approximated by a half-Gaussian
- | | \ t 1
5 90 b (I profile on either side of the spectrum
e | _ 1 1 |
T L R | (see Fig. 11.5.5. for a typical spectral
e 8 | | . . N
. || : - reflectivity). This approximation for
80 | Lo | dielectric mirrors was applied first by
700 750 800 850 900 950 . .
WAVELENGTH (nm) our group and this spectral soft cutting
Fig. 1.5.5. An example for spectral reflectivity of a broadband dielectric will be used later in our models to

mirror from CVI Melles Griot . .
estimate their effect on the contrast.

18 Angular dispersion is defined by the angle between spectral phasefronts of the beam. Agular dispersion causes pulse front
tilt and chrip. In the case of plane waves this can be compensated for a given plane, but residual pulse front tilt will still limit the
maximum cofusable intensity.
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11.5.4 Contrast during amplification and conversion

Regenerative amplifiers introduced in 11.1.3.2. are often used for ultrahigh intensity laser
systems. They provide good pointing stability due to their cavity arrangement and gain over 6 orders of
magnitude is achievable in one amplification stage. However they include electro-optical switches (PC)
used to select pulses from the mode-locked seed oscillator. These devices (PC) usually have limited
extinction ratio, which means, that corresponding to the cycle period of the master oscillator (seed
laser) there could be pre- and post-pulses present and also amplified in these types of amplifiers.
Multiple switches at the cost of additional losses can be installed before further amplification stages to
eliminate these pre-pulses. Another limitation of these amplifiers is that when they are used for
ultrashort and hence broad bandwidth pulses, they can suffer from severe gain narrowing. As the
magnitude of the gain-narrowing effect depends not only on the gain bandwidth of the amplifier
medium, but also on the level of the gain it is especially pronounced in regenerative amplifiers. By pre-
shaping of the spectrum prior to amplification using acousto-optic devices or employing them inside
the cauvity, it is possible to fight the gain narrowing effect. To make the system amplifier more stable it
is usually run in saturated mode, which will enhance amplified spontaneous emission. Delay of the
pump at the traid in of gain could be a solution for reducing pre-pulses and pedestals at the ns level.
Usually a balance can be found between gain and contrast of the amplified pulses, depending on the
requirements on target"®’.

5. My aim was to calculate the effect of real optical elements on the spectra and the phase
and through these the effect on the temporal contrast. My aim was also to calculate the
effect of temporal contrast degradation on commercial temporal shape measuring
devices, such as 2nd 3rd order auto-correlators and cross-correlators.

6. My aim was to show, that by measuring the spectra and the spectral phase the
temporal contrast can be estimated with 2 orders of magnitude higher level spectral

intensity.
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M. NEW SCIENTIFIC RESULTS

Given the specification discussed in 11.2.1.3. and the critical requirement for high stability, the
basis of the laser system has been chosen to be a diode-pumped Master Oscillator-Power Amplifier
(MOPA) running in a steady state saturated mode. The active material Nd:YLF was chosen for its
superior gain and thermal properties and the bandwidth, which supports <10ps pulse length, although
its low fracture stress would ultimately restrict the maximum average operating power achievable from
a single amplification stage. Side pumped rod geometry, offering good transverse beam shape and
homogeneous pumping along the rod, using custom built diode stacks offers an efficient pumping
configuration. The amplifiers are followed by a pair of non-linear crystals for conversion to the fourth
harmonic at a UV wavelength suitable for the photo-cathode. For the seed, a commercial cw mode-
locked oscillator is used, offering synchronizability to the external RF source, stability and efficiency.
Additional components in the laser system will include feedback stabilisation, optics for beam relaying,
spatial profile control, compensation for thermal distortion, and a Pockels' cell gate to define the ends
of the pulse train. The main parts of this laser system requiring development are the design and
operation of the amplifiers and the thermal management in the non-linear crystals. The amplifier must
be efficient to minimise the cost of the pump diode arrays, have high gain to minimise the number of
amplifiers and must show a very high degree of output stability under steady-state amplification. The
harmonic stages then have to preserve the stability achieved in the previous stages. The work was
completed in two stages. Firstly the PILOT laser system was provided the proof of principle for the
amplifier design, with high single pass gain, but modest output powers to allow the first long train
experiments on the CTF2 photo-injector at CERN. After the success and the learning on this system a
larger scale, two stage amplifier system was developed for the CTF3 PI test stand, where apart from
delivering the required energy/ pulse in the UV, stability, timing flexibility and long term reliability

became the key requirements to meet.

1.1 Amplifier development for CERN CLIC photo-injectors

Table I11.1.1. Parameters for PILOT and CTF3 amplifiers In the following

Parameter unit PILOT PHIN AMP1 PHIN AMP2 sections the detailed
Length of rod ¢m > 8 44 architecture and development
Diameter of rod mm 5 7 10 o .

of the laser amplifiers will be
Effective pumpinglength  cm 4.5 7 14 ¢

hown for h ms. Th

Total peak pumping power kW 5 18 25 sho or both systems e
Max. Duty cycle o 2.5 25 5 measurements with the
Repetition rate Hz 10 (100) 5/50 5/50 detailed model will be
Max. average power w 125 450 500 discussed for amplification
Cooling requirement I/min 5 45 66 and thermal effects and the
Number of passes 3-5 3 3 . .

mechanical design to ensure
Gain 5000 300 5

easy alignment will be
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presented. In total 3 pump chambers were built for CERN. One for the CTF2 PILOT laser amplifier and

two for the CTF3 PHIN laser with the parameters are shown in Table 111.1.1.

n.1.1 Amplifier pump chamber design

I1.1.1.1  Mechanical design

The amplifier head for the PILOT laser system was constructed to the design shown in
Fig.lll.1.1. A 5mm diameter, 50mm long Nd:YLF rod with a wedge to avoid back reflections was
orientated with the c-axis horizontal and normal to the rod axis. Five diode stacks were distributed
around the rod.

The larger, 40° divergence angle of the diodes was along the length of the rod and was weakly
focused by a spherical lens right in front of the diode stack ensuring, that at least 95% of the
uncollimated diode output was intercepted by the rod. As the diode stacks have the typical 1cm array
length across the rod, the spherical lens also has helped to focus the beam into the 5mm diameter rod
in the radial direction. Residual unabsorbed pump radiation emerging from the back side of the rod is
reflected back into the rod using thin layer aluminium coatings on the outside of the flow tube in
regions not occupied by diode arrays. This ensures high absorption efficiency and helps to symmetrise
the pump distribution over the rod cross-section. The rod is immersed in water both for cooling and to
minimise reflection loss at the surfaces of rod (0.25%) and flow tube (0.2%). In this design the input
and output flow tubes were placed at the bottom of the cylinder causing turbulence and allowing air-
bubbles to sit at the top of the chamber.

| STACKED DIODE ARRAY |

WATER COOLING
SILICA TUBE

MPLIFIER ROD

MIRROR COATINGS

Fig. lll.1.1. The PILOT amplifier head design and assembly

Moreover as Nd:YLF is birefringent and long rods are used one must take care of aligning the
rod with its c-axis parallel to the laser table. Once the crystal was in place changing this alignment
became increasingly difficult. A more stable mechanical design for holding the diodes also had to be
implemented to make sure the emission angle was normal to the rod. The new assembly used for the
PHIN laser is shown in Fig.Ill.1.2.

Since longer rods were needed for CTF3, custom diode stacks were purchased from DILAS and
with larger rod diameters of 7 and 10mm required only very weak focusing with cylindrical lenses to
match the rod cross-section. A key, designed to turn the rod while in situ was developed and there is
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1.1

also a possibility to turn the entire head assembly around the length of the rod to align rod axis .

Water connections were placed on the top for the inflow and the bottom for the outflow to ensure, that

the cylinders were fully filled with water. Opaque pipes were chosen to avoid organic growth in the

water.

Fig. 1ll.1.2. The PHIN amplifier head design and assembly

I11.1.1.2 Absorption of the pump

120000 — Absorption spectra of Nd:YLF

a-axis
b 75\7 c-axis
80000 —
:‘é’
=}
& J
<
40000 —
0 T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘
790 795 800 805 810

Wavelength (nm)
Fig.lll.1.3. Absorption band of Nd:YLF along the two axes with diode

emission lines marked for the 5 stacks in the PILOT system

For the PILOT system the
diodes were purchased from Thomson
CSF (now bought by Quantel) and main
parameters are listed in table 111.1.2.
Wavelengths were in the range 798 to
807 nm to provide good absorption
efficiency. The repetition rate was
normally 5Hz, with pump duration in the
range 400 - 800us, but operation up to
100Hz was possible with reduced pump
length whilst not to exceeding the 2.5%
recommended duty cycle. As the diode
emission is also polarized and the C-axis
is placed horizontal in our arrangement,

then apart from the diode on the top of

the laser head all diodes will have a mixture of e and o polarization with respect to the crystal. The

absortion coefficient along the two axees are shon in Fig.lll.1.3. Care had to be taken to place them

around the rod to get good homogeneity of absorption and hence good gain distribution. As relatively

large diameter rods are used in all cases, it is not practical to choose diodes, which emit at the

absorption band, as absorption depth will not be sufficient to pump at the centre of the rod.
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For the PHIN amplifiers custom built stacks from DILAS were purchased with a larger number
of arrays, distributed evenly along the length of the rod. For these amplifiers | deliberately chose

diodes in the ~802nm range as the absorption curve is flat here and it will make the amplifiers less

Table I1.1.2. Pumping diode characteristics temperature sensitive. As | have found no
Parameter Unit PILOT AMP1 AMP2 suitable codes available to model the
Optical W 100 120 absorption of such system, the optical part of
powen /bt the chamber was modelled in OSLO, while an
Niinberatbats 1 6 S in house code was written in MathCad for the
Operatting A <120 <120 absorption of the rod. Results obtained from
curren

measurements of the gain distribution will be
Voltage/bar \' 21 2

presented in 111.1.3.1.
Efficiency % 39 50
Wavelength nm 797-807 800-810 .

g 111.1.1.3 Thermal effects/ Cooling
Line width nm <5 3
Wavelengthshift nm/eC 0.3 035 The aspects of thermal effects were

discussed in 11.2.4. Since the thermal
Fast/slow axis deg 40/5 30/5 o ]
angle dissipation into Nd:YLF due to the quantum

defect is 32% of the excited state pump rate
then it follows that the maximum extractable power is a factor (1-0.32)/0.32 = 2.13 higher than the
fracture limit, or 56W/cm, putting a limit to the maximum extractable power from given length amplifier.
Here | would like to point out that as thermal distortion due to average power heat is not
symmetrical due to the birefringence of Nd:YLF and that the two amplifier stages of the PHIN laser
were designed to have similar thermal load. By rotating the near field of the beam by 90° between the
two amplifiers without turning the polarization theoretically allows the thermal lensing of the AMP1 to
be compensated with that from AMP2. High repetition rate operation of this system however has not
been performed to date, but at low repetition rates, up to 5Hz the scheme provided good beam quality
with only spherical aberrations to compensate for. As PILOT system has permitted operation up to
100Hz, it was possible to carry out detailed thermal lensing measurement in this system and to scale
this for higher power levels to predict performance at CLIC power levels. These measurements will be
presented in 11.1.3.6.
For simplicity and due to the relatively low thermal load in the case of the PILOT laser the
same cooling circuit was used for the didoes and the amplifier rods. In the case of the CTF3 laser the

systems were run from separate heat exchangers.

1.1.2 The laser setup

The mode of operation of the amplifier must be selected to give high gain, but at the same
time it is necessary to operate under conditions of heavy gain saturation in order to achieve high
efficiency and stabilise the output power. For the PILOT system several configurations were tested.
First we used four-pass geometry as shown in Figure 1.1.4., based on a novel 8-pass pumping

1.2

geometry “. As discussed before, ASE can put a limit to the extractable power and it is important to
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avoid coupling between passes, which is difficult in the case of angular multiplexing for small diameter
rods. For the 5-pass geometry, which was needed for the test at CERN due to the lower input

oscillator parameters therefore a different scheme was used"?

. In all cases the propagation distance
between passes of 1m was chosen to decouple passes and to still have a practical length for

alignment.

Nd:YLF oscillator

0.8W Faraday isolator

[ 4 pass
amplifier
\ N

Diagnostics

a w1am Hiam
- | i |
From Preamp M | M2
— \.1/1/

First pass
To AMP2 = Second pass
= Third pass

4.'_ Second pass

I F rst pass
-’h"E i Fis ZCI F2=-206 Fl=+458

Fig. 1ll.1.4. 4-pass geometry for the PILOT laser system (top) and PHIN AMP1 3-pass and AMP2 2-pass setup (bottom)

In order to establish the best operating mode and optimise the performance, a multi-pass

analysis of this amplifier was implemented”"4

. We have proposed and analysed a 'quasi-steady-state’
mode of operation for a pulsed diode-pumped laser amplifier. Under heavy saturation this amplifier
has high extraction efficiency and is highly stable being only sensitive to changes in its diode pump
power and coolant temperature. Later on the calculations were simplified for the CTF3 laser system"|6

Detailed studies on the sensitivity to input variations were also carried out.

I.1.2.1 CTF2/PILOT laser system

The final PILOT system setup is shown on Fig. 111.1.5. The seed was initially provided by a cw
laser source, a 800mW, CW Nd:YLF laser from Crystalaser and used for gain characterization. For the
harmonic conversion studies a commercial (Coherent DMP 1000) additive pulse mode-locked Nd:YLF
oscillator was used at RAL. The oscillator delivers ~5 ps pulses at 120 MHz and up to 1.5 W output
power. However for the PILOT tests another oscillator has been used (LightWave), with 250 MHz 100
mW output, which is why it was necessary to increase the number of passes for this test. The variable
input attenuator was used to check performance with different input parameters. It was followed by a
Faraday-isolator to ensure that there are no back-reflections to the delicate synchronizable oscillator.
After the 5 passes in the amplifier the signal is converted to UV using two non-linear crystals. In the
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case of the PILOT experiment a gating PC, operating in the IR before the conversion stages was also

installed.
Imaging relay system - -
LBO Hp KDP ‘
0 O B/ mmo / 262nm.~4ps_ jnjection beam
20 R 40 0.15 pJ/pulse

Nd:YLF 1047 nm, ~5 ps > = warw BN il !

oscillator 120 MHz, up to 1.5 W - |_, U U |
4 M2 pol. Faraday anal. Relay system
1) L o PD
'I‘ 2 Water cooling, flow control |
g2 »
(3 -
5l Amplifier head |
o

]

\F\HL//EEL ! o
4 - [’5] -« H- —3I 5

2in 5in
4in 4 out
5 ou 3 out 2 out
1in

Fig.lll.1.5. The PILOT laser system assembled for the CTF2 test

(=)

I11.1.2.2 CTF3/PHIN laser system

The PHIN laser system, shown in Fig.lll.1.6., starts with a HighQ SESAM mode-locked
oscillator at 1.5GHz repetition rate, delivering 320mW of average power and is followed by a cw pre-
amplification stage also by HighQ. The preamplifier is based on a diode-pumped zigzag slab geometry
and exhibits poor spatial profile, the amplitude stability of the system is ~0.6% rms. The
synchronizability exceeded the specification and both with RF phase detection and optical cross-
correlation measurements (against a same laser type) have shown excellent 130fs rms jitter. An M?
value of 1.3 was measured upon delivery of the system."® This is followed by the two powerful
Nd:YLF amplifiers developed at RAL with the second one running only in 2 passes to utilize the filling
factor increase due to the common path geometry, based on the Faraday isolator""®. This scheme was
proposed by IAP Russia. As mentioned before a double periscope is installed between the two

amplifiers to turn the beam for thermal lens compensation.

ow ‘ ‘ | 3.5kw | 8.3kw 7.8kW | 3.6kW L 1.25kW

(] j 1 14.8mJin 1.2p] 4.67mlin 1.2ps| 1.5mlin 1.24s

Harmonics
test stand

Fig.lll.1.6. The schematics of the PHIN laser system

The amplification stages are followed by a PC gate from Leysop to cut out the required pulse-
train from the steady-state part of the amplification for the conversion stages. This way minimum

power load is sent onto the crystals. After the conversion the beam can be sent to the CTF3 or to the

CALIFES experiment (see 11.2.1.2.).
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n.1.3 The model

If steady-state is reached during the pump period then the excited state population levels in
the amplifier stay constant in time and there will be a balance between the input pump power reaching
the upper laser level, the so called pump rate, and the sum of the power extracted by the amplified

beam and lost to ASE, as described in eq.ll.22. To apply to our 4-pass test amplifier, assuming a

constant beam size from pass to pass and an intra-pass loss of /, the equation is re-written as:

1, = £,(G), + £5(G) 1)
Where:
7(G)=(1-1yG* +(1-1V LG® +(1-1)G* +1G —1 I11.2)
and
£(G)=1,nG-(1+B;) I11.3)

and where: G is the single pass gain of the amplifier, B sz (described in equations 11.28.) is the rate of

ASE.

10 4 The extraction efficiency (nex) of the amplifier, is defined

0_9; here as the ratio between the intensity increase of the
z ] amplified beam and the pump rate. Since the ASE loss
;é O'Si increases with gain, it will be necessarily to compromise
E 0.7 between efficiency and gain. For our 4-pass test amplifier
E 0_6; Figure 111.1.7. shows the calculated variation of efficiency
n 1 with 4-pass gain and predicts that gains in excess of 10*

O'Si can be obtained with Nd:YLF without a major reduction in

0.4 efficiency.

1 10 100 1000 10000

Gain Having established the expected performance in
Fig.lll.1.7. Extraction efficiency vs. amplifier gain  the steady state mode it is useful to consider the process
by which the steady-state can be reached. This is also critical, as for CLIC 140us long trains will be
required and to understand how quickly before the end of the pump burst the steady-state is built up is
important. To do this we calculate the dynamic response of the amplifier to an input signal beam
consisting of a train of pulses and the pump, which is only present for a certain window of time. The

dynamics of the amplifier are described by the spatial and temporal changes to the amplifier gain
coefficient. For an input pulse train with a time separation of T, between pulses the incremental

change in the gain coefficient from one pulse is affected by 3 things: the increase due to pumping; the
loss due to fluorescence enhanced by amplified spontaneous emission; and the depletion of the

population by the previous pulse. The net change is given by:

! ' Ty . 11.4)
Ag(z,t) = Mr p(Zz) Ts  g(z,0) ZS (1+B) g(zat;—’ F(Z,t)’
N

sat

sat
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where F(z,t)is the sum of the single pulse fluence in the train in all passes at position z and time ¢. It

is worth to note here, that time ¢ is always on the scale of the pulse train and not on the scale of an

individual pulse. We assume that the equilibrium in the level populations is re-established in << g

1.1

time. This was confirmed by measurements using single pulse amplification” . For a single pass

amplifier the pulse fluence at (z,t) is given by:

F(z,1)=F, exp jo 2(z,t)dz

and for a 4-pass amplifier it is given by:

exp [ g(z.0)dz +exp ( IO’ a(z,0)dz + j’ g(z,t)dz)

111.5)

111.6)

F(z,t)=F,(t 1 1 1 :
+1% exp (2‘[0 g(z,t)dz + J: g(z,t)dz) +1 exp (3‘[0 g(z,t)dz + L g(z,t)dzj

This type of calculation can also be adapted for other number of passes. The advantage is that we
are calculating the amplifier performance from basic

1.0 parameters of the input and by later fitting to

0.8

measured values an insight can be gained into
where losses occur in the system, or whether

0.6 1 efficiencies for coupling, absorption and extraction

0.4 -

are as expected.
Equations 1l11.4 and IIl.6 represent the second

0.2 amplifier rate equation which has been integrated

Output intensity (arb. unit)

7 under the assumption that the beam is a train of

0.0 T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ . . . .
0 100 200 300 400 500 600 short pulses with an individual pulse fluence small
Pumping time (us) in comparison to the saturation fluence and with a
Fig.lll.1.8. Gain profile of a 4 pass amplifier reaching time between pulses long compared to the amplifier
steady-state as a function of pumping time (PILOT) transit time. Solving these equations for the test 4-

pass amplifier with a constant fluence input pulse train of average power 500mW, and a constant
pump pulse starting at t=0, gives the output fluence shown in Figure I11.1.8. It can be seen that steady-
state operation is achieved after 500us with a perfectly stable output after this time. As the
fluorescence lifetime of Nd:YLF is 470us, when longer trains are required more passes can help by
shortening the time it takes to reach steady-state.

The design obtained for the PHIN laser using the code in MathCad based on the equations
above is shown in Fig. 111.1.9. Such steady-state mode of operation of the amplifier with long build-up
time suffers from an additional efficiency loss due to the amplification of unwanted earlier pulses. This
can be reduced by gating the input pulse train to turn on some time after initiation of the pump at a
time when the gain has first reached its steady-state value, as it was demonstrated in'*®. This was
considered for the PHIN laser scheme as a way of reaching steady-state quicker. As it can be seen
pumping time and hence average power load could be reduced by ~30% using this scheme. However
this requires accurate timing of the switch as it is shown on Fig.lll.1.9 and it is not clear, whether
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saturation building up later in the train will affect the beam profile over the train. It also adds additional
complexity to the system, and care should be taken not to loose seed pulses, as in case of Pockels-
cell failure, as this would increase the chance of parasitic lasing building up from high levels of

fluorescence losses.
400 —

1600 — = = = = First amplifier
Second amplifier
7 300
1200 - Pulse train amplification
with different pump phase
B c
‘T 200 —— 0 microsec
5 800 o —— 138 microsec
—— 150 microsec
B 185 microsec
100 - ——— 188 microsec
400 — - —— 168 microsec
0= T 0 7 | T \
0 50 100 150 200 250 0 100 200 300 400

Pumping time (microsec) Pumping time (microsec)

Fig. 111.1.9: Calculated gain in the two amplifiers. The diodes in the first amplifier are switched on at Ous and the second amplifier
is switched on 125us later. The dotted blue line shows the gain in the first amplifier and the red line the gain in both amplifiers
together. It can be seen that the steady-state is reached after 250us. On the right the possible pre-pumping configuration is
investigated for PHIN AMP1.

The analysis is given for Nd:YLF but can readily be used for other materials and amplifier
designs. The code can also be applied for the design and prediction of CLIC amplifiers. For the CLIC
specification and assuming a modest 5% conversion efficiency for the fourth harmonic generation the
required laser output pulse energy would need to be 100uJ giving an output fluence of 0.13mJ/cm? for
each pulse at the expected 10mm diameter for the final amplifier. This fluence is just 0.03% of the
saturation fluence for Nd:YLF on the 1047nm line and leads both to negligible depletion of the
amplifier stored energy by each pulse and also to negligible distortion of the pulses from amplifier
saturation. Consequently it is valid to use a cw analysis to represent the mean power in the pulse train

and enables us to use a cw rather than a mode-locked oscillator for a test programme.

I11.1.3.1 Steady-state and stability

The output pulse train stability is an important criterion of the laser for Pl application and it
must be maintainable over periods of several hours. The proposed design of system aims to achieve
the best possible stability by using diode pumping and by relying on heavy saturation of the amplifiers
to provide a strong clamp on the output intensity. As it will be seen later that temperature also needs to
be stable. A measure of the stability in steady state operation can be derived by differentiating

equation Ill.1 to give:

dl, =(fi'l,, + f,)dG + fidl,. 11.7)

Using the substitution 7, ,=(1—1)*-G* -1, leads to an equation for the interdependence between

intensity changes of the input, pump and output beams:
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where f,', f,' are the differentials of f; and f, respectively with respect to G. For the PILOT amplifier
and 0.2 for / this reduces to:

I dI i 111.9)
%:1.85 v 10.163 %,

out p in

with measured values of 9 for G, 4.7kW/cm? for [

out?

The stability for the laser system is consequently largely determined by the stability of the pumping
rate of the final amplifier and can cope with much larger variations from earlier in the system. So
stabilising the pump rate in the final amplifier is the ultimate solution for good stability, as long as the
seed laser is sufficiently stable, which is expected from and oscillator. However when fast noise in the
input seed is present, as it was in the case of the LightWave oscillator used for the PILOT test, the
gain does not instantly adjust to the changes of the optical input power, because the gain medium
stores the energy and only losses it on the scale of the fluorescence lifetime. As stored energy
determines the gain, the gain cannot change fast either, as it is expressed in eq. Il1.10. The change
will be determined by the fluorescence lifetime with a correction depending on the level of saturation in
the amplifier (eq.11.25.). An example is shown in Fig. Ill.1.6. calculated with the code using a suddenly
changing input seed or pump. The example shon here were done for the PHIN laser after full
amplification and once steady-state has been reached. One can see, that with 1% drop of either seed
or pump the amplifier takes ~80us to recover, and while in the case of seed variation saturation will
almot recover output values tha change is linear in the case of pump variation. The graph on the righ
illustrates, that as result of the limited response time the amplifier even in saturated steady-state is not
able to compensate for fast variations of the input parameters.
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fast sinus noise
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Fig.lll.1.10. Response of the amplifier output to sudden 1% variations of the seed and the pump (left) and to periodic variation of
the seed (right)
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1l.1.4 Experimental results and comparison with the model
111.1.4.1 Pump and gain distribution measurements

These measurements were carried out using two Changing the position of the diodes
principle methods. One was measuring the small signal gain
from a beam, which was overfilling the aperture of the rod and
then imaged onto a camera. The background was removed by
subtracting the unamplified background. The other method was
to scan a small area beam across the crystal to measure

saturated gain profile with a PD.

For the PILOT system, as only diodes with different
emission wavelength were available an optimization was done Fig.lll.1.11. Fluorescence distribution as a
in order to achieve best gain uniformity. Fig. Ill.1.11. shows function of diode position and temperature
examples with different diode arrangements and
temperatures. The distribution shown in Fig.ll.1.12.
was found to be best. The effect of pump polarisation is
seen since at the top diode presents an extraodinary
ray which is more strongly absorbed by the rod, and
the bottom diodes
are mostly ordinary
ray polarisation at

the rod and the
Fig. 111.1.12. Fluorescence distribution (left) and small absorption is less.

signal (top) and saturated gain distribution (bottom) The combined effect

(contour intervals are 12.5%, where not indicated) . .
of all diodes is
equivalent to 50% 'm and 50% 'c' and provides a pumping

uniformity of 25% over 80% of the rod area as illustrated in the

centre image showing the heavily saturated gain distribution.

Fig. 111.1.13. Measured fluorescence

Figure 11.1.13. shows the same measurement carried out on distributi i
istribution from each of the five

the PHIN laser. The effect of the diode polarisation is visible here as diodes individually (a-e) and from all

well, with the diodes closest to the horizontal (Fig 11.1.13. c¢,d) being five diodes together (f).

most strongly absorbed. When we pump with all five diodes, the five-fold geometry and slight offset of

each diode from the centre-line of the rod enable us to obtain a pumping uniformity of an excellent

80% over the total area of the rod.
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I11.1.4.2  Small signal and saturated gain measurements

The PILOT amplifier exhibits very high single pass small signal gain of ~27, leading to a small
signal gain of over 10°in 4 passes when pumped over 600ps. This confirms that Nd:YLF was a good
choice for its high gain absorption of diode wavelengths. Also shown in Fig. Ill.1.14. is the measured
gain profile for small signal and saturated amplification. The best match to the measured gain curve

gave a combined pump cavity transfer and rod absorption efficiency of 53% compared to the

BE+005 7000 — estimated maximum  of
1 Measured 1 A
5E+005 Calculated '\ 6000 — //M \ 75%. The difference is
£ 1 5000 —
S 4E+005 | | ! largely accounted for by the
E ] = 4000 / . ,
S 3E+005 3 1 lack of anti-reflection
= ] © 3000
T / i ‘ .
£ 2Ev005 2000 ] coatings on the flow tube
I3 4
1E+005 1000 | Measured and lenses. These were
] Y 1/ Calculated
=20 R . — T later added to the system
0 100 200 300 400 500 600 700 0 200 400 600 800 .
Time (us) Pumping time (us) and the efficiency rose to
Fig. Ill.1.14.Small signal gain and saturated gain of the PILOT laser system 65%. At the maximum

running in 4 passes. . .
gmap available input power of

450mW into the first pass it was possible to strongly saturate the amplifier, giving the evolution of
output intensity shown on the right of Fig. lll.1.14.. This is seen to be in good agreement with the
calculated profile, and in this case the steady state is reached after 350us as expected, with output
intensity at 7kW/cm?, which is 8 times the saturation intensity for Nd:YLF.

Further evidence for the degree of saturation is indicated by the change in output beam spatial
profile as a result of the amplification (Figure 111.1.15.). This amplified beam has a flattop of diameter
2.5mm at the 80% points containing a peak power of 380W, in comparison with the unamplified

approximately Gaussian profile with a FWHM of 1mm.

Fig. 111.1.15.Unamplified (left) and amplified (right) beam profiles through the system showing the effects of strong
saturation, which generates a flattop from a Gaussian profile. (Contour interval is 6% for the unamplified beam and 20%

for the amplified beam.)

The same measurements were carried out for the PHIN amplifiers. As the development of
AMP2 was done by my colleagues, | will only present here the final results and will concentrate on the
1% amplifier. Fig. Il1.1.16. shows the small signal gain measurements for AMP1. As this is the higher
gain system it was important to check, that ASE does not appear at longer pumping times which will
be required to reach the steady-state gain of 300. The measurements presented for AMP2 in""® were

done at extremely long pumping time without extraction of the power from the amplifiers and give an
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unrealistic estimate of the ASE. We have measured the gain of the first amplifier in single pass and
compared the results against the predictions of the code. The measured and calculated single-pass
gains obtained with input powers of 200 mW and 6800 mW are shown in figures 5 and 6 respectively.
The measurements show good agreement with the code, except at the highest input and pump
powers (f) when the measured gain is ~80% of that predicted. This discrepancy between the code and
measurements suggests that the model for ASE used in the code is not correct. However, we do still
obtain sufficient gain. With the design values of 6.8 W input power and 15.8 kW pump power, we
measure a single-pass gain of >200. Later it was shown, that ASE has indeed hampered the

performance at higher pumping powers and harmonics were not possible to produce at the predictable

level.
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Fig. 1ll.1.16. Measured (blue) and calculated (red) single pass gain with pump powers of (a)4.7 kW, (b) 6.9 kW, (c) 9.2 kW,
(d) 11.4 kW, (e) 13.6 kW and (f) 15.8 kW. The input power was 200 mW.

Time (micTosec)

Time (mucrosec)

Time {mcTasec)

Fig. 111.1.17. Measured (blue) and calculated (red) single pass gain with pump powers of (a) 4.7 kW, (b) 6.9 kW, (c) 9.2 kW, (d)
11.4 kW, (e) 13.6 kW and (f) 15.8 kW. The input power was 6800 mW.
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After this the amplifier configuration was changed so that the beam was expanding over the
passes to obtain high initial rise of the gain. To ensure that extraction is efficient, the beam was
expanded for the last pass to ensure the beam filled the diameter of the rod and was sent in on-axis.
The experience was, that when the laser is aligned perfectly without internal reflections in long rods or

coupling

Lmplification
T T T
e o o Ind amplifier output
st amplifier output A

ar calculated /”-':

Poweer out (KW
(=9
T
%,
|

I I
200 300

Titne (foicrosec)

Fig.lll.1.18. Measured and fitted saturated gain curves for AMP1 and AMP2 with 90A pump current,
(16.2kW for AMP1 and 21.6kW)

between the passes, then the level of ASE did not cause a limitation to the achievable output power.
The result with the optimized 3 pass arrangement with the beam expanding over the passes is shown
in Fig. 1ll.1.18.. It can be seen that steady-state is reached much faster compared to the 111.1.16.f
graph, taken under the same pumping and seed power conditions. Using the design code with the
input parameters corrected to the small signal gain measurements the fitting was performed. Originally
the code was designed to calculate for constant beam size along the passes, but of course this is far
from the reality especially in the 3 pass case. | have introduced a beam fill factor to compensate this
weakness of the code and obtained good agreement. Efficient conversion with this configuration was
taken as a further proof of
reduced ASE levels. Further

amplification was done in the

Front end ] AMPlout AMP21%pass AMP2 out

above mentioned two pass

arrangement to reach higher

output powers, a 3 pass Fig. 1l1.1.19. Obtained beam profiles with the gains of previous graph
arrangement would be the

ultimate solution and further development in the future towards this could be performed. It can be
seen, that the system is still not fully saturated. By pumping for 300us instead of 250 us one should be

able to reach 9.3kW, and by in the same time increasing the pump current to 100A, instead of the
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applied 90A 10.6kW mean power is expected according to the code. Near field beam profiles of the

amplifiers were recorded (see Fig. 111.1.19.).

111.1.4.3 Stability measurements

As it was shown earlier in the model the main factors, which determine the stability of such

system are the seed and its noise frequency, and the stability of the pump, including temperature

induces variations. In the PILOT system the diode driver was stable to about 0.5% long term and the

temperature of the coolant to 0.5 °C. For the PHIN system both of these were improved to 0.1%. This

was achieved by a stabilized diode driver (Lydia) in the latter case. Evidently both of these could be

improved. An indication of the need for precise control of temperature is shown by an example of the

measured variation of output with temperature shown in Figure I11.1.20. .
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111.1.20. The dependence of the
amplified signal for different coolant
temperatures on the PILOT system.

Amplitude stability measurements were conducted using
an InGaAs photodiode, which has a very low temperature
coefficient at 1047nm and is not sensitive to background visible
radiation, together with an oscilloscope with ADC stability in the
region of 0.1%. After allowing a period of at least 30 minutes for
stabilisation, the short and long-term stability of the output power
were measured and are shown in figure Il1.1.21. The rms stability
was measured at less than 0.2% in short term and less than 0.7%
over a period of one hour which is comparable to the reported

levels of systems which also include feedback stabilisation.
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Fig.lll.1.21. Short-term and long-term stability of the amplified signal with strong saturation of the PILOT system (top); energy

stability at the cathode at ‘the harmonic wavelength of the PHIN laser system
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Fig. 111.1.22. Low sensitivity of the amplified signal to a

In order to demonstrate the insensitivity to

1'0i variations due to the amplifier input power drift, the

= 0.8 1 amplifier was operated at maximum gain saturation
i 0_6; (top curve in figure 111.1.22.) and the oscillator was then
% 0.4; se"sgiu‘:ity to inutvariations attenuated by a factor ~10. This led to a reduction of
& 1 omﬁﬂi 'ZISEZ: ith 10% input just a few % in the saturated output of the amplifier
027 Filter calibratior (middle curve of figure II.1.22.)). However when

0.0 ety \ \ \ measurements were done in the presence of fast input

0 200 400 600 800
Time (us) seed variations during the PILOT test, the output was

found to exhibit the same variations. Similar

large attenuation of the input signal. observations were made for the PHIN laser system,

where the oscillator exhibited g-switching instabilities at high frequency (with four characteristic

frequencies), which then were carried through the system during amplification as shown on Fig.

[11.1.23. and were also apparent after the harmonic conversion.
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Fig.lll.1.23. Modulation of the oscillator power at the PHIN front-end (top and middle); modulation carried through the amplifier ,
measured after AMP2 (bottom)
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111.1.4.4 Thermal effects

As the optical quality of the amplified
beam is important for the harmonics stages
and for long distance propagation to the
cathode, | have carried out extensive thermal
lensing measurements for the PILOT laser
system, where the higher repetition rate
operation in the test phase was possible.
Nd:YLF was selected as the gain medium
due to its much reduced thermal lensing in
comparison with other materials such as
Nd:YAG. | used a radial shear Sagnac
interferometer placed in the amplified beam
to measure the thermal lensing, and the

recorded interferograms were captured and

analysed using a CCD, frame store and

Fig.lll.1.24. Interferograms showing the thermal optical distortion software package Fringe Analyser (Oxford

of the amplifier for a thermal deposition rate of 10 watts. a) and b) L
Frame store Applications Ltd.). Examples of

show the interferograms for orthogonal orientations without and

with pumping respectively. the interferograms recorded with and without

the amplifier being pumped and for

orthogonal orientations are shown in Figure l11.1.24. for 10 watts average thermal power deposited in

the rod. A Zernike analysis of these interferograms suggests only primary astigmatism and defocus

are present and indicates that the aberrations can be effectively compensated using cylindrical lenses.
Using the measured Zernike coefficients, the

Strehl ratio was calculated and plotted in Figure e

1 = —

[11.1.25. using an extrapolation to higher powers. '-ﬁ ""“‘-H,H_H‘
On this graph it is also shown, that for the . ] i T —
thermal powers ~170 W at 50Hz operation for an S 4s I. T
amplifier ~ with  CLIC  output parameter 3 ! Compensated with

- L] f . f
requirements the Strehl ratio would be at ~0.02. . i : Sphermﬂl;}:i:‘rlmdnml
With compensation only by cylindrical optics this o,
could be improved to ~0.7. Taking 0.8 as a oo ] —= T —

0 50 100 150 200

minimum acceptable value for the Strehl ratio,

. . . e Thermal power (W)
this analysis predicts that the amplifier can be

used up to a thermal power deposition in the rod Fig.lll.1.25. Strehl-ratio for a 5mm diameter rod at different
) . . ) levels of thermal deposition extrapolated from the
of 15 W without requiring optical compensation

measurements at low power (dashed) and after compensation
and this corresponds to an average output of astigmatism (solid)
power of up to 40 W for an amplifier operating at

high efficiency. As for the PHIN amplifiers the maximum operational repetition rate so far was 5Hz,
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corresponding to ~13W thermal deposition and compensation was not necessary. As the design also
included the same thermal load for both amplifiers, with the beam turned in between, only minimal

astigmatism is expected after the second amplifier.

111.1.4.5 Harmonic conversion

For the PILOT system an LBO Type | crystal is used as second harmonic crystal and a KDP
Type | as a fourth harmonic, both 2 cm long. To reduce losses and simplify the arrangement the same
relay imaging system creates the ideal beam size for both harmonic stages. The pulse is stretched up
to ~7.5 ps during the amplification due to gain narrowing of the spectra, and the pulse-energy is ~2
pd/micro pulse. The over-all conversion efficiency is 5%, as can be seen on Fig.lll.1.26. The
uncompensated astigmatism from the amplifier is visible on the final beam shape (111.1.26. right) and
can easily be compensated for when the beam transport is designed to the cathode. The total
efficiency is slightly below the specification and can potentially be improved by compensating for

astigmatism before the crystals.
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Fig.lll.1.26. Conversion efficiencies (left) and gain and beam profiles (right) for the PILOT laser system.

For the PHIN laser system the development of the harmonics stages were done in conjunction
with CEA France and IAP Russia. The performance is shown in Table Ill.1.3.For the second harmonic
Type Il LTB and for the 4™ harmonic Type | ADP was chosen to get higher efficiencies due to its
temperature tuneability and hence non-

critical ph ase-matchin 9. The ADP Table 111.1.3. Conversion efficiencies for the PHIN laser system

. 1047nm 523nm 262 nm
crystal was not performing well for long
. RMS stab. (train) 0.23% 0.8% 1.3%
trains, where thermal effects have (0.45%) (1.6%)
caused detuning at the centre of the Energy/pulse {lJ) 5.37 2.5 0.87
beam, causing the distortion. For this | Pulse length (ps) 7 7 ~Sps
reason the crystal was changed to a | Beamsize {umxum) | 418X 372 370X 224
lower efficiency KDP (20mm long), but | Conversion (Tse3eto (RS S
efficiency harmonics) (best 50%) (best 47%)
with improved beam profile. With this
Crystal - KTP 11mm ADP 20cm
configuration up to 450nJ/pulse was @23.6°C

delivered to the cathode in the nominal

train length, exceeding the specified 370nJ/pulse.
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1.5 Conclusion

A multi-pass diode-pumped amplifier designed to provide a combination of high gain and
efficiency with high stability was developed for CERN CTF2 and CTF3 photo-injectors. A simple rod-
cavity design and the establishment of quasi-steady-state operation resulted in a high gain saturated
operation with mean output intensity during the pulse train of 7kW/cm? in the case of the PILOT laser
and 9kW/cm? in the case of the PHIN laser,"3! 412 1EIL7IEILS. A chde was developed to verify the
operation of the amplifiers and provide a useful tool for further designs”"s'

The amplifiers showed an output stability of 0.2% rms and 0.34% rms respectively and proved
the capability to compensate for slow drifts of the input intensities. Response to fast variations was
studied for the steady-state regime and time-and frequency domain measurements were carried out to
study noise propagation through the system. The output pulse stability already competes favourably
with the best previous measurements on lasers with active stabilization and we know this can be
improved using a more stable diode-laser power supply and improved coolant and room temperature
stability. Additional stabilisation is also achievable using a closed cycle feedback control system.

Zernike analysis of the measurements of thermal distortion from the pump beam showed an
almost pure astigmatic phase error and showed that Nd:YLF was indeed a good choice as an amplifier
material and that the distortions can be compensated, up to high average power levels.

The PILOT system has allowed the first long train injector operations at CERN and the PHIN
laser system, used for studying high charge photo-injectors is still unique of its kind with its high

average current capability." %"’

The specified energy levels were delivered to the cathode and by
providing the laser for the CALIFEs injector the first two-beam acceleration experiments took place as
a proof of principle for CLIC scheme. The stability of the laser is planned to be further improved in the

future by the installation of an active feedback stabilization system.

1.2 Correlation measurements of the laser and electron beams

To understand the net effect of all the noise sources existing in the laser system on the
produced electrons and to see how much further parameters would have to be improved to achieve
the performance, | have carried out correlation measurements between the laser and the electron
beam both for amplitude (laser energy, beam charge) and for pointing stability. Study of the evolution
of the pulse train was also carried out as a function of laser beam segment. The measurements are

detailed in the following sections.

1n.2.1 Electron beam diagnostics

A detailed description of the beam diagnostics (Fig.lll.2.1.) and the measurements during
commissioning of the machine can be found in references [l11.10] and [lIl.17].

A fast current transformer (FCT), installed directly after the gun, is used to monitor the extracted

charge. With the provided 1GHz bandwidth the individual bunches cannot be resolved, so only

bandwidth limited measurements were carried out which give a signal proportional to the beam
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current. Focusing solenoids and steering magnets ensure the delivery of the beam centred on the
vacuum pipes, by monitoring the signal on the Faraday-cup (current measurement) and on the Beam
Position Monitor (BPM). The beam position monitor is based on quadrant detection and is calibrated
for charge measurement. This signal was used for total pulse (bunch-train) charge measurements. For
the pointing stability measurements the electron beam was directed onto the centre of the Optical

Transition Radiation (OTR) screen and the radiation produced was imaged onto an intensified camera.

Incident, Reflected Power

) Length~1m
1= 2nd ) g
E,AE
solenoid | |solencid YM OTR !
SM MTV
Cathode FCT / v

loading | MSM

cathode —<———————p
gun:

2+1/2cells, 17cm

@

Dipol | FC

Spectrometer

Fig.lll.2.1. Beam diagnostics for PHIN. FCT: Fast current transformer; VM: Vacuum mirror; SM: Steering magnet; BPM: Beam
position monitor; MSM: Multi-slit mask; OTR: Optical transition radiation screen; MTV: Gated cameras; SD: Segmented dump;
FC: Faraday cup.

11.2.2 Transport line and virtual cathode

The PHIN transport line is based on a simple two-lens system design, where imaging onto the
cathode is achieved with the nominal beam size on the cathode. As cost restraints did not allow
automation of the optics mounts, both lenses were located in the laser room and could be manually
moved or exchanged to vary the beam size on the cathode. The aim was also to keep the beam size
on the vacuum mirror as small as possible, as the usable aperture for the laser beam there is <1cm.
The total beam path was ~14m, of which 11m was not accessible during operation. Fig. 111.2.2. shows

the beam propagation from the 4™ harmonic crystal to the cathode with mirror positions marked.
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Fig.lll.2.2. Beam transport design for PHIN starting from the 4th harmonic crystal to the cathode. Blue lines indicate transport
mirror positions, while the green is the mirror inside the vacuum pipe.
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Fig.ll.2.3. Virtual cathode beam diagnostics for the PHIN system

1.2.3

Pointing stability measurements

The diagnostics were placed

equidistance to the cathode on a
diagnostics table to measure laser beam
parameters before entering the vacuum
pipe and are shown in Fig.lll.2.3. A
remotely controlled flipping mirror allows
a direct energy measurement of the full
beam. An online energy measurement
calibrated to this, using the reflection
from the viewport is also available. In
both cases LaserProbe silicon detectors
(VC)
looking at the fluorescence
produced by the UV light on a YAG

screen is used to monitor the laser beam

were used. A virtual cathode

camera

size and position. The macro-pulse
amplitude stability measurement over the
train was obtained by both the energy
measurement and the integration of the
window of interest from the VC camera

and showed a good agreement.

Electron beam and laser beam positions were recorded shot to shot with camera acquisition

software written in MatLab. A gaussian fitting routine was used to determine the centre and the size of
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the beam. Figure 11.2.4. shows a typical correlation measurement between the laser and the electron
beam showing that most of the beam movement is induced by the movement of the laser beam on the
cathode. As the beam transport is in free space over 3 floors and a few degree temperature gradients,

large relative movements of the beam are not surprising.
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electron beam to laser beam
1c 400 A
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Fig.ll.2.4. A typical beam correlation plot between the laser and the produced electron beam

Similar measurements were carried out between the laser beam in the laser room and on the
virtual cathode camera in the machine building. The pointing stability was almost three times better in
the laser room, as can be seen from Fig. Ill.2.5. Several steps were taken to improve the stability
passively. The laser system was covered with a ‘plastic cage’ to avoid airflow on the table. An
antireflection coated fused silica window was installed between the laser room and the rest of the
transport line to avoid airflow caused by temperature gradients and a solid metal pipe installed to
transport the beam down to the covered VC table. Installation of the fiber booster amplifier and image

relay of the fiber output caused further improvement. A summary can be seen in Table I11.2.1.
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Fig.ll1.2.5. Virtual cathode beam diagnostics for the PHIN system

Table Il.2.1.: Improvement of beam pointing stability with the installation of passive stabilizing elements.

mm June 2010 no cover Feb 2011 HighQ booster Feb 2011 fiber booster
and cover and cover

Size x 0.65 2.76 0.344

& movement 0.21 (32%) 0.74 (27%) 0.067 (19%)

Size y 0.67 2.73 0.524

& movement 0.14 (21%) 0.87 (32%) 0.079 (15.2%)

Further improvement would be possible with active stabilization, where quadrant detectors and
piezo controlled mirrors together with a closed loop feedback could control the position of the beam on
the cathode.

11.2.4 Amplitude stability measurements

Apart from the laser amplitude stability, the stability of the power both in terms of phase and in
terms of amplitude will also affect the charge stability of the electrons. A typical measurement of the
RF quality shows about 0.3% rms variation of the RF power, which has a linear effect on the charge
and 0.4° rms variation of the RF phase, which will result of a sinusoidal dependence on the charge.
When the machine is operated for best emittance the phase is 30° off crest, meaning 30° off the top of
the sine wave, where this dependence can be approximated as linear. Apart from these effects the
laser energy stability is one of the main contributors to the charge stability. Stability both integrated
over the pulse train (laser)/ pulse (electron beam) and also along the train/pulse has been investigated

and the measurements are summarized below.

87



I11.2.4.1 Pulse to pulse stability

The best stability measured for PHIN with the electron bunch is shown on Fig. l11.2.6. This was
recorded at the same time as the energy measurement for the laser on Fig I11.1.21, showing 1.3% rms
variation of the laser amplitude. The charge was more stable with 0.8%rms stability, which can be
explained by the fact, that the charge production was saturated due to the usage of small beam on the
cathode (0.3mm sigma). Typically this regime is to be avoided, as it can cause faster degradation of
the cathode.

Phin stability measurement with PBR, —
7.10.2009, 1250 ns long pulse, 1.5 nC per bunch st [ o s-onss -imm

o =50ns, o = 1.4mm
L Lx

Charge (nC)
)

s © 50 100 150 200 250 300 350 400 450 500
Laser Energy/Pulse on the Cathode (nJ)

Fig. 1ll.2.6. Beam charge measured with BPR over 1500 shots (left), saturation of the charge with small beam and linear
behaviour with larger beam (right)

111.2.4.2 Intrapulse stability

Intrapulse stability variations are also important, so the full beam can be efficiently transported
and that energy, emittance of the beam are preserved during the train. As | suggested before, by
installing a hard aperture downstream from the harmonics crystals and imaging this onto the cathode
we can achieve better beam pointing stability. However, when this aperture was also used to change
the beam size amplitude, a variation, depending on the transverse position of the aperture across the
laser beam, distortions of the pulse train was observed (Fig. 111.2.7.). This has important implications to

the amplitude stabilization.

Correlation of train envelope laser vs electron beam Correlation of train envelope laser vs electron beam Correlation of train envelope laser vs electron beam
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Fig. 11l.2.7. Beam current measured with FCT after the gun together with laser energy on DET10A Thorlabs PD in the laser
room. Small hard aperture was installed to monitor the evolution of the pulse train at different transverse parts of the laser
beam. Centre of the beam (left),edge of the beam (middle), all beam (right).
Strong thermal lensing due to UV absorption in the KDP crystal is a suspect to produce such
effect. This will cause phase-matching conditions to change over the train at different cross-sectional

parts of the beam. It also seems, that this effect is accumulated from pulse to pulse of the laser and so
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further investigation of the long pulse-train production in the UV was started, but is outside the scope

of this thesis.

1.2.5 Conclusion

| have improved the pointing stability of the laser by using passive stabilization, including image
relay system, isolation of the beam from airflow and the installation of a fiber front-end laser. A
summary of the measured stability is listed in Table 111.2.2. The installation of the hard aperture, which
was imaged to the cathode, was not practical to use for this purpose, as amplitude variations along the
train were observed due to thermal lensing effects in the harmonic crystals. Active stabilization could
improve pointing stability further in the future. Amplitude stability of the electron pulse was measured
down to <1% rms stability over 1500 shots, which is excellent for a high power UV laser driven

machine without the use of any active stabilization on the laser or the RF.

Table 111.2.2: Summary of amplitude and pointing stability measurements during the summer 2010 run showing best, worst and
typical values.

Laser Electron beam Amplitude stability
position/size position/size
Size Movement | Size Movement Laser energy | Current Corr.
{mm} {mmy} {mm) {mm} on cathode/ | (nC) magnet
micropulse
X y &x by X y &x oy
(nh)
07/10 | 072 | 066 | 018 | 02 104 | 124 | 065 | 057 | 320 13 ON 1250
12:10 1.66% -
07/10 (074 | 064 (015 | 013 | 146 | 1.76 | 06 0.65 | 369 1.5 OFF 1250
19:20 1.3% 0.8%
16/10 | 071 | 067 | 024 | 027 | 155 | 286 | 071 | 067 | 330 1 OFF 1300
11:55 2.6% 2.4%

.3 Two-photon absorption measurement of non-linear crystals

| have carried out the measurement with a sub-picosecond KrF laser provided by the Department
of Experimental Physics, Szeged with long history of high power excimer laser development. Four
different samples were used during the measurements. CLBO 14mm 61.5°, KDP 15mm 41°, BBO 5.3
mm 22.9°, LTB 5mm 31.9°. The BBO crystals were grown at the Research Institute for Crystal
Physics, Budapest, Hungary, by the top-seeded solution growth (TSSG) method from a Na,0.BaB,0,-
BaB,0, solution, while the CLBO and LTB single crystals were pulled from stoichiometric melt by the
Czochralski method. The KDP crystal was taken out from the frequency converter unit from a Quantel
Nd:YAG laser.
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1n.3.1 Experimental setup

The experimental setup is shown in

Input aperture NL crystal
(Fig.lll.3.1.). The 2 cm x 3 cm flattop j_ pe L] N
beam at 248nm, and the 650 fs long -I- \ II ND Filters anfga
pulses have a 10mJ maximum \

113 Energy meter
energy ~. A homogeneous part of the

beam was selected using a circular é )

aperture. | have used fused silica a Computer
dielectric mirrors for splitting the beam C]
and sending it to the sample to avoid \.. c/[:[m J\-‘Z(
TPA in the beam splitter itself. To

Oscilloscope

measure the beam size the plane of

the input surface of the crystal was Fig.111.3.1.: Setup for mea;t;:l;/;% ;I:;;:\) ,(7)f long crystals by energy-
imaged onto a CCD camera (Fig. 111.3.1.). The first photodiode PD1 was calibrated to an energy meter
(EM LaserProbe Rm3700) placed at the sample position. The photodiode PD2 was calibrated to PD1
by measuring the same pulse on both photodiodes (homemade). The photodiodes were kept at their
linear working regime by using additional filters and repeated calibration for each filter set. The fast
oscilloscope working in peak detection mode picks up the signals of both PD1 and PD2 and transfers

them to the computer via GPIB and a LabView routine collects dataset.

111.3.2 Measurement results

A MathCAD program calculates the theoretical fit to the retrieved data, which is proportional to the
transmission through the sample, while taking into account the Fresnel-reflections from the crystal
surfaces, Airy diffraction image of the flat top beam in the focus, linear and nonlinear absorption and
also the saturation effect in the absorption.

In our case the solution of eq. I1.54. is derived at the output of an L long crystal assuming

temporally Gaussian beam leads to the expression of intensity transmission for modeling purposes:

7. (=R -op(-a-L)) [1n[t+g, -exp(—x*)}ix 111.10)
T-q, 2o
90 =F-A=R)-1,-Ly .11)
l—exp(—a-L)
Lef,» :T, (a,b)

where where R. Fresnel-reflection at the interface of the material with air I,: peak on-axis intensity of

the incident light, L. length of the crystal, x: time-related parameter (as defined in eq.11.10).

Beam profiles were recorded to verify the presence of TPA as well as to provide the correct beam
shape as an input for the analysis of the data. The pictures in Fig.lll.3.2. were taken by using an
aperture significantly smaller than the size of the beam and focusing with a long focal length lens. The

18t picture shows the beam-profile close to the focus, the second is an image of the same plane, but
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with the KDP crystal placed in the beam path, and the one on the right shows the same, when the
energy in the beam is significantly increased. The one on the right shows the change of the contrast

between the main peak intensity and the ring’s intensity. Two-photon absorbers are successfully used

in UV laser systems, for smoothing the beam-profile, and decreasing the noise in the beam, if one can
11.58-11.59

afford the losses introduced during the process

Fig. 111.3.2. Input beam profile (left), output beam profile at low intensity(middle), output beam profile at high intensity(right)

For each crystal three sets of measurements were performed each with different incident
energy regions, and sampled over 500 measurement points. Please note that the intensity range in
the measurement extends from 0.2 GW/cm? to 90 GW/cm?, which is significantly larger than in the
earlier experiments. The large variation was achieved by changing the exciting voltage of the KrF
excimer amplifier. Smaller variation was given by the 20% shot to shot variation of the laser energy.
The values of linear absorption were determined from the transmittance measurements at extremely
low intensity. This was supported by a linear absorption measurement using a Shimadzu
spectrophotometer and the results are shown in Table 111.3.1. The reflectivity at the surfaces was

calculated from the Fresnel formula using the appropriate refractive index polynomials.
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The curves of the measured and fitted transmission are shown in Figure 111.3.3., while the

results and crystal data are listed in Table 111.3.1.
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Fig.ll1.3.3. Measured and fitted nonlinear transmission for KDP (a), BBO (b), LTB (c) and CLBO (d).

One can see that the TPA coefficient for the KDP crystal is in a good agreement with the data
found in the literature. Similarly to Ref. 11.65 we found that the TPA coefficient of BBO depends on the
polarization. The main values of our experimental data are, however, slightly smaller than the
previously reported values. On the ground, that the absolute nonlinear coefficients were also found to
be different for crystals grown using stoichiometric and non-stoichiometric procedures, we think that
this slight difference of B in favour of our BBO sample may be resulted in the different crystal growth

methods.

Table 111.3.1. Measured TPA-coefficient at 248 nm for different crystals

Crystal Length  Cut(0) a[em™] Measured 3 [cm/GW] at
~ [mm] 264-266 nm 211-216 nm
KDP 15 41° 0.23 0.48+0.06 0.26 - 0.27 0.6-1.36
[11.63],[11.62] [11.63],[11.60]
BBO 53 22.9° 0.05 0.50+0.12 0.47-0.93 2.43[11.63]
0.09 (o) [11.63],11.64],[11.65]
0.34+0.09
(e)
LTB 5 31.9° 0.01 0.22+0.03 - -
CLBO 14 61.5° 0.02 0.53+0.12 - -
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1.3.3 Conclusion

The two photon absorption coefficient of 5 mm - 15 mm long BBO, CLBO, KDP and LBO samples
was determined from the measurement of intensity dependent transmission at 248 nm. The theoretical
fit to the experimental results show a TPA value of 0.48 cm/GW, 0.5 cm/GW, 0.34 cm/GW, 0.22
cm/GW and 0.53 cm/GW for KDP, BBO (o-ray), BBO (e-ray), LTB and CLBO, respectively. These
values were measured for the first time for LTB and CLBO crystals, providing a good reference when

choosing conversion or OPA crystals for high intensity applications in the UV regime.
.4 Phase-coding development for photo-injector laser system

The requirements for the phase-coding were detailed in 11.2.1.4, a summary of the available fast
optical switches has been given in section 11.2.5. Here, | detail the design choice which was made and
describe the setup based on fiber optic modulators and detail the measurements, which were carried
out for accurate setup of the system and for verification both on the laser and on the electron beam

produced by it.

1.4.1 Design considerations and the final setup

The specification of the phase-coded train is listed in Table 11.2.7. In the past, a system based on
fast-switching Pockels cells at the end of the laser chain had been considered. However, for good
transmission at high laser power levels, a ~7kV, ~7.1MHz pulsed driver is necessary, which together
with the fast rise and fall times of <500ps, is too challenging for the solid-state voltage switches

available at present. A possible setup based on Pockels cell is shown in Fig. 111.4.1.

Lossesin % .eqine

2%_ T |_ 2% 2% 55%
FUII power 2% Polarizer |__ 5% Polarizer waveplate
¢ A | [~ ] T=38%
e || E=m T T
amplifiers 2% Jens system Polarizer Polarizer
LS s
5 2

Fig.lll.4.1. Possible Pockels cell based phase-coding setup in the infrared

High bandwidth, 10GHz, LiNbO; modulators are available at the laser's 1047nm wavelength.
This speed ensures the fast rise time necessary for the application. However, LINbO; suffers from
photorefractive damage, and at 1um power levels are limited to 100mW average power. Depending on
the manufacturing process, each modulator will have a different damage threshold, which is estimated
to be ~4W peak power in pulsed operation. To achieve a high extinction ratio, stable active control of
the operating point (bias voltage) is necessary. To compensate for the drift of the operating point,
several feed-back loops techniques can be implemented. Photline proposed the MBC-1000
Modulation Bias Controller that locks the operating point of the modulator at a user selected position.

The principle relies on applying a low frequency tone signal to the DC electrodes of the modulator and
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analysing the modulated optical output power. The frequency and amplitude of this modulation has to
be set right for the operating point (QUAD+/-) and will depend on the time-structure of the produced
signals. In addition, special attention must be given to the driving electronics to reach the required
power stability of the resulting optical signal. For our purpose an AC coupled driver DR-PL-10-MO-LR
was purchased from Photline to achieve flat pulses over the required period, with adjustable gain. At
low power, LiINbO; modulators are expected to have a 20-year lifetime under laboratory conditions,
and the small physical size of the modulator ensures that there is no additional jitter to the timing of the
laser.

Therefore, a LiINbO; fiber optic modulator was chosen as the switching element for the phase-
coding setup. To comply with maximum input power constraints, it was installed after the laser
oscillator, where the pulse energy is lowest. The two modulator scheme implemented is shown in Fig.
[11.4.2. The light leaving the 1.5GHz mode-locked oscillator is coupled into a single-mode polarization
maintaining fiber splitter. One arm contains a variable delay line (Ozoptics, ODL-300), consisting of an
input and an output collimator, and free-space manually adjustable delay which providing the total
delay of 333ps delay to the second arm (180° degree phase shift at 1.5GHz). The second arm
contains a variable attenuator (Ozoptics BB-700) to match the total attenuation in the delay arm. The
modulators (Photline Techn. NIR-MX-LN-03) use the same drive signal, with separate voltage
amplifiers for working point adjustment and are driven in 0% to 100% transmission mode in one case
and 100% to 0% in the other. The output of the modulators is then added using a non-polarizing beam
splitter in reverse. This results in a signal in which every second sub train is delayed 180° in phase
(333 ps in time) as shown in Fig.2. The transmission of the setup was 1.5%, and mainly limited by
losses on injection to the fiber, splitters and connectors used for its assembling. The signal is then
amplified to 200mW using a fiber amplifier (Fianium FPA-320mW) to bring the power level back to the

oscillator’s level, and is then coupled back into the rest of the laser chain (Fig.3.).

Reflected

Lossin %
2-100% 20% 11%

Oscillator
320 mW

333ps delay
20%

5%-95% splitter Booster
amplifier

Modulator .
Transmitted 340mW

1 Combiner

Waveplate  Splitter variable attenuator
and PBS

Fig.lll.4.2. Two-modulator based scheme with measured losses

The two-modulator scheme is safe against power damage. Lossy elements, such as the fiber
splitter, attenuator and the delay line can be placed before the modulators. Furthermore the power is
split in between the two modulators. This way full power of the 320mW oscillator can be utilized
without risking stepping over the 100mW safety limit for the modulators. As the total delay introduced
is only 333ps between the two arms, sensitivity to temperature changes is very small, well below the
requirement. The fiber oscillator purchased from Fianium provides amplification back to the oscillator
power level of 320mW and includes an active feedback stabilization system with ~100us response

time to ensure constant output power by adjusting the pump current. Amplitude stability
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measurements taken by monitoring the mean value over the 500 microsecond ‘amplification window’
for the laser chain and over 215 shots using Thorlabs DET10A show < 0.1% rms amplitude stability.
The required RF modulating signal to drive the modulators was produced by a custom made
electronic circuit designed at CERN. A low phase noise 1.5GHz beam synchronized signal was
provided and capacity coupled to an 8 bit programmable ECL counter (MC100EPO16F). The counter
is followed by a D flip flop (MC100EP31DG). These circuits together allow the selection of a pulse
length within the required range (140ns) and the terminal count output connected to the D flip flop
creates the required square wave signal. The signal is only delivered for the amplification window of
the burst mode amplifiers (AMP1, AMP2) to allow resynchronization between each burst. The
electronics box also includes AC amplifiers (DR-PL-10-MO-LR) which provide the fast rise times
necessary and also dampen variations on the driving voltage. With the 300ps accuracy of the
switching, cutting between two consecutive pulses can be easily ensured by choosing the right cable

length between the output of the driver box and the modulators.

1l.4.2 Amplitude and timing accuracy

A measurement method was needed to provide easy, accurate and preferably online
measurement of the timing difference and the amplitude balance between the sub-trains produced in
the two arms of the setup.

Photo-diodes provide fast and accurate measurement for both. Our highest bandwidth
photodiodes are the fiber-coupled New Focus 1024 with an impulse response of 12ps FWHM and the
New Focus 1014 with a 3dB bandwidth of 45GHz. The New focus 1024 is optimized for time domain
measurements and the 1014 is optimized for frequency domain measurements, however they were
both found to be well suited for both applications in this case, although the 5.5ps laser pulses cannot
be fully resolved by these detectors.

While the delay can be roughly set using the digital oscilloscope LeCroy Serial Data Analyser
SDA18000 (18GHz, 60 Gsamples/s), this does not provide an accurate measurement, because of the
timing jitter of the trigger signal and the digitization itself. Furthermore the oscilloscope has nowhere
to trigger on a balanced train as the sub-trains are indistinguishable, thus a single trace has to be
recorded and post-processed, which can be very tedious. Post analysis provides an accurate
evaluation of the timing switch, but is not suitable for a fast setup.

It is possible to check the output signal in the frequency domain. The Fourier transform of the
oscillator pulstrain consists of spectral lines at multiples of 1.5GHz and of course at DC. If a part of this
signal is phase shifted, other frequency components also appear, depending on the sub train length.
When no drive voltage is applied to the modulators a continuous 3GHz signal will be created after
recombination of the two 1.5 GHz arms with half of the nominal amplitude due to the QUAD (50%)
working point of the modulators.

The electric field of the pulse train, which gives the sum of the envelope function of each pulse

Ep with unit amplitude, can be defined as:
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E(@)=>E, (—no), lIl. 12)

neZ
where 7 is the period of the signal. t=1/frep. As the condition length of the E,(?) laser pulse < 7is

satisfied, the Poisson summation formula can be used to determine the spectrum:
S E (t-nt)y=1/t- .S, (m/7)- """, I11.13)

neZ meZ

where S,,(f) is the Fourier transform of E,(?). Hence, the spectrum of this signal will consist of a comb

spectrum, where each line is an integer multiple of the repetition frequency (f,ep). When two functions
described in (Ill.1) are added with different amplitude, a; and a,, and a delay of d, an additional term

will appear in (Ill.2). By substituting 27d/7=¢, the phase-difference between the pulse trains at
Jrep=1.5GHz (2) will be multiplied by:

(4, + A, Leom ), [1.14)
where 4; and A, are linearly proportional to the electric field amplitudes a; and a,. When calculating

the resulting spectral amplitude variation with 4; and 4, and ¢ at different values of m, we get:

\/(Al + A, -cos(mp))’ +(4, -sin(mg)) . 111.15)

If amplitudes were exactly matched, 4;=4,=A (4) becomes

A2 - J1+cos(mg) . 111.16)

From here we can easily see that at odd multiples of the f., the lines will disappear from the
spectrum, while at even multiples off,ep the spectral lines will increase as we approach a perfect 180°
phase-shift, corresponding to a clean 3GHz periodic signal spectrum. At different amplitudes of the
two signals, however, the odd spectral lines will remain with some non-zero amplitude even at perfect
time-delay.

At odd multiples of the 1.5GHz the lines will disappear from the spectrum while at the even
multiples of the 1.5GHz the spectral lines will increase as we approach perfect 180° phase-shift,
corresponding to a clean 3GHz periodic signal spectrum. At different amplitudes of the two signals
however the odd spectral lines will remain with some non-zero amplitude even at perfect time-delay.
By minimizing the 4.5GHz peak through iteration of time and amplitude adjustment, peak suppression
40-67 dB below the 3 GHz reference was achieved depending on the noise arriving from the oscillator
noise on each day. This corresponds to a maximum amplitude error of 1.76-0.044% with maximum
timing error of 0.1-0.016 ps. The change of the 4.5 GHz peak by varying delay is shown on Fig.lll.4.3.
The effect of time delay on the spectrum is greatest if we look at higher multiples of 1.5 GHz, unlike

the effect of the amplitude unbalance between the arms. Measured accuracy was limited by the finest
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There is however still some limiting factors remaining:

e  Fluctuation of the measured peak due to noise from the laser oscillator limits the accuracy.

e Modulators have to be turned off, this can cause drifts of the working point and so for amplitude
error measurement between the arms the time domain method is preferred.

e  The attenuation drift of the in fiber attenuator was a major problem. As the measured peak has
drifted accuracy for setting the timing goes down. This was solved by changing to the variable

neutral density attenuator wheel.

11.4.3 Integration into the laser system

The scheme was planned such that the oscillator output provides the input for the phase-
coding after which the losses are recovered by a fiber booster amplifier. The output is then to be
amplified with a HighQ preamplifier to 10W and then the high power amplifiers as in the original
system. However, the preamplifier was not available at the time and so direct amplification of the low
power booster amplifier was done in AMP1 and AMP2. Tests were done on the AMP1&2 stages to
find out how much energy per pulse we could expect , if we reduce the input to AMP1 and AMP2 from

the usual 7W to 250mW (including losses between the fiber output and the APM1 input.)
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Close to the nominal 350nJ per pulse was still achievable with these parameters, as show in
Fig.lll.4.4. Several other modifications were necessary to the laser system to accommodate for the
phase-coding setup:

e The interlocks had to be

Reduced power into AMP1 modified to make sure AMP1 and 2 turn

. of in case of failure to the booster
g 500 > * & o« -
£ s amplifier.
S 400 : +*
; 300 e The output of the booster
‘?5200 ¢ expected energy on amplifier had to be matched to the rest
= cathode
g
g 100 of the laser chain both in power and in

0 . size.
0 2 4 6 8
Power into AMP1 (W) e The amplification of the phase-

coding had to be confirmed at several

Fig.lll.4.4. Expected energy/pulse (nJ) on the cathode with reduced

. . . stages around the system, and so
input power to the amplifier chain.

beam-passes had to be created to send
the beam to the streak-camera station.
e As power of the oscillator was not sufficient to drive the phase-coding without the booster

amplifier, part of the HighQ pre-amplified beam had to be coupled into the fiber.

The final setup is shown in Fig 111.4.5. The beam was amplified to 1.7kW mean power after
AMP1 with 90A pump current, corresponding to 1.1uJ per pulse. However, strong over-pumping was
observed and so pumping time of AMP1 was reduced to 250us from the original 400us. The mean
power in this case was 1.6kW. Conversion was checked to see the ASE content of the signal. 30%
conversion efficiency to green was measured and confirmed clean amplification. For AMP2 the
pumping time - following the change on AMP1- was reduced to 200us. 9.4kW meanpower was
measured this way with excellent beam profile after AMP2. This corresponds to 6.3uJd/ pulse at the exit
of the PC.
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Fig. 111.4.5. Setup of the laser system including optional beam passes for measurements to analyse the phase-coding

setup.

Fig. Il1.4.6. shows the improved output profile with the excellent input beam quality from the

fiber amplifier. Although mean power levels at the time of the PC switching are comparable with the

higher seed input to AMP1 and AMP2, reduced pumping time results in slower build-up of the steady

at 140mW at AMP1 (left)

Fig.lll.4. 6. Beam profiles after AMP2 with booster amp input

and with previously used HighQ 7.4W input (right), with same

attenuators in front of the camera.

state. Even so the amplitude stability of
the booster seed is higher, than that of
the HighQ preamp, we benefit less from
the stabilizing effect of the steady-state
saturated amplification. In this case.
0.6% RMS stability was measured in the
IR, which is only slightly above the 7W
seeded case, where 0.35% was the
With

adjustment made to the lens systems in

typical  value. no additional

the harmonics stages 710 nJ/ pulse was

obtained in the UV, which given a
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maximum of 450nJ/ pulse on the cathode is well above the 370nJ specification. Conversion

efficiencies of 38% and 27% were measured to green and to UV respectively.

1ll.4.4 Electron beam diagnostics

Measurements on the electron beam were performed to verify the switching performance of the
system. A detailed description of the beam diagnostics (Fig.lll.4.7.) and the measurements during
commissioning of the machine without phase-coding can be found in references 111.10. and 111.17.

A fast current transformer (FCT), installed directly after the gun, is used to monitor the extracted
charge. This provides a good tool to check phase- and amplitude errors between sub-pulses. The
phase error and amplitude imbalance between the laser’s sub-pulses appear as a current imbalance
between the sub-pulses of the electron pulse.

A dedicated Cherenkov-line was built to deliver photons back to the laser room. A 300um
aluminium-coated sapphire Cherenkov-target is used, which generates a larger flux of visible photons
compatible with the sensitivity of the streak camera. The electrons which propagate through the plate
produce photons both at the entry and the exit surface with a time delay, which is proportional to the
relative speed of the electrons and the photons in the material and also to the thickness of the plate.
With 2mm sigma electron beam size measured at the focus in PHIN one would expect 11ps time
resolution from the plate. The number of photons produced and detected will depend on the electron
energy, the thickness of the plate, the spectral range observed and also the transverse and angular
acceptance of the streak camera. We are expecting ~510 photons/electron to arrive to the streak
camera, which with the 2.3nC nominal charge should be easily visible. However, we have found that to
have enough photons on the streak camera for single bunch measurements the smallest bandwidth
filter which could be used to improve resolution was ~200nm, unfortunately this is too broad to
significantly improve the resolution. The conclusion is, that the setup is suitable for establishing the

bunch separation, but not for precise bunch length measurements.

11.4.5 Phase coding measurements

Verification of the switching was first necessary on the laser system. It was also important to
understand how long term drift would affect the quality of the pulsetrain delivered in the UV and finally
to the photo-injector. Comparative measurements between the sub-trains were carried out to check,

that basic parameters of the electron-beam were not affected by the phase-coding.

111.4.5.1 Contrast and timing measurements

As the final laser wavelength to the cathode is at the 4™ harmonic of the phase-coding
wavelength, even an extinction ratio as poor as 0.1 would provide the contrast required in the
ultraviolet (<0.01), due to the nonlinearity of the conversion process. Extinction ratios of less than
1:300 were measured in the IR, where accuracy was limited by the noise floor of the system

(Fig.111.4.7.). When a bias drift occurs in the modulators, the extinction ratio between the ON and OFF
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state deteriorates. This was of particular interest for the long term reliability and stability of the system.
In this case the ON state signal will drop and in OFF state there will be pulses leaking though as
shown in figure 11.4.8. resulting in satellites between the required electron bunches.

As there was no active stabilization

used for the bias this time, we were
interested to see how these bias errors o5l |
affected the amplification and later the
conversion and electron production. A 0.1 ]

bias error larger than expected from

Amplitude (V)

temperature drifts was introduced (1.5

Volts), causing satellites at ~20% level 0%
(Fig. 11.5.9.). For illustration the other
-0.05 ¢ r r r r r r r r -

modulator was kept in a perfect switching " 978 980 982 984 986 988 990 992 994 996
Time (ns)

state and amplitudes were set to be equal

. . Fig. 111.5.7. Switching between 1.5GHz pulses, with noise floor marked
in both arms for the main pulses. The 9 9 P

in red.
satellites on the relative slow detectors will
appear as a DC error in the other sub-train. These pulses are conserved and amplified with the same
gain as the main pulses. However, as these pulses contain a very small pulse energy relative to the
main pulses, then during the two non-linear processes the energy in the UV drop to only ~5% of the
main pulses. To be within the specified 4% for CLIC one would have to make sure, that bias drift is
kept below 1V, which with the full switching voltage of 5V is reasonable under normal laboratory

conditions.

1V (~12%) bias error introduced

Transmission e 0.1V bias error s . . : .

e .3V bias error 1V bias error

Amplitude normalized

I I
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Fig.ll1.5.8. Bias error measurement. Left: Calculated contrast error between ON and OFF state at different bias errors.
Right: Measurements with the fast oscilloscope in the case of 1V bias error.
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Fig.111.5.9. Bias error propagation measurement. Yellow: Signal after AMP1 and signal after AMP2 with 1.5V bias error,

corresponding to 20% satellites introduced. Green: same after second harmonic conversion Blue: Same after ‘the harmonic

conversion.

Furthermore, measurements using the second harmonic wavelength of the laser sent to a

streak-camera were carried out to show, that when bias and delay settings are correct, then the pulse

separation is also correct at switching and no satellites are present (Fig.l11.4.10.). To carry out the

same measurement on the electron beam Cherenkov-radiation was image ralyed back into the laser

room onto the same streak camera and results are shown on Fig. I11.4.11.
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Fig. 111.4.10. Measurements performed on the laser system using streak-camera to confirm switching
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Fig. 111.4.11. Bunch separation when switching takes place measured on the streak camera with Cherenkov-light from PHIN

In both measurements taking into account the time resolution of the streak at 250ps/mm
sweep speed, the observed bunch separation was within the specification. Amplitude variations over
the sub-trains came directly from the laser oscillator.

Measurements with FCT were carried out to check the effect of delay error. A 10ps error was
introduced in the delay arm of the phase-coding. This resulted in a reduction of extracted charge in
that sub-pulse, which appears as a DC change with the 30MHz bandwidth filter on the oscilloscope,
Fig. 111.4.12. An amplitude error was also produced between sub-pulses to check the sensitivity of the

FCT, which was found to be <1%. An example with 20% amplitude error is also shown here.
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Fig.ll.4.12. Fast current transformer measurements. with (a) <0.1ps delay error and<0.5% amplitude error
settings. (b) deliberate 10ps delay error introduced to the sub-trains in the phase-coding delay line. (c) with
20% amplitude error introduced to the sub-trains.

111.4.5.2 Measurement of electron beam properties
Beam size and emittance (Fig.l11.4.13.) were measured on the first OTR. The gated camera was
set to integrate over the centre of each 140ns sub-pulse, with 100ns gate time. No degradation of

performance was observed with phase-coding. The nominal charge of 2.3nC in 8 sub-pulses, with

7mm mrad normalized emittance, in a 5.5MeV beam was produced with a phase-coded beam.
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Gated Emittance Scan (18.02.2011), Focusing Magnet Current = 171.67 (A)
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Fig.ll1.4.13. Emittance measurements over three consecutive sub-pulses

using 100ns gating time

111.4.6 Conclusion

| have designed and implemented a phase-coding system for the PHIN laser, which provides the
required pulse structure for electron beam combination in CTF3 and for the future CLIC application
too. An accurate timing and amplitude balancing system was developed using frequency domain
measurements. The phase-switch can be set with 0.1ps accuracy and introduces no additional jitter to
the laser oscillator. The amplitude balance between sub-trains can be set to the required accuracy of
0.1% rms, and is currently limited by fast noise of the laser oscillator. Verification of the system was
done on the electron beam too, showing that with the laser based phase-coding satellite free, clean
switching can be achieved.

In the future, several improvements could maybe be made to the system. To increase transmission
through the phase-coding system losses from all the FC/APC connectors could be suppressed by
fusing the fiber components together, which would lead to a 20% increase in the output power. An
additional fiber booster amplifier, providing 10W input to the burst mode amplifiers, would bring higher
saturation levels and, in return, greater stability. Active control of the amplitude balance via a
waveplate- and polarizer-based remotely controlled attenuator could compensate for long-term
temperature drifts, and would provide a finer and more reliable attenuation. The modulators

themselves could be temperature-stabilized to ~40°C to ensure that any drift is minimized.

.5 Temporal contrast of high intensity UV pulses

In a FEL environment short pulse, probe lasers with high temporal quality are required for pump
probe experiments. As explained in 1.1 and 11.2.2.5, the temporal contrast ratio of ultrashort laser
pulses is degraded by spectral and phase aberrations caused by spectral clipping or misalignment in
the stretcher or compressor. Measurement of the temporal contrast is necessary; however the
available single pulse measurement techniques in the UV regime are limited due to the available
materials at the second harmonic wavelength. Our aim is to estimate the best achievable temporal

contrast from the measured spectrum and with the simplest available pulse measurement techniques.
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For instance at what level of spectral intensity (Sc) is necessary to be measured for the knowledge of
the ultimate temporal contrast? Understanding the effects mentioned above on the contrast is

important for system optimization and to know the tolerances acceptable for the different components.

11.5.1 Modelling results

Initial calculations have been carried out for pulses with Gaussian and sech? spectra, the two

typical pulseshapes in real laser systems (Fig.ll.2.1.). We assume, that S(@) spectral intensity of the
laser pulse is defined or can be measured to some S, level. There are two @; and @, cut frequencies
corresponding to this level, where S(@)>S., when @;<w< @, and S(w)=0 otherwise. For the

calculations we have applied hard spectral clipping at different S, levels of the corresponding spectral
intensity distribution and introduced different levels of spectral phase aberrations in the Fourier

transform (eq. Il1.17.) to obtain the temporal distribution.

w,

1.(t)= j,/S(a) @ “‘”da) 1.17)

111.5.1.1 Effect of spectral clipping

In practice the cut of the spectrum at the level Sc is the equivalent of a “hard” spectral aperture in
the dispersive part of the laser system. Fig. ll1.5.1. shows the spectral distribution the applied cut and
the corresponding dispersion free temporal distribution. Contrast was defined as the level of the

highest pre-and postpulse in the normalized temporal intensity distribution.
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Fig.ll1.5.1. Definition of hard spectral clipping (left) and the corresponding temporal distribution for a Gaussian pulse in the

case of symmetrical cut at different levels of S (right)
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The contrast as a function of the clipping level is shown in Fig. 111.5.2. for both pulse shapes, also

detailing the corresponding energy content and relative cut bandwidth compared to the transform
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Fig.ll1.5.2. Contrast as a function of hard symmetrical spectral clipping at different levels of the spectrum (left);,the energy content at

these cuts (middle); the relative cut bandwith (right)
limited case. It can be seen that from the knowledge of the pulse spectrum at the spectral clipping (Sc)
level, the best achievable contrast can be estimated at an almost two orders of magnitude deeper
level (Sc/50). For example if the contrast of a sech’ pulse in a Ti:Sa CPA laser (10 fs, 830 nm) is to be
held clean at least to the 10* level, then all the optics of the laser system should accommodate a
bandwidth of at least 250 nm. The middle graph also demonstrates well, that even spectral
components which carry relatively small fraction of the energy can contribute to the temporal shape

significantly. For example for sech? pulses at Sc=10'1 cut level although the energy content is still 95%

the best achievable contrast drops to 3-10°. We can also see, that the energy loss due to spectral
clipping is also becoming significant at levels, where the cut bandwidth is less than 3 times of the
original one. As a consequence for a Ti:Sapphire laser system with sech® pulses of 20 fs FWHM at
830 nm central frequency to maintain a contrast of 10* the bandwidth acceptance of the stretcher and
compressor system has to be 217 nm.

However, most of the optical elements will

100 ] ™~ exhibit a “soft” spectral cut, with a finite rise and fall
gg“ 80 — spectral reflectance. For example, dielectric laser
c 50 mirrors or gratings illuminated by laser beam of
'*% 40_' — Soft clipping finite size exhibit such clipping. In terms of the
S - — Hard clipping contrast this is favourable compared to the hard clip
e 2 ] as these “soft” apertures in the spectrum affect the

0 contrast ratio less than the “hard” aperture case
700 800 900
Wavelength (nm) (similar to the near field characteristics of a beam

Fig.111.5.3. Definition of soft spectral clipping taking the when passing a hard or soft spatial filter). Using the

typical spectral reflectivity of a dielectric mirror typical spectral reflectivity of a dielectric mirror for
our model (See Fig. 111.5.3.), | have also calculated temporal contrast as the function of ratio between
the bandwidth of the pulse and the spectral rise of the dielectric mirror. Spectral rise is defined as the
half width of the half Gaussian fitted to the spectral profile. This model as approximation was used by

us for the first time.
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As expected the increasing sharpness of the cut makes the contrast worse, as shown on Fig.
[11.5.4. It can also be seen, that in the case of soft spectral clipping the Gaussian pulses show better
contrast than sech? pulses. Furthermore compared to the hard spectral clip case the theoretical
contrast, without ASE and phase errors, is better by a few orders of magnitude depending on the

relative spectral rise and fall of the spectral clipping.
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Fig.ll1.5.4. Contrast as a function of spectral clipping at different spectral "softness’ for both pulse shapes. Softness is defined by

the ratio of the halfwidth of the pulse’s spectrum vs the cut spectrum

111.6.1.2 Third order dispersion

Apart from the spectral clipping during beam propagation through the CPA system phase errors
introduced by non-matched stretcher and compressor and misalignment of these elements can cause
higher order phase distortion. As even spectral phase contribution will cause symmetrical distortion of

the pulseshape in the pre-and postpulses | have studied in more detail the effect of 3" order (TOD)

phase. Our aim was to see at what level the effect of third order distortion becomes significant.
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Fig.111.5.5. Temporal distribution of the pulses at different levels of TOD for Gaussian (left) and sech’pulses (right)

The temporal distribution of the pulses in the presence of TOD is shown in Fig. Ill.5.5. The

contrast, relative pulse length (compared to the transform limited case) and peak intensity are plotted
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as a function of TOD (Fig.lll.5.6.). TOD is displayed normalized to the 3" power of the original
bandwidth, so applicability to different wavelengths and pulse durations is easier. The effect of TOD

was calculated within a broad enough spectral range to avoid the clipping effect.

L 20 Sech? 1
1 E 1E-1
- 0.9E E" 1-85 Gauss 1E-2
@ 08 ] b d 1E-3
% 07 2 @ i Sech?
£ ] 3 ] £ 1E5
@ 06— @ = '8 e Gauss
a o = ]
05 — Sech ® 12 1E-7
1 Gauss & 3 158
04 T T T[T T T 1.0 - WE'Q|l\[l|l[l\|llll1l[ll‘
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
TOD (in units of 1/A® 3) TOD (in units of 1/A® 3) TOD (in units of 1/Aw ?)

Fig.ll1.5.6. Pulse characteristics as a function of the TOD level

It can be seen, that peak intensity drops much faster in the case of sech? pulses, as in this case
the pulse lengthening is more dramatic in the presence of TOD. For example in the case of the before
mentioned laser pulse, at 830nm central wavelength and 10fs BWL pulse length, the TOD has to be
less than 110 fs® in order to keep contrast at least at 10™* level. We can also see that TOD has a much
larger effect on the temporal contrast than on other parameters of the laser pulse. For instance in the
case of TOD=2 1/A®’ the duration of the Gaussian pulse changes by 4% and the peak intensity drops
by 3%, which does not seem significant. However the best achievable contrast in this case is only 10,

Fig.lll.5.7. shows the effect of large negative TOD (-100 1/Aw’) at different levels of
asymmetrical spectral cut. It can be seen, that although contrast is poorer as expected, the secondary
peaks appear in the post-pulse region and hence when clean rising edge is required for the
experiment negative TOD would be preferable to the positive. This can be considered when the clip is
due to limited grating size and contrast in the post-pulse regime can be sacrificed to improve pre-pulse

performance.
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Fig.ll1.5.7. Contrast as a function of hard spectral clipping with presence of TOD at different levels of the spectrum
111.5.2 Measurements

111.56.2.1 Detection of contrast with correlators and spectrometers

We have already seen that temporal contrast can be estimated at 2 orders of magnitude higher

intensity levels, than where the spectrum is measured. With high dynamic range spectral

measurement spectral features even at the low intensity spectral components can be observed and

utilized to optimize the system for better contrast. If “dips” in the spectrum can be compensated

through amplification by pre-shaping the spectrum, then potentially higher contrast can be achieved,

as it is shown in Fig.111.5.8.
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Apart from spectrometer, usually most ultrashort pulse laboratories are equipped with

autocorrelators, which are relatively easy to operate. However these devices are not able to estimate

contrast or show asymmetrical features linked to TOD. Fig. 111.5.9. shows 2" order interferometric

autocorrelation curves calculated at different levels of TOD.
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Fig.111.5.9. Interferometric autocorrelation curves and their relative half width at different levels of TOD

Using the relative half width of the pulse as an indicator is also not reliable, as it can be seen

from Fig 111.5.10. Even at four orders of magnitude of contrast change the autocorrelation curves will

not show a significant feature suggesting contrast degradation, as our models have suggested before.
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111.6.2.2 Measurements on TITANIA Kr:F system*

Measurements were carried out on the TITANIA Kr:F laser system at Rutherford Appleton

Laboratory to check the validity of the best achievable contrast estimation from the high dynamic

range spectral characterization of the pulse. The temporal contrast and the spectral distribution were

measured by a cross correlator and by a home-made spectrometer with a dynamic range of 10" and

10%, respectively. Fig.lll.5.11. shows a typical and a distorted spectral intensity profile for the seed

pulse of the laser system with the corresponding calculated temporal distribution. From here one can

already see, that almost an order of magnitude contrast change corresponds to relatively small

changes in the spectrum and the pulse duration.
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FIG.1I1.5.11. The seed pulse of the TITANIA laser system plotted on the left in a case of normal operational spectrum (solid line)

and in a distorted case (dashed line). The calculated temporal distribution is shown on the right.
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Fig.l11.5.12. Pulses of the KrF TITANIA laser system retrieved from the spectrum

For better temporal
resolution the sech’ seed pulse of
the system was stretched by a
factor of 8 and measured by
cross-correlation (Fig.l11.5.12).
The retrieved pulse duration from
the spectrum (black curve) was
also stretched by applying the
same amount of GDD as
expected from the stretcher
(purple) and is compared to the
measured temporal distribution of

the stretched pulse (green).

112



The agreement between the measured contrast and the retrieved pulse shape is excellent
above the level of 6 x 10™. A better fit down to the theoretically predicted level of 1.4 x 10 determined
from the calculation for a transform limited pulse with no chirp could be achieved by also taking into

account the higher order dispersions.

11.5.3 Conclusion

| have shown a quick, reliable and universal method for estimation of the temporal contrast of
high power pulses, which is especially useful in everyday laboratory practice. The calculation predicts,
as was also proved in an experiment, that the best achievable temporal contrast of an ultrashort pulse

L1811 " Tolerances for the

can be estimated from the spectrum at a significantly lower dynamic range
spectral transmission of the optics as well as for the non-compensated residual third order dispersion
of a laser system have been established in order to obtain ultrashort pulses with high temporal
contrast. As a result of the calculation | have also found, that Gaussian pulses are less sensitive to
spectral clipping than sech? pulses. It also has been shown, that more realistic soft spectral clipping
allows for higher contrast, than hard cutting of the spectrum. Through calculations | have proved, that
conventional autocorrelators are not capable to estimate the contrast.

Measurements on the Titania Kr:F laser system have been carried out to confirm modelling
results. Temporal shape retrieved from the spectrum and the theoretical phase show good agreement.
We have also shown that by pre-shaping the spectrum prior to amplification significant improvement of

the contrast can be achieved."-?*""%!
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Iv. SUMMARY

1. | have built a multi-pass diode-pumped MOPA for CERN CTF2, offering a combination of high
gain and efficiency with high stability. A simple rod-cavity design and the establishment of quasi-
steady-state operation resulted in a high gain saturated operation with mean output intensity during
the pulse train of 7kW/cm? in the case of the Photo Injector Long Train (PILOT) laser for CTF2. |
have developed a code to verify the operation of the amplifier and to provide a useful tool for further

designSIII.S,IIIA.

. Zernike analysis of the measurements of pump distortion exhibited an almost pure
astigmatic phase error from the thermal load, which can be compensated, up to high average power

levels. PILOT system has allowed the first long train injector operation at CERN.

2. | have designed a two stage MOPA system for CTF3 with 25kW/cm? output mean intensity in
the IR. Photo-injector laser"o6 7819 (PHIN) amplifiers exhibit an output stability of 0.2% rms
and 0.34% rms, respectively, and proved the capability to compensate for the slow drifts of the input
intensities. Response to fast variations of the input seed amplitude was investigated for the steady-
state regime and time- and frequency domain measurements were carried out to study noise
propagation through the system. The output pulse stability already competes favourably with that of
the best already available lasers with active stabilization. This can be further improved using a more
stable diode-laser power supply and improved coolant and room temperature stability, which was
varying 5-6°C over the day. Additional stabilisation is also achievable using a closed cycle feedback
control system. Specified energy levels were delivered to the cathode. The CTF3 photo-injector
driven by the PHIN laser is still unique of its kind with its high average current capability. The laser
was also used to deliver photo-electrons for the Concept d'Accélérateur Linéaire pour Faisceau
d'Electron Sonde (CALIFEs) probe beam injector, where the first two-beam acceleration

experiments took place as a proof of principle for CLIC scheme.

3. | have determined the two photon absorption coefficient of 5 mm - 15 mm long BBO, CLBO,

KDP and LBO samples from the measurement of intensity dependent transmission at 248 nm"- 13114,
The theoretical fit to the experimental results show a TPA value of 0.48 cm/GW, 0.5 cm/GW, 0.34
cm/GW, 0.22 cm/GW and 0.53 cm/GW for KDP, BBO (o-ray), BBO (e-ray), LTB and CLBO,
respectively. To our best knowledge, this was the first measurement of the TPA coefficient of LTB
and CLBO crystals, providing a good reference when choosing conversion or parametric amplifier

crystals for high intensity applications in the UV regime""">"".

4. | have designed and implemented a phase-coding system for the PHIN laser, which provides
the required pulse structure for electron beam combination in CTF3 and for future CLIC application
too" "% The system was based on fast Mach-Zehnder fiber modulators used in

telecommunication. An accurate timing and amplitude balancing system was invented using

frequency domain measurements. The delay can be set with 0.1ps accuracy and introduces no
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additional jitter to the laser oscillator. The amplitude balance between sub-trains has been set to be
within the required error level of 0.1% rms. Further improvement is currently limited by fast noise of
the laser oscillator. The performance of the system was verified also on the electron beam. Indeed, it
showed a laser based switch free from satellites while all the important electron beam parameters

have been preserved as charge, charge stability, energy spread, and emittance.

| have developed a quick, reliable and universal method for estimation of the temporal contrast
of high power pulses, which is especially useful in everyday laboratory practice. The calculation
predicts, as was also proved in an experiment, that the best achievable temporal contrast of an
ultrashort pulse can be estimated from the spectrum at a significantly lower dynamic range"”s.
Tolerances for the spectral transmission of the optics as well as for the non-compensated residual
third order dispersion of a laser system have been established in order to obtain ultrashort pulses
with high temporal contrast. As a result of the calculation | have also found, that Gaussian pulses
are less sensitive to spectral clipping than sech? pulses and that more realistic soft spectral clipping
allow for higher contrast, than hard cutting of the spectrum. | have also shown that conventional
auto-correlators are not capable to estimate the contrast. | have shown, that double pulses within
less than x10 of the laser pulse length will also be present in the spectrum through modulation. To
confirm the modelling results, measurements have been carried out on the Titania Kr:F laser
system. There is a good agreement between the measured temporal shape and that one retrieved

from the Spectrum|l|.18-|l|.19_
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Magyar nyelvii 6sszefoglalé

1. Bevezetés

Napjainkban a nagyenergiaju nuklearis kisérletek a terraelekronvoltos (TeV) tartomanyban keresik
a valaszt a fizika alapkérdéseire és a standard modellt megalapozd, illetve az azon tulmutatéd
elméletekre utald bizonyitékok utan kutatnak. A Nagy Hadronutkoztetd gydriiben (LHC, Large Hadron
Collider) a protonok fognak végleges 7 TeV-os energiara gyorsulni, igy ez lesz a legnagyobb
energiaju Utkoztetd a vilagon. Ezzel parhuzamosan lepton gyorsitok fejlesztése is zajlik annak
érdekében, hogy a felfedezett részecskéket a megfelelé6 enegiatartomanyban nagy pontossaggal
tudjak vizsgalni. Mivel a gy(r( alaku gyorsitokban elérhet6 energia kis tdmegil részecskék esetén a
szinkrotron sugarzas utjan elvesztett energia miatt korlatozott, nagyobb energigju elektronokat csak
linearis gyorsitdkkal lehet el6allitani. Az egyik nagyszabasu kutatas-fejlesztési program ebben az
iranyban az 1980-ban elinditott Kompakt Linearis Gyorsité projekt (CLIC, Compact Linear Collider).
Ennek a célia egy nagy fényességl elektron-pozitron Utkdzteté kifejlesztése néhany TeV
tomegkozépponti energiaval. A CLIC-ben a gyorsitas két nyalabon alapul. Egyrészt, egy nagyaramu
12 GHz-es meghajté nyalabot allitanak el6 alacsonyabb frekvenciaju nyalabkotegek egyesitésével. A
teljesitményt a nyalab lassitasaval nyerik ki, és nagy térer6sségi gyorsité strukturakban egy masodik,
un. prébanyalab felgyorsitasara hasznaljak. A harmadik CLIC teszt konstrukcié (CTF3, CLIC Test

Facility 3) ezt a gyorsitasi tervet bizonyitja és optimalizalja.

Ezzel parhuzamosan vilagszerte megindult az un. szabadelektron Iézerek (FEL, Free Electron
Lasers) fejlesztése is azzal a céllal, hogy extrém ultraibolya tartomanyban nagy fényességi foton
nyalabokat allitsanak el6, mellyel kondenzalt anyagok kutatasara, illetve az ultragyors reakciok és
folyamatok vizsgalatara nyilik lehetéség. A szabadelektron lézerek ugyancsak linearis elektron
gyorsitén alapulnak, amit egy fotonok eléallitasara szolgaldé undulator kévet. Ezek a tipusu lézerek az
elmult évtizedben egyre rovidebb hullamhosszu és egyre koherensebb sugarzast tudnak eléallitani, és
jelenleg egyedulallé fényességet nyujtanak az 1 keV-os foton energia tartomanyban. Ehhez azonban
rovid, minéségi elektronkdtegek elballitdsa szikséges. Ezeket az elektronokat fotoinjektorokkal allitjak
el6. A fotoinjektor vagy mas néven foto-elektron agyu fotoemisszié utjdn egy lézer altal besugarzott
fotokatddbdl éllitja el az elektronokat. Ezek az elektronok az agyuban lévd elektromos tér hatasara
néhany MeV energiara gyorsulnak fel kilépésik utan. Foto-elektron agyuk segitségével két
nagysagrenddel nagyobb fényességi elektronnyalabot lehet eldallitani, mint a hagyomanyos, termikus
(izz6katddos) elektron injektorokkal. Emiatt mind a CLIC meghajtd, mind a prébanyalab esetében
mérlegelik ennek a tipusu elektronforrasnak a hasznalatat. Azon kivil, hogy min6éségi nyalabok
allithaték el ezen az uton, a foto-elekton agyun alapul6 injektorok kihasznaljak a Iézerek altal nyujtott
elényoket is. A lézer impulzusok id8- és térbeli alakja valtoztathatd; a Iézeroszcillatorok altal eldallitott
impulzusok ismétlési frekvencidja a gyorsitdhoz hangolhatd; az impulzusok erésithetdk; és optikai
kapuk segitségével az impulzussorozat strukturaja is valtoztathat6. Manapsag ennek készénhetéen a

lézerek fontos részét képezik egy szabad elektron-lézer rendszernek nemcsak az elektronok
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eléallitasaval, hanem azzal is, hogy az un. pumpa-proba Kkisérletekhez szinkronizalt lézer
impulzusokat szolgaltatnak.

Nagy intenzitasu ultraibolya impulzusok mas uton is eléallithatok. Az egyik, hagyomanyos
Iézereken (nem FEL-konstrukcion) alapuld technika a tdbbszin( 1ézer, ahol a révid impulzusokat az
infravords tartomanyban allitiak el és erdsitik, majd nemlinearis folyamatok utjan konvertaljak
rovidebb hulldamhosszakra. A fazismodulalt erdsitési technika (CPA, Chirped Pulse Amplification)
kifejlesztése és a moédus szinkronizalasi technikak fejlédése jelentés elérehaladast hozott a révid
impulzusok szilard anyagokban tortén6é nagy hatasfoku erésitésében. A CPA kihasznalja, hogy a
szélessavu, rovid impulzusokat diszperzié utjan meg lehet nyudjtani, és ezaltal alacsony intenzitason
er@siteni. Ezzel elkerlilhetéek a nemlinearis effektusok, az anyag roncsolasa és az erdsités utan az
impulzus kozel eredeti hosszara nyomhaté dssze. A pumpald energia tarolasan alapuld erésitékon tul
az optikai parametrikus er@siték is kihasznaljak a CPA-technikat, és ultra szélessavban erdsitik a
megnyujtott impulzusokat. Ezeknek a komplex Iézerrendszereknek minden eleme befolyasolhatja a
nyalab mindségét, csokkentheti a kimeneti energiat, annak stabilitasat, vagy a savszélességet.

Mindezek a végs6 fokuszalt intenzitast és a lézer felhasznalhatésagat korlatozzak.
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1. Abra: A jelenleg létezé fotonforrasok fényessége a fotonenergia fiiggvényében. Innen lathaté, hogy az 1keV-
os tartomanyban a szabad elekrton lézerek jelenleg egyediilallo fényességgel rendelkeznek, bar a magas

harmonikus keltésével elGallitott mély ultraibolya sugarzas még tartogathat meglepetést.

”

1. A kutatas motivacidja és célkitiizések

A masodik CLIC teszt konstrukcidban (CTF2) az elektronok eléallitasara szolgald lézer rendszer
2001-ben villanélampaval pumpalt regenerativ és tobb nyalabutas er8sitékdn alapult. A kulénallo
impulzusokat szétvalasztva, késleltetve, majd ,6sszerakva” allitotta el a kivant 48 impulzust. Ezzel a

maodszerrel hosszabb impulzussorozatok el6allitdsa nem volt célszerli. Mivel a végsé CLIC nagy
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atlagaramu elektronnyalabjanak eléallitasahoz tobb ezer impulzusra van szikség 500MHz-en, tovabbi
lézerfejlesztésre és technoldgiai valtoztatasokra volt szilkség a nagy atlag- és impulzussorozat
teljesitmények eléréséhez. A kutatds soran olyan diéda pumpélt ‘master’ oszcillator
teljesitményerdsitét épitek tdobbutas nyaldb elrendezésben, amely a Nd:YLF médus
szinkronizalt oszcillator impulzusait 6tezerszeresiikre erésiti. A rendszer kimeneti paramétereit
allandoésult allapotban vizsgalom, majd hosszi, negyedik harmonikusra konvertalt
impulzussorozatokat allitok el6, ezzel megfelel6é energiat szolgaltatva a CTF2 elektron agyuhoz
az ultraibolya tartomanyban. Dolgozok egy kod kifejlesztésén is, ami a ,,tobbutas erdsitot”

modellezi, majd 6sszehasonlitom a modellt a mérési eredményekkel.

A fent emlitett PILOT (Photo-injector Long Train) lézer a stabilitas kivételével minden szempontbdl
megfelelt a CTF2 elektronagyuhoz. Ezért megkezd&édott egy PHIN (photo-injector) teszt konstrukcid
épitése is, ami egy nagyobb teljesitményl lézer épitését magaba foglalva, nagy atlagaramu
elektronagyl megépitését tlzte ki céljaul. A lézer stabilitasa az ultra-ibolya tartomanyban 0,25%
négyzetes kozépértékre volt megszabva. A PILOT lézer mintajara két lézer erdsitét tervezek
tobbutas elrendezésben, és 6sszehasonlitom a mért és szamolt kimeneti erésitést. Megmérem
a lézer stabilitasat és analizalom a zaj forrasait. A lézer és az altala eldallitott elektronnyalab

paraméterei kdzo6tt korrelaciés méréseket végzek.

A CTF3 rendszer egyik legnagyobb kihivasa a nagy teljesitményli meghajté elektronnyalab
eléallitasa, ahol az ismétlési frekvenciat 1,5 GHz-r6l 12 GHz-re kell megndvelni. Ez késleltetd és
Osszefésllé gylrikkel érhetd el, ahol nagy frekvencian miikddd, an. elektronkilékét hasznalnak fel az
elektronok terelésére. Ehhez az elektron nyalabokat ugy kell rendezni, hogy ,fazisban” és ,nem
fazisban” érkezzenek meg a kilok6héz. Ez az ugynevezett .fazis-kddolds”™ a jelenleg hasznalt
izzokatodos elektronagyuval, alacsony harmonikusokon alapulé gyorsitéuregekkel és nagyfrekvencias
kapcsoldkkal érhetd el. A kapcsolas nyolc elektronkdtegen keresztul térténik és mellékimpulzusokat
eredményez a nem Kkivant fazisban. Ezek a mellékimpulzusok a teljes toltésnek kb. 7%-at
tartalmazzak, és jelentds sugarveszélyt jelenthetnek a jovében a CLIC gyorsitd esetén, mivel a
elektronnyalabtdl eltéré nyalabutat kdvetnek. A munkam soran tehat olyan faziskédolasi rendszert
épitek a lézeren, ami két egymast kovetd impulzus k6zo6tt kapcsol 200 ps-nal kisebb fel- illetve
lefutasi idével minden 140 ns-ban. Emellett pontos, 180 fokos fazistolast kell létrehozni az 1,5
GHz-es elektron nyalab ismétlési frekvenciajahoz képest a két kapcsolt impulzussorozat
kozott. Ezen tul a faziskédolt impulzussorozatot erésitem és a negyedik harmonikussal keltett

elektronok tulajdonsagait vizsgalom a CTF3 PHIN elektronagyun.

A nagyintenzitasu ultraibolya impulzussorozatok magas hatasfoku eléallitasahoz az impulzusokat
infravoros tartomanyban allitjuk el és er6sitjuk, majd nemlinearis kristalyokban — az elektronagyu
esetén — negyedik harmonikusokat keltiink. Annak az esélye, hogy két foton egyszerre nyel6dik el az
anyagban négyzetesen n6 az intenzitassal. Ezt az effektust ,egy-nyalabos kétfotonos abszorpcionak”

hivjak (single beam two photon absorption TPA). Az elmélet j6l ismert, de a nemlinearis abszorpciés
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tényez6 nem mindig adott az eléallitott hullamhosszokon a leggyakrabban hasznalt kristalyokra, sét,
néha a rendelkezésre all6 adatok sem konzisztensek. A célom az, hogy megmérjem a nemlineéris
abszorpcioés tényez6t BBO, CLBO, LTB and KDP kristadlyokban 250 nm-es hulldmhossz

kérnyékén.

A fényesség, mint mar korabban is emlitettem, az impulzus egyik legfontosabb tulajdonsaga,
annak energiaeloszlasatdl és fékuszalhatdosagatdl fugg. Mikor révid impulzusok intenzitasat adjuk
meg, gyakran tipikus impulzuseloszlassal szamolunk, példaul gaussi vagy sech” alakokkal. Valos
rendszerekben az impulzus id6beli eloszlasa eltérhet ettél. EI6- és utdimpulzusok alakulhatnak ki a
nyujtas, az erdsités és az 6sszenyomas soran. Az idébeli kontraszt — ami az elé- és utdéimpulzusok
intenzitasaranya a f6 impulzushoz képest — ezt az id6beli eloszlast jellemzi. Az id6ébeli kontraszt
befolyasolja az impulzus és az anyagok kozétti kélcsdnhatast a kilénb6zé kisérletekben. A célom,
hogy a valés optikai elemek fazisra és spektrumra gyakorolt hatasat vizsgaljam, és ezen
keresztiil az id6beli kontrasztra vonatkozé kovetkeztetéseket vonjak le. Ezen tul kiszamolom,
hogy hagyomanyos méréeszkozokkel — mint példaul spektrograffal és autokorrelatorral —

milyen pontossaggal lehet megbecsiilni a kontrasztot.

2. Vizsgalati médszerek

Az elektronagyuhoz szolgald |ézerek fejlesztése soran folytonos és modus-szinkronizalt Nd:YLF
lézereket haszndlok 300 mW kimend teljesitményig, illetve 1,5 GHz-es ismétlési frekvenciaig. Ezek
szolgaltatjak az erdsiték bemend jelét. A pumpalas homogenitasanak és a kimend nyalabok térbeli
eloszlasanak mérésére CCD kamerakat alkalmazok. Gyors fotodiddakkal és gyors mintavételezési
oszcilloszképokkal mérem az erdsitést és az allandésult allapot kialakuldsat. Ugyanezekkel az
eszkdzokkel mérem az elektro-optikai kapuk kapcsolasat is. Az impulzus hosszat és az erésités altal
okozott effektusokat (pl. telitédés, erésités altal okozott savszikuilés stb.) Femtochrome hattérmentes
letapogatésos (scanning) autokorrelatorral vizsgalom.

A kimeneti paraméterek és a konverziés hatasfok méréséhez kilonb6z6 teljesitmény és
energiamérd eszkdzoket (Gentec, Laser Probe, Coherent) hasznalok. A termikus hatasokat
sugariranyban nyiré Sagnac interferométerrel mérem, amit az er8sitd kimeneti nyalabjaba helyezek. A
mért interferogrammokat CCD képtarolé és vonal analizald rendszerrel dolgozom fel (Fringe Analyser
Oxford Frame Store Applications Ltd.). Az erfsitést és az allanddsult allapot kialakulasat szamolo
kédot MathCad-ben implementalom.

A kétfotonos abszorpcié mérését a Szegedi Tudomanyegyetem TTIK Kisérleti Fizika Tanszékén
kifejlesztett KrF lézerrendszerén végzem. A hazilag készitett elektronikaval ellatott fotodiddakat
LaserProbe energiamérével kalibralom be és oszcilloszkoppal digitalizalom a jeliket. Az adatokat
Labview-ban irt kéddal olvasom ki, tarolom, majd analizalom. A pontos utdéanalizist MathCad-ben irott

kéddal végzem. A nyalabok térbeli eloszlasat CCD kameraval mérem.
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A faziskodolas kifejlesztése soran Hamamatsu ,streak” kamerat hasznalok a kapcsolas
pontossaganak mérésére; illetve parhuzamosan, optikai szalas fotodidédakkal mérek egy 18 GHz-es
LeCroy digitalis oszcilloszképon is.

Az elektronnyalabok altal elballitott Cserenkov-sugarzas idében bontott méréséhez ugyancsak
Hamamatsu ,streak” kameraval, ZEMAX-ban optikai vonalat tervezek. Az elektronnyalab mérésére az
optikai atmeneti sugarzast hasznalva kapuzott, erdsitett jeli kamerakat hasznalok. Az elGallitott teljes
toltés mérésére gyors aram transzformatort hasznalok.

Az id6beli kontraszt szamolasara egy altalam irott MatLab kod szolgal. Az impulzushossz és a
spektrum eloszlasanak szamitasahoz bemeneti adatként mért adatokat és tipikus optikai

elrendezéseket hasznalok.

3. Uj tudomanyos eredmények

1. Megépitettem egy tdbb utas diéda pumpalt ,master” oszcillator teljesitmény erésitét a
CERN (Centre Européen pour la Recherche Nucléaire, ill. European Organization for Nuclear

Research) CTF2 fotoinjektorahoz, melynek soran egyszeri oldalpumpalt rid geometriaval dolgoztam.
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2. Abra: A PILOT lézer rendszer vézrajza
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A megépitett PILOT rendszer nagy erdsitéssel, hatasfokkal és stabilitdssal bir. Az allanddsult
allapotban (steady-state) fennalld telitett erSsitéssel 7 kW/cm® kimeneti impulzussorozat
atlagteljesitményt értem el. A MathCad-ben kifejlesztett kod j6 egyezést mutat a mért eredményekkel,
és alkalmazhaté a rendszer felskalazasara. A pumpalasi eloszlas Zernike analizise azt mutatta, hogy
a nyalabban csak asztigmatikus torzulas van a termalis hatasok miatt, ami kénnyen kompenzalhato
nagyobb &tlagteljesitmények esetén. A PILOT lézer rendszer lehetévé tette az els6é hosszu

impulzussorozati miikddést a CERN elektronagyun, ezzel nagyaramu elektronnyaldbot eléallitva.
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2. Megterveztem egy két erdsitébdl allé rendszert, ami a PILOT lézerhez hasonléan egy

didda pumpalt ,master” oszcillator teljesitmény erdsit, 25 kW/cm? kimend impulzussorozat atlag

Amplification
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3. Abra : Allandésult allapotui erésités mért és szamolt idébeli felépiilése a CFT3 PHIN lézerrendszeren

teliesitménnyel. A fotoinjektor 1ézer (PHIN) er8siték 0,2% és 0,34% négyzetes kdzépatlag stabilitast
mutatnak és a bemend jel lassu valtozasat nagymeértékben kompenzaljak. A bemend jel gyors
valtozasait a kimeneten vizsgaltam az allandésult allapotban idébontott és frekvencia tartomanyban

végzett mérésekkel, majd ezeket a modellel 6sszehasonlitottam.
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4. Abra : A kimené jel véltozasa kiilonb6z6 bemeneti véaltozésok esetén a két erésits utan

A kimend jel stabilitdsa a hasonlo fotoinjektor Iézerekhez képest — aktiv stabilizalas alkalmazasa
nélkul — kiemelkedd. Ez tovabb javithaté a pumpal6 diédak tapegységének stabilizélasaval, az erbsitd
vizh(itéjének pontosabb szabalyozasaval, valamint a lézerszoba hémérsékletének kontrolljaval (a
hémérséklet 5-6 °C valtozott a nap soran). Zart kér(i visszacsatold rendszerrel tovabbi stabilizalas
lehetséges. A kivant energiaszintet a katdédnal elérte a rendszer, és a CTF3 fotoinjektor ezzel a
Iézerrel meghajtva mai napig egyediilallé atlagaramot allit el6.
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5. Abra : A lézer és az elektronnyalab kozétt végzett korrelaciés mérés a nyalabmozgés vizsgélatara

A lézerrendszert a CALIFEs (Concept d'Accélérateur Linéaire pour Faisceau d'Electron Sonde)
préba nyalab injektorhoz is hasznaltuk elektronok elballitasara, ahol az elsd két nyalabos elektron

gyorsitast bizonyitottuk a CLIC rendszerben.

3. Meghataroztam a kétfotonos abszorpcios tényez6t 5 mm és 15 mm kozti hosszusagu
BBO, CLBO, KDP and LBO kristalyokban 248 nm-en intenzitasfligg6 transzmisszié mérése utjan. Az
elméleti illesztés a mért adatokhoz a kdvetkez6 nemlinearis abszorpcids tényezdket eredményezte:
0,48 cm/GW, 0,5 cm/GW, 0,34 cm/GW, 0,22 cm/GW és 0,53 cm/GW ebben a sorrendben a KDP,
BBO (o-sugar), BBO (e-sugar), LTB és CLBO kristalyokra. A legjobb ismeretiink szerint ez volt az elsé
mérés LTB-re és CLBO-ra, hasznos referenciat nyuljtva arra az esetre, amikor nemlinearis kristalyt
valasztunk nagyintenzitasu

ultraibolya impulzusok eléallitasara parametrikus erésités vagy

harmonikus keltés utjan.
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6. Abra : Nemlineéris abszorpciés mérések KDP (a), BBO (b), LTB (c) és CLBO (d) kristalyokra.
4, Megterveztem és megépitettem egy faziskddold rendszert a PHIN Iézeren. A kbédold

megfeleld impulzusstruktarat allit eld, és alkalmazhaté mind a CTF3, mind pedig a CLIC elektron

nyalabkéteg kombinaciéjahoz. A rendszer gyors kapcsolasi ideji Mach-Zehnder szaloptikas

Reflected

Lossin %

2-100% 20% 11%
Oscillator 333ps delay Booster
320mw 20% amplifier
340mwW

Modulator Transmitted
1 Combiner

Waveplate  Splitter variable attenuator
and PBS

7. Abra: A faziskédolé rendszer vazrajza a mért veszteségekkel.

A pontos id8beli és amplitidé beallitast frekvenciatartomanyban végzett mérésekkel értem el. A
késleltetést 0,1 ps pontossaggal, mig az amplitudét 0,1% pontossaggal allitottam be. Ennél jobb
eredményt az oszcillatorbdl eredd gyors amplitidd valtozasok miatt nem lehetett elérni. A rendszer
mikoddését az elektronnyalabon végzett mérésekkel is ellenbriztem. A lézeren alapul6 faziskodolas
nem okoz mellékimpulzusokat és az elektronnyalab legfontosabb paramétereit - toltés,

toltésstabilitas, az energia spektrum kiterjedése és az ,emittance”~ megbrzi.
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OTR light after the Delay Loop
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8. Abra: A faziskédolt elektron nyalabkétegek a kapcsolési fazisban. Bal: Izzékatddos elektronagytival és szubharmonikus

kapcsolassal elért kédolas. Jobb: Lézerrel meghajott elektronagyu nyalabkétegei a lézeres kédolassal.

5.

Gyors és hasznos moddszert dolgoztam ki nagy intenzitdsu impulzusok id&bel

kontrasztjanak becslésére. A szamolasok alapjan azt talaltam, hogy a maximalisan elérhet6 legjobb

kontraszt megbecsilhetd a spektrumbdl, sokkal alacsonyabb dinamikus tartomanyban torténd

mérések alapjan is.

Shape of the Gaussian pulse
with asymmetrical spectral clipping
at the level of
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9. Abra : A spektralis vagas hatésa a kontraszton. A spekrum kiilénbézé dinamikus tartomanyokon van végva.

Nagy id6beli kontrasztu impulzusokat el&allitd rendszerek toleranciajat is vizsgaltam a benne

foglalt optikdk spektralis atmeneti fliggvényére és a magasabb

rendl diszperzi6 hatasara

vonatkozdan. Az ezekre a paraméterekre vonatkozé szamitasok kimutattak, hogy a gaussi impulzusok

kevésbé érzékenyek a spektralis vagasra, mint a sech? impulzusok. Tovabba azt talaltam, hogy a
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spektrum éles vagasaval ellentétben a valésagban gyakrabban el&forduld lagy vagas kevésbé rontja
az id6beli kontrasztot. Megmutattam, hogy a laboratériumokban leggyakrabban elérhetd
autokorrelatorral a kontraszt nem becsilhetd meg. Azok a mérések, amelyeket a RAL (Rutherford

Appleton Laboratory) Ti:Saph |ézerén zajlottak j6 egyezést mutattak a mért és a szamolt adatok
k6zott, ahol az idébeli alakot a spektrumbdl becstiltem.
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