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Abstract

Improved performance of free-electron laser (FEL) lightrses in terms of timing stability,
pulse shape and spectral properties of the amplified FELepu$sof interest in material sci-
ence, the fields of ultrafast dynamics, biology, chemistry @ven special branches in industry.
A promising scheme for such an improvement is direct seeditighigh harmonic generation
(HHG) in a noble gas target. A free-electron laser seedednbgxéernal extreme ultravio-
let (XUV) source is planned for FLASH2 at DESY in Hamburg. Tieguirements for the
XUV/soft X-ray source can be summarized as follows: A rdfetirate of at least 100 kHz in
a 10 Hz burst is needed at variable wavelengths from 10 to 48@mhpulse energies of several
nJ within a single laser harmonic.

This application requires a laser amplifier system with pkoaal parameters, mJ-level pulse
energy, 10-15fs pulse duration at 100 kHz (1 MHz) burst iépatrate. A new optical paramet-
ric chirped-pulse amplification (OPCPA) system is under bigwaent in order to meet these
requirements, and very promising results have been aachievihe last three years. In paral-
lel to this development, a new HHG concept is necessary taisusigh average power of the
driving laser system and to generate harmonics with higlversion efficiencies. Currently,
the highest conversion efficiency with HHG has been dematestrusing gas-filled capillary
targets. For our application, only a free-jet target can sedifor HHG, in order to overcome
damage threshold limitations of HHG target optics at a hegetition rate.

A novel dual-gas multijet gas target has been developed est@fiperiments show remarkable
control of the degree of phase matching forming the basisrfproved control of the harmonic
photon flux and the XUV pulse characteristics. The basic l@nd the dual-gas concept is
the insertion of matching zones in between multiple HHG sesir These matching sections
are filled with hydrogen which shows no HHG for intensitie8 - 1014 W/cr?. The dispersion
of the hydrogen plasma leads to a phase advance in the maitobire which can be used to
significantly enhance the harmonic yield. An enhancemenitpofo a factor of 36 has been
demonstrated with dual-gas HHG compared with a single jet@tame length. The achieved
conversion efficiencies are already competitive with thet leéficiency values so far reported.
Additionally, efficient control of the two quantum path cobtitions has been demonstrated
leading to a direct coherence control of the source.

This novel XUV source, consisting of a high repetition ratsdr system and a dual-gas high
harmonic generation target, should lead to sufficient gnargl a high degree of coherence
control within the seeding process at the FLASH2 FEL.






Zusammenfassung

Verbesserte Leistung der Freie-Elektronen Laser (FEL)tgeellen in Bezug auf zeitliche Sta-
bilitat, Pulsform und spektralen Eigenschaften des &edsin FEL Pulses ist in vielen Berei-
chen der Wissenschaft von Interesse. Eine vielversprelehktethode zur Realisierung dieser
Verbesserungen ist das direki®eeden* mit in Edelgasen erzeugteshbren Harmonischen
eines Laserstrahls. Ein durch eine externe XUV-Quglieseedeter‘ Freie-Elektronen Laser
ist fur FLASH2 bei DESY in Hamburg geplant. Die Anforderungen & XUV/soft X-ray-
Quelle kann wie folgt zusammengefasst werden: Marotgneine Wiederholrate von mindes-
tens 100 kHz im 10 Hz-Pulszug kombiniert mit variablen Wale@gen von 10 bis 40 nm und
Pulsenergien von mehreren nJ innerhalb einzelner Harclugrs

Diese Anwendung erfordert ein Laser-Vérger-System mit aul3ergéhnlichen Parametern,
mJ-Level Pulsenergie, 10-15 fs Pulsdauer bei 100 kHz (1 Mamt) in 10 Hz Burst-Wiederhol-
raten. Ein neuesoptical parametric chirped-pulse amplification* (OPCPAkt®yn ist in der
Entwicklung, um diese Anforderungen zui@hén, und herausragende Ergebnisse sind in den
letzten drei Jahren erreicht worden. Parallel zu diesenigktung ist eine neugHigh Harmo-

nic Generation* Konzeption notwendig, um die hohe mittleeestung des antreibenden Lasers
zu nutzen und um hohe Konversionseffizienzen und damit @hered, Seed-Energie erhalten
zu kdnnen. Adequate Effizienzen dg$igh Harmonic Generation” Prozesses wurden bisher mit
Gas gefiliten Kapillaren erreicht. &+ unsere Anwendung ist jedoch nur ein Gastarget mit frei
liegenden Jets anwendbar, um die durch die hohen Wiedatbolentstehende hohe Durch-
schnittsleistung ohne materielle Zénschwelle nutzen zudanen. Zu diesem Zweck wurde
eine neuartige dual-Gas Multijet Quelle entwickelt undeekfersuche zeigen eine bemerkens-
werte Kontrolle des Grades der Phasenanpassung, was wiedke Basis iir die absolute
Kontrolle iber den harmonischen Photonenfluss und der XUV-Puls-Eafpaften bildet. Den
Kern des neuen HHG Konzeptes bilden passive Zonen zwisclegmenen Erzeugungsquel-
len. Diese Zonen sind mit Wasserstoff igétf der ab Intenséten von> 3- 10 W/cn¥ keine
hoheren Harmonischen mehr erzeugt. Der dispersive Effekedistehenden Wasserstoff Plas-
mas fihrt zu einem Phasenvorschub in den passiven Zonen. Dammtrkan die harmonische
Ausbeute beachtlich edhen. Eine Erhung des Signals um einen Faktor von maximal 36, im
Vergleich zu einem Einzeljet von gleichedhge, konnte gezeigt werden und die Konversions-
effizienz is bereits vergleichbar zu den besten Werten,idleebin der Literatur zu finden sind.
Zusatzlich kbnnen die Beitige der zwei beitragenden Trajektorien kontrolliert wardeies
ermbglicht einen direkten Einfluss auf die Kéalenzeigenschaften der Quelle.

Diese neuartige XUV-Quelle, die aus einem hoch repetithvasersystem und einer Dual-Gas
Harmonischenquelle besteht, sollte zu iggend Energie und einem hohen Mal} an &eimz-
Kontrolle innerhalb desSeed"-Prozesses bei FLASHZhren.
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1 Introduction

The fundamental understanding of natural phenomena afa¢tss forms the ultimate
goal of natural sciences. The invention of the first accébessby Rolf Widebe in 1928 [1] and
E.O. Lawrence in 1931 [2], as well as the development of tls¢ gieneration light sources us-
ing synchrotron light [3] can be seen as a major step towaidgeneral ambition. The intense
and brilliant light of accelerator based photon sourcesreagal fundamental processes and
even sub-atomic structures. With the advancement of aateftebased light sources, acceler-
ator facilities became a standard tool for investigatianstamic scales and beyond. With the
development of free-electron lasers (FELS) in 1971 [4],dbeerated radiation at accelerator
facilities shows almost laser-like characteristics.

A further improvement of the FEL radiation characteristies be achieved with direct seeding
of the FEL process [5]. In contrast to conventional self-hfieol spontaneous emission (SASE)
FELSs the initialization of the process does not rely on saoebus undulator radiation but on a
laser-like external source. This external source impitatsharacteristics on the FEL pulses in
terms of pulse duration, spectral and spatial shape as welhargy and timing stability. This
results in a laser-like character of the FEL radiation, Wwhremendously extends the range of
applications at large-scale photon sources. The reaizati such a seeding concept suffered
mostly from the lack of an adequate external seed sourcesaddbired wavelengths. In the
case of the FEL FLASH in Hamburg, wavelengths of 5-120 nm eaddivered in the SASE
operation mode. High power laser systems, however, usgalherate pulses with a central
wavelength of> 750 nm. Thus, in order to seed an FEL, for example FLASH in Hagplithe
wavelength needs to be converted into ultraviolet (UV)- ertileme ultraviolet (XUV) radia-
tion.

High harmonic generation (HHG) is commonly considered tahseonly way to convert in-
frared driver pulses into XUV. The process of HHG was disceddy A. McPherson et al. in
1987 [6] and first observation of multiple harmonics of a drilaser was reported by X. F. Li et
al. in 1989 [7]. Since its discovery, the nonlinear procdd4stéG has emerged as a widely used
concept for tabletop XUV sources for various experimenpglligations. These sources suffer
from a wavelength-dependent low photon flux. FEL seedingguBiHG opens the possibility
to enhance the photon flux with the FEL as its amplifier. Thugctlseeding of a FEL merges
three main fields: FEL physics, laser development and nealiplasma physics.

For the new FEL FLASH2, high repetition rate seeding opegabetween 10 and 40 nm is
planned. Challenging is both the development of a relialderlamplifier system and the cre-
ation of a new HHG scheme. The source needs to adapt to the éfigtitron rate of max.
100 kHz within 10 Hz bursts. It needs to be well controllableorder to ensure a tunability
between 10 and 40 nm. In addition, the source needs to deliise energies per wavelength,
which exceeds the spontaneous undulator radiation. Thatiresdemands on the seeding
source and their consequences are the main subject of #ssthit will be shown, that the
newly developed laser amplifier scheme has the potentialetet the requirements as a HHG
driver. Laser and HHG source performance show promisingjteeg/hich forms the basis for
the first steps towards a directly seeded FLASH2 FEL.
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a) c)

% | - P
Bending Magnet Undulator

b) d)

Wiggler Free-Electron Laser

Figure 1: The four generations of accelerator-based lightces. a) The first generation light
source is a simple bending magnet in a synchrotron followedd) the second generation, where
an array of bending magnets of alternating polarity (wiggkeincluded into a storage ring. c)

In the third generation, the wigglers are replaced by urtdtdawhich have a smaller magnet
structure period. d) The free-electron laser represestiotirth generation light source with all

electrons radiating in phase. Note, that the charged pali@am needs to be relativistic.

1.1 Basic concept of FELs

A single charged particle accelerated by an external foese emit radiatioh This is the
physical principle behind all accelerator-based lightrses. Acceleration in this case means
primarily the change of propagation direction, not the é&se in the absolute velocity, as the
accelerated particles are already at velocities closeetgpleed of light. Synchrotron radiation
was discovered as a disturbing effect responsible for agnelmus energy loss in particle ac-
celerators used as particle colliders for solid-state aartighe physics [9]. F. R. Elder et al.
discovered the synchrotron radiation with its outstandingracteristics in 1947 [3], which was
used by various scientific communities. The radiation wasetsynchrotron radiation be-
cause it was discovered at a synchrotron facility. This tgpkght source with only bending
magnets used as radiators becamditeegeneration light sourcésee Fig. 1a).

In the second generation, the storage ring contains attegstructures of many bending mag-
nets - so-calleavigglers(Fig. 1b) - which result in an increase of the conversion igfficy. The
charged particle (e.g. the electron) follows a sinusoidgéttory inside the wiggler and light is
emitted at any point along the oscillation. This light sauhas still a large angle of emission.
A further increase in intensity has been achieved with tird treneration light source which is
essentially a wiggler with a very small period of the alteimgmagnetic structure. This leads
to a small angle of emission, enhancing the output ofuhéulator (see also Fig. 1c). The
complete trajectory being in the field of view leads to a sindal electric field resulting in a
spectrum with only one Fourier component at the resonangelergth

Ay K2 )
/\_272(1+7+y2®), (1)

whereA, is the undulator period; the electron energ® the observation angle and

K = eByAy/(2rmmec) = 0.934- By[T] - Ay[cm]

1The overview on FEL theory in this paragraph follows basjctile explanations given in [8].
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the undulator parameter with the peak magnetic fig¢/dthe electron mass and change and

e, respectively, and the speed of lightThe radiation opening angle is defined@s=K/y. K
therefore defines the shape of the spectrum with a singlegtehk wavelength defined by Eq.
(1) for K << 1. Higher harmonics become visible fidr~ 1 due to the distortion of the clear
sinusoidal shape of the electric field. Only odd harmonies/eible on the beam axis due to the
symmetric trajectory of the electron. Hér>> 1, the wiggler spectrum increasingly resembles
a broad synchrotron radiation spectrum from a bending ntagtewvever, all of these possible
sources, although successful on its own, fall short in tevhnscreasing the peak power beyond
the output of an undulator.

The considerations discussed above are valid for the selglgron approximation. In reality,
however, a cloud of up to 10 electrons, which is called theectron bunchis introduced by
an injector laser. The electrons are fully defined by a smetisional phase space distribution
including the transversal positions x and y as well as thdegng and y’. The longitudinal
z-position and the energy deviation energy spread\y with respect to a reference particle,
following a perfect trajectory through the system, form It two dimensions. However, elec-
trons within a bunch being relativistic particles do noeaffeach other to a first approximation.
Thus, each electron follows its own trajectory leading toirasoherent superposition of the
emitted intra-bunch light beams due to the lack of a defineakselrelation. For a coherent
emission, the electrons need to be correlated such thaté#relgave a defined relation in phase.
Compression of the electron bunch down to a size comparalbhe taesonance wavelength of
the source is impossible, especially in a XUV wavelengtlimeg due to space charge effects.
The solution for coherent light emission within an undutatas found by John Madey in 1971
[4] with the free-electron laser concept (FEL, see Fig. Bdarge number of electrons radiates
in phase leading to a quadratic signal increase with the euwflcoherent emitters. The key to
this dramatic enhancement is an effect catl@dro-bunching A seed light wave with the same
wavelength as the undulator resonance wavelength is abtpline electron bunch instead of
squeezing the bunch to a few nanometer dimensions. se@dbeam can be the spontaneous
incoherent undulator radiation produced by the electrbemtelves (see paragraph 1.2) or an
externally generated beam (see paragraph 1.3). MicroHmgoccurs, because the electric
field of the light wave has a much smaller period than the eladrajectory defined by the al-
ternating magnetic structure. Electrons with its positomciding with the peak of the seeding
electric field at any point within the undulator experienoeeaergy transfer to the light wave.
Some electrons experiences energy gain overlapping wéthatihof the seed field. Electrons
loosing energy follow a longer trajectory through the umdiot, whereas electrons gaining en-
ergy shorten their path. This leads to small-scale densigutations within the electron cloud
smaller than the seed wavelength. Hence, coherent emisspmssible and each slice of the
micro-bunched electrons can be treated as a high charge giagicle producing a very strong
electro-magnetic field. The modulation depth increaseb witreasing undulator path. This
leads to exponential growth of the radiation power withiruadulator until the micro-bunching
structure is completely formed. Saturation occurs with imnaxn electron density modulation
and a further increase of the undulator length will not ressu& growth of the radiation power
(see Fig. 2a; note, that no power increase is expected iraihdetween two undulators. With
drift spaces of 0.6 m used in the simulation, this explainyg tie power growth stops for this
0.6 m in the plot before the exponential amplification camés).
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Figure 2: GENESIS simulations for a FEL wavelength of 20 nhR@ver growth along the un-
dulator section during SASE operation (blue solid) and sdexperation (red dashed) at 20 nm.
The undulators have a length of 2m with a 0.6 m long separatiifgspace. b) Longitudi-
nal power distribution for SASE (shaded grey) and seeded pit&e (solid red). The power
distribution is at saturation for either mode. c) FEL sp&dar SASE (solid blue) and seed-
ing (dashed red) at 20 nm. The intensity is normalized to thgimum. All simulations are
performed assuming a Gaussian electron bunch and seeddmit#tgution.
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1.2 Self-Amplified Spontaneous Emission (SASE)

Spontaneous light is emitted when electrons pass the woduTdis light can be used for start-
ing the FEL process resulting in the most straight-forwagpdration mode of a free-electron
laser, the self-amplified spontaneous emission (SASE)emdtie spontaneous radiation pro-
duced at the beginning of the undulator is only slightlyéashan the relativistic electrons. In
addition, the electrons have a reduced longitudinal vgtammponent due to the undulator os-
cillations whereas the emitted radiation follows a stralge. Hence, this radiation experiences
a slippage relative to the electrons. This slippage ine®®asth increasing number of undulator
periods which came to pass by the electrons. In other woritsd) andulator period adds an
additional period within the micro-bunch structure. Thesults in a smooth growth of FEL
power along the undulator as can be seen in Fig. 2a, where ss@atshaped electron bunch
was used for a time-dependent GENESIS simulation [10]. R®ISASE case, the electrons in
the undulator sectioseedtheir own bunch.
Macroscopically, the energy of the electrons within a buiscstochastically distributed. This
leads to a wide range of electron trajectories in the undukasulting in a broad, noisy spec-
trum with the spectral width

A—"’:L-\/zlnz, 2)

w  4nlgy3
wherelg is the power gain length andl, the undulator period. The power gain lendtg
is the undulator length, in which the FEL power grows by adacif e. It is the inverse of
the exponential growth rate. The start-up of SASE from alstetic process not only affects
the spectral distribution it also results in shot-to-shottilations of the produced radiation in
terms of pulse energy and temporal characteristics [118.t€mporal structure of the amplified
radiation consists of several uncorrelated modes (seedfigand the spectral distribution of
the SASE pulses is dominated by many sharp, narrow peakswiite bandwidth of the FEL
(see Fig. 2c). The FEL pulses consist of up to several tenseskt sub-peaks, depending on
the operation conditions. This yields a substantial probfer well-defined investigations of
ultrafast dynamics. Even though FEL pulses can in prindyeleery short (about 10 fs) which
would allow to detect ultrafast events, the SASE-baseduaiains will lead to an amplitude
and timing jitter. This limits the resolution of pump-pro&eperiments. However, SASE is well
understood and controllable so that it is the basic drivimggiple of all modern FELSs currently
in operation.
From the six-dimensional phase space distribution two @b parameters can be deduced.
The emittanceis basically the product of the electron beam size and thenleergence. It
defines the transverse phase space distriblitiBar the longitudinal characterization, there is
the energy spreafly as the characteristic parameter, and, additionallyp&ak currendefines
the charge per time and thus the number of electrons withertaio bunch section. In order
to produce highly brilliant FEL pulses within a short gaimdgh, the electron bunch needs to
fulfill three main conditions in the SASE-mode. First, thake&urrent needs to be high (kA
level) in order to achieve a high FEL radiation power withimog gain lengths. Second, the
energy spread needs to be limited such that the radiatiodwedth does not exceed the FEL
bandwidth. Note, that the SASE bandwidth is not a constamigathe undulator length. It
becomes narrower with increasing number of micro-buncbeperating in the FEL process.

2A more detailed discussion about the beam emittance canurel felsewhere [8] and its determination at
FELs is for example discussed in Ref. [12].
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Finally, the transverse emittance needs to be small in aod®atch the transverse phase space
size of the generated photon beam along the undulator sectio

For short-wavelength FELs the start-up from spontaneatiatian requires a very long undu-
lator section to reach saturation. For 20 nm, as demondtvathk the simulated example in Fig.
2, the saturation length is 13.2 m, whereas for a FEL in thayxregime the undulator section
required is larger than 100 m for wavelengths down to 0.1 righ [1

1.3 External Seeding of a FEL

The stochastically nature of FELs relying on SASE can becedly using an external light
wave to start the FEL process. A seed beam set at the resonanekength of the FEL initiates
the modulation instead of the shot noise from spontaneodslator radiation. The challenge
for externally seeded FELs is the lack of adequate lasezebasurces delivering sufficient
pulse energies in wavelength ranges interesting for FEdsaarthe optimum repetition rate.
In addition, the seeding process suffers from low photon lmens produced by the common
conversion process based on high harmonic generation [6].

Complete overlap in the six-dimensional phase space disiib of the photon pulse and the
electron bunch needs to be ensured to guarantee maximugyerarsfer. As a consequence of
external seeding, the FEL undulator length can be reduc#teasdulator periods designated
to start-up the process with the spontaneous radiation @raeeeded. As shown in Fig. 2a,
saturation already occurs at 7.7 m for a seeded FEL instedd®.@m for a SASE FEL. A
Gaussian-shaped seed pulse with a pulse energy of 2 nJ aedezkat 20 nm was used as input
for GENESIS. All electron beam parameters stayed the sarioe teee SASE simulation. Note,
that the final FEL power is not changed with an external seéskpu

The longitudinal shape of the seed pulse is imprinted ineoREL radiation improving the
temporal profile and coherence (see Fig. 2b). A further aqunesece is that the bandwidth
of the resulting radiation is no longer equal to the FEL gandwidth (see Eq. (2)). It only
depends on the bandwidth of the seed spectrum with the FELbgaidwidth as its upper limit.
Furthermore, in the case of a single-mode seeding spectinenfEL spectrum also consists of
a single mode in contrast to the multipeak spectrum of SA8R&tan. This is an improvement
of FEL performance (compare Fig. 2c). The FEL pulses theeefmlopt all the coherence
properties of the seed light. Assuming a temporally andigibatGaussian seed pulse in the
undulator, the FEL pulse would also be Gaussian in tranewens longitudinal directions as
well as in the spectrum.

1.4 IsaFEL alLaser?

A conventional quantum laser amplifier consists of an aatieglium, an energy pump and
a seed beam. The pump radiation excites the active mediuraibiyng the bound electrons
within the medium to a higher quantum state or energy levak @lectrons fall back into the
ground state after relaxation emitting the energy gaineéxwytation. The emitted radiation
overlaps with the seed beam which gets amplified due to themsuion of the electric field
components. In FELs, however, free electrons act as theeandium and are not bound to any
atomic structure. Therefore, a quantum laser could be ndmedd-electron laseas opposed
to thefree-electron laser. The electrons also serve as pump energynviite lasing process
transferring their energy to the seed beam. In SASE-FElesglbctrons are even responsible
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for the seed radiation, so that the free electrons replatierak driving parts of a conventional
quantum laser amplifier.

Due to external seeding, the FEL pulse characteristicslase ¢o conventional laser pulses.
Thus, a seeded FEL becomes highly attractive for sciencadrds an adequate seed source
with high repetition rates of current-day FELs. In addititime seeding source needs to deliver
wavelengths down to the XUV regime with energies exceedirgpontaneous radiation which
Is always present in the undulator sections.

1.5 Thesis Outline

My personal contribution to the seeding project at FLASHA ba divided into three main
parts. The development of a preliminary concept for the seedce implementation at the FEL
FLASH2 forms the first part. This includes the actual injestscheme as well as ideas for
seeding diagnostics. In particular, a new XUV spectrometes developed in order to have a
direct diagnostic tool for the harmonic radiation. The iempkntation of the future seed source
also requires preliminary simulations for the FEL perfonos

The second part is the involvement in the laser amplifier ldgweent. In particular, | prepared
and performed the proof-of-principle experiments of ouefipump amplifier system and also
contributed to final tests with this amplifier chain at DESY.

The development of a new HHG scheme forms the major part op¢ingonal contribution to
the project. Over the last three years, | developed a miuffe target based on a novel dual-gas
HHG scheme and performed three different experiments iardoddemonstrate the feasibility
of dual-gas HHG. The analysis also includes 3D simulati@mgtieoretically supporting the
results.

The thesis covers all three parts of my contribution. It ibduided in six main chapters.
Chapter 2 gives a theoretical overview, which serves as avatin for all physical processes
involved in the laser and HHG source development. In chegtére preliminary concepts of
the implementation of the future seed source are preselmtéte next chapter, | discuss the de-
velopment of an optical parametric chirped-pulse amphfica(OPCPA) system as driver laser
for the seed source. This includes the presentation of thererental results achieved during
preliminary experiments with the fiber pump amplifier. In ptea 5, the special source require-
ments, the general HHG concept and all experimental resuite three HHG experiments are
presented. Finally, | discuss the next steps necessarynplete the seed source development
concerning the laser amplifier and the HHG target (chapter 6)
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2 Theoretical Background

The development of an external seed source for the FLASH2iRé&trporates two main topics
of physics: laser amplifier development based on the cormfepptical parametric chirped-
pulse amplification (OPCPA) and the nonlinear process of hagmonic generation (HHG). A
theoretical overview of all important topics is given indlahapter starting with an overview
on OPCPA and its fundamental theory. The chapter ends withtaletk section about the
microscopic and macroscopic description of HHG.

2.1 Optical Parametric Chirped-Pulse Amplification (OPCPA)

Laser pulse amplification via optical parametric amplifmat(OPA) [14, 15] combined with
the powerful tool of chirped-pulse amplification (CPA) [168]s0 far the most common way
to amplify sub-10fs pulses at high average powers [17]. Intrast to conventional lasers,
where the pump energy is stored before amplification, nealiroptical amplification is an
instantaneous effect. Being a second-order nonlinear psp@PA is a three wave mixing
process. It takes place in a nonlinear optical crystal. paimgraph will give an overview on
the nonlinear effect of OPA, CPA and combined OPCPA. In additeoshort introduction on
mode-locked lasers is given due to the use of these lasemnsysis a seed source for OPCPA
schemes.

2.1.1 The nonlinear Susceptibility

OPA is calledparametricamplification because of one material-dependent parameponsi-
ble for all nonlinear effects within nonlinear optical madiThe basic connection between an
electric fieldE and the polarizatio® of the medium is the intensity dependsutsceptibilityy
[18, 19]. With an electric fieldE the susceptibility can be expanded in a Taylor series

X(E) =xW+xPE+xPEE..., (3)

which leads to a polarization in the form
P—g (X<1>E+x<2>EE+x<3>EEE...), (4)

where xU is called the linear susceptibility, which is the dominaantibution to the polar-
ization at low intensities. With increasing E-field ampiiauthe parameters® and x(® begin

to play a role which leads to quadratic and third-order ¢ffexespectively. Nonlinear effects
become pronounced at intensitie40° W/cn?. Only pulsed lasers of high peak intensities can
cause nonlinear optical effects.

Parametric amplification occurs due to the intrinsic efeé¢tequency mixing within the second-
order nonlinear polarization. Let us assume two light waamer the nonlinear medium with
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different wavelengths. The intensities are high enougltbs®eove a quadratic effect such that

P@)(x,t) = ggx PE1(x,t)E2(x,1)

2
= gox? <%( (X, 1) €@+ E(x, wp) ""Zt+cc))
= 20X ®) 5 (E(x, )22 1 E(x, )22 ©)
+2E(x, @) E(X, wp)€ g (wtap)t
+ 2B (x, ) E # (x, wp) (@12t

~ 2
+|E(x, an)|*+ [E(x, a2)|* + 0.

From this equation it follows that the quadratic term of tlh@limear polarization has frequency

components at the sum of both frequencies (sum-frequenergon or SFG)

P2 (x, 1+ ) = eox @ SE(x n)E(x, wp)d 12, 6)

at the difference of both frequencies (difference-freqyegeneration or DFG)

1. .
P2 (x, o, — ) = £0x'? SE(x, ) B (x, cop) €12, (7)

at double the frequenay (with j = 1,2, second-harmonic generation or SHG)
1~ ~ 20
P( )(X 20‘)]) - EOX( )4 (X wJ)E(X’ wj)elzw]t? (8)
and at zero frequency

P (x,0) = gox? ]Exa}l}ﬂExwz]. (9)

In principle, all frequency components are generated wiamgvo light waves with the fre-
quenciesw, and wp passes through a nonlinear optical crystal. The processsiantaneous
without any delay or energy storage in the medium. The géerafficiency is different for
different input conditions determined by the degreeludise matchingvithin the medium.

2.1.2 Phase Matching and Optical Parametric Amplification (QPA)

Phase matching is the key condition for a frequency preseteérom Eq. (5). Parametric
amplification is a special case of DFG. The difference to D&Gased on the input conditions
[14, 19]. Thus, phase matching is further explained usimgetkample of DFG, albeit similar
assumptions are valid for all types of frequency mixing.

In general, the polarization can be seen as the source of laofranagnetic wave leaving
the nonlinear medium. The incident electric fields indugmkarization wavewhich needs to
couple efficiently to the electromagnetic wave for efficigagjuency conversion. Let us assume
a plane wave such that the polarization term for DFG from Ejjcé&n be written as

P(Z) (X, W3 — (*)l) 1 <£0X( )E( )E*(ah)e_i[(kS_kl)X_(Q%—wl)t} + CC) . (10)
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Ak

Figure 3: Principle of vector phase matching, = ks +K; is valid for best phase matching
achieved with a phase matching angleWith a changed setup (red) and the resulting change
in the signal k-vector, the phase matching condition is afflied and thusAk = 0.

This is the source term for an electromagnetic wave

Ewy(X,t) = % (E(wz)e‘i("z'x“*’zt) -|—cc> , (11)

which obeys energy conservation with
Wy = 03 — (1. (12)

This condition is intrinsically fulfilled in DFG. A second ndition is necessary for efficient gen-
eration of the difference frequency. The wave vectors of#hreerated electro-magnetic waves
need to sum to the polarization wave for perfect phase magchn this case thenomentum
conservation conditiors

ko =~ k3 —Kj. (13)

These two conditions ensure a constant phase relation eetthe polarization wave and the
electromagnetic fields. For SFG, for instance, optimum @maatching is achieved if theum

of the two polarization wave vectors equals the electroraigrwave vector. Note, that for
best phase-matched DFG the residual mixing processesilamstributing. However, these
frequency components are weak compared to the dominati éiation.

As a special case of DFG, OPA needs a high intensity pump figfdfrequencyw, and a weak
seed or signal field with frequenay < ap. A new field is generated via DFG, the idler field.
Its energy relation isy = wp — ws and the phase matching conditiomis = kp — ks —kKi. The
idler wave with its frequencyy < wp, mixes with the pump field and generates a field with
ws = wp — @ Which equals the signal frequency. The enhanced signainues mixing with
the pump field as well as the generated idler and this lead ésaonential build up of the signal
and idler fields. The related phadk- z accumulates with increasing interaction lengtifhe
energy flow is in the signal direction Ak = 0. However, when the phase mismatch approaches
1t this leads to a reversal of the flow of the electro-magneterggnback to the pump wave.
This takes place after a propagation length callecctiteerence length

_ T
k|

Different methods can be applied to achieve phase matcfungxamplequasi-phase matching
or birefringent phase matchingQuasi-phase matching requires a periodically poled alyst

Lc (14)
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(e.g. with alternating sign of the optical coefficient). Tlager thickness with the same poling
needs to be one coherence length to observe an exponentihgiWhenever the energy flow
reverses back to the pump wave, the crystal poling will intres flow direction so that the flow
direction is kept the same. Birefringent phase matchingdvew uses the effect of birefringent
materials in which the refractive index depends on the pration direction of the electric field.
This type of phase matching is also called vector or anguiase matching, because pump and
seed beam enter the crystal under a certain angle to achest@lase matching (see Fig. 3).
This phase matching method can be used to phasematch owaddpectral range. The pump
and seed wave polarization are orthogonal to each othehanahigle between the geometrical
and optical axes of the birefringent crystal serves as aitiaddl degree of freedom.

It should be noted that, similar to the SASE FEL processistaftom noise, the OPA can
also be started by a spontaneous decay of the pump field ingoa@ and idler wave under the
condition of energy conservation. This spontaneous dexagused by quantum fluctuations
within the gain medium and is callexptical parametric fluorescence (OPHj the parametric
amplification starts up from noise, the process is catiptical parametric generation (OPG)
Likewise in a seeded FEL with spontaneous undulator ragtiathe OPF is always present and
a high enough seed energy is necessary to achieve a goodstdgtween the OPA signhal and
OPF. With an adequate seed energy a reduction of the OPF adisbersed as soon as seed and
pump pulses overlap in space and time [20].

The non-collinear optical parametric amplification tecjud is well suited for high average
power, few-cycle pulse systems. The gain in an OPA stage earety high and the thermal
load is negligible in the crystal. The OPA process is ingtaabus and therefore no energy
storage takes place. In addition, as mentioned before aimdogndwidth can be very large due
to phase matching in the non-collinear setup. Hence, sliséep can be amplified with OPA.

2.1.3 Third-order Effects and Mode Locking

The series expansion of the susceptibility in Eq. (3) shdas a third-order component. The
effective strength of third-order contributions dependstioe material parameteq®. The
third-order susceptibility changes the tojalwhich has a direct impact on the phase velocity
within the crystal. Givem = /1+ x, the refractive index becomes intensity §ependent and
n(l) can be written as

n(l) =no+nyl =n +3—ZOIX(3) (15)

0+ N2 0 an2 )

whereZ is the optical impedance amg the linear refractive index. The intensity dependence
of the refractive index is known as tleptical Kerr effect Most of the crystalline materials have
positiven, so that the Kerr effect caussslf-focusingn the transverse plane. The intensity in
the beam center is much higher than at the edges when assar@agssian beam. Therefore
the refractive index is higher for the inner part than for thetlying area. This effect can be
compared to a spherical lens with linear optics, where tlarbexperiences a larger propaga-
tion distance through the medium in the center comparecetotiter part of the lens. Thus, for
positiven; a net focusing effect is the result of the parametric noaliitg
Self-phase modulatiois the corresponding nonlinear effect in the time domaine Thange
of instantaneous phase results in a variation of the pulsetspn during the propagation. The
phase shift varying with time causes an instantaneous érexyushift. Additional frequency
components are generated.
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The Kerr effect is particularly interesting for passive raddcking laser systems like the tita-
nium:sapphire oscillator. The sapphire not only servesoas tmedium for the dopant atoms it
also serves as the Kerr medium, whereas titanium is redgerfer the gain. Without mode
locking, the phase relation between the pulses leaving dhigycis random. In this case, the
longitudinal modes overlap and interfere such that a wealsigeontinuous beam can be mea-
sured as output. By increasing abruptly the peak intensitiggrcrystal, the Kerr effect causes
self-focusing. This can be realized by shortening the gdoit a short moment, for example
by reducing the distance of the cavity mirrors. The intgngiithin the crystal becomes very
high due to superposition of several pulses within the nradiAs a result of the Kerr effect,
the high intensity pulses are favored in the cavity. Thisloamone by limiting the transverse
pump beam size to a diameter equal to the high intensity ameargted by the Kerr lens. This
method is callegoft aperture Kerr lens mode-locking

2.1.4 The powerful Combination of OPA and CPA

The demands on laser systems are continuously increasimgct @mplification of the laser
pulses was still limited after the invention of mode-lochkasers. Pulses with durations in the
femtosecond range and high peak powers cannot be direcpiifead any further due to two
main problems. First, in laser optical material high intees can cause tremendous damage
counteracting stable amplification. In any kind of amplgiéne peak intensity needs to be be-
low the damage threshold. Second, in extreme cases nonéffeats will modulate the pulse
shape transversely (via self-focusing [21]) and the putsgth will be changed due to self-
phase modulation [22]. These effects needs to be avoidealibedhe modulations can again
lead to severe damage.
The solution is the simple idea of chirped-pulse amplifmat{CPA, see Fig. 4) which was
first used to overcome the power limitations of radars [23he Technique was applied for
the first time within an optical system in 1985 [16] and becaarstandard tool for current-
day laser systems. Within CPA, the pulses are reversiblyckied in order to avoid high peak
intensities exceeding the damage threshold of the lasermadium. This is realized with
a stretcher/compressor scheme, where temporal chasticieof the pulse are manipulated.
Short pulses have intrinsically a broadband spectrum. Bgipgs dispersive element like a
prism or a diffraction grating, the travel time of differamaivelength components through the
stretcher setup varies such that the time delay of diffespattral parts leads to a long, chirped
pulse with the same total energy but lower peak intensitys itanipulated pulse is then ampli-
fied in a laser amplifier before it gets compressed in a comprés.g. with dispersive elements
of opposite sign in comparison with the stretcher). Usuyalig pulse cannot be perfectly re-
constructed after passing through the complete CPA systeaptive dispersion compensation
needs to be applied for compensation of higher order digpers

The amplification process relies on quantum state exaitatio conventional CPA systems.
Taking advantage of both the OPA and CPA concepts, an OPAatregtiaces the conventional
crystal as an amplification medium. This combined concephmvn asoptical parametric
chirped-pulse amplification (OPCPAJ-or the first time published in 1992 [24], OPCPA is
presently the only known method to amplify short pulses ghipeak intensities at high rep-
etition rates. In the OPA process, a quasi-monochromatieal pump beam overlaps with
the broadband seed pulses in a nonlinear optical crystat overlap needs to be ensured in
the transverse and longitudinal dimension which requireda pulse durations for seed and
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Figure 4: The principle of CPA. A short pulse is stretched s kbw peak intensities are guar-
anteed during amplification. The amplified pulses are finaypressed to its initial length.

pump. Because powerful laser systems are still limited tegodurations longer than a picosec-
ond, the femtosecond seed pulses from a mode-locked lasgtmbe stretched in order to meet
the temporal gain window of the pump. Due to the relativelgrspump pulse duration a non-

collinear setup is applied. The angle between pump and seadadditional degree of freedom
for achieving best phase matching for a broad spectrum. fibees the pump pulse the less
stretching is necessary for the seed. However, a shortep putse duration complicates the
realization of the time overlap.

2.2 High Harmonic Generation (HHG)

The microscopic process behind HHG can be explained by tee-ttep model first published
by P. Corkum in the year 1993 [25]. This approach is commoniywknas the semi-classical
treatment of the nonlinear process of HHG [25, 26, 27]. Tredsthree steps are illustrated in
Fig. 5: ionization, acceleration and recombination. Whetr@ng laser field encounters a gas
atom, it will bend the atomic Coulomb potential such that @&mak electron is able to tunnel
through the barrier (see paragraph 2.2.1). This electrah mo initial velocity experiences
acceleration by the laser field still present until the slopehe electric field changes sign
causing the return of the electron to the parent ion. Therelececombines with the parent ion
with a certain probability. The recombination yields a ghotwvith an energy higher than the
initial driver photon energy due to the accumulation of kinenergy during the acceleration
process. The final photon energy is a combination of the &titia potential , and the kinetic
energyExin, which can be expressed in terms of the accumulated quivpor@ermotive energy
as the time-averaged kinetic energy of the electron. Theg@unotive energy is defined as

_ EE§
T Amew?

p

—9.33.10 4. [%1 (A [um))? eV, (16)

where the electron charge and masseaaedm, respectively. The laser field amplitudets,
the laser intensity and the central laser frequency and wavelengflandA, respectively. The
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Figure 5: The single-atom response within the three-stegetnd he electron tunnels through
the Coulomb barrier in the presence of a strong electric fiehe field accelerates the electron
and with the change of sign of the electric field, the electsoguided back to the parent ion.
The recombination generates a photon with an energy ineteag the kinetic energy gained
during acceleration.

maximum photon energy in a single-atom spectrum, which esachieved with HHG, is

also referred to as theutoff energy This is valid within a semi-classical approximation. Afirs
version of this cutoff law has been found by Krause et al. [&8kolving the time-dependent
Schibdinger equation (TDSE) numerically. The prefactor in Bd)(can be derived by perform-
ing classical calculations (see paragraph 2.2.2) and byeaypguantum-mechanical treatment
(see section 2.2.3). In general, a single-atom responstrgpereduces at very low harmonics
(the pertubative regime) followed by a plateau of constamplaude and a cutoff region at a
wavelength defined by Eq. (17).

This simple formula describes well the characteristic beha of HHG. The first finding is: the
higher the ionization potential or binding energy, the sfothe maximum observable wave-
length. This implies that, for example, helium with its higimization potential is well suited
for generation of very high harmonics, even towards the mwatadow [29, 30]. Note, that
helium with its high ionization energy emits high energyrhanics also at very low ionization
levels. However, only weak harmonic yield can be expectedtdits small effective nonlinear
susceptibility. Second, the cutoff energy grows monotalhjavith the driver pulse wavelength.
Thus, pulses with longer wavelength can be used to extendutiod towards higher energies
[31, 32]. The conversion efficiency, however, scales With —>°. Shorter wavelengths lead
to a higher harmonic yield compared to longer driver wavgiles. This can be understood,
because the driving electric field defines the path of thamet¢hrough the continuum, as will
be discussed in more detail in section 2.2.2. The longer thesle@ngth the longer the time for
the electron to return to its parent ion. This leads to a spngeof the electron wave packet re-
sulting in a lower recombination probability [33]. Finglly high intensity is required to extend
the cutoff even further. Increasing the intensity will nofiyolead to higher ionization rates, it
will also increase the pondermotive energy. However, thtenisity cannot be increased beyond
certain values resulting in complete depletion of the gdostate, because in that case no tunnel
current remains. The tunnel current drives the HHG process.

The three fundamental steps of the HHG process are desénlmedre detail in the following
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paragraphs in order to correctly interpret the dependehbe&gb harmonic generation on scal-
ing parameters. After the microscopic treatment of the HH&E@ss it is important to consider
the macroscopic gas volume and its effect on the generatibigloer harmonics.

2.2.1 lonization

The first step of the three-step model starts with the supérpo of an electric driver field with
an atomic potential. The Coulomb potential becomes strotgigrmed, if the field strength is
comparable to the inner-atomic electric field. Heavily egsdd, the Coulomb barrier is reduced
and the electron can tunnel through the potential wall. dmgation effect is calletunnel ion-
izationand is a purely quantum-mechanical process. Another défading to below-threshold
lonization relies on the summation of several photons tah#l gap between the ionization
potential and single photon energy. Tine@ltiphoton ionizatiorand the tunneling are no simul-
taneous effects. L. V. Keldysh derived a criterion in 1968léscribe the case in which one or
the other effect is dominant [34]. He defined a dimensiorkeddysh parameter

_ | lp
y= Uy (18)

For y >> 1 ionization can be described pertubatively in the regimenaftiphoton ioniza-
tion, whereas foy << 1 tunneling is dominant. Thus, tunnel and multiphoton iaticn de-
pends on the driver intensity. Tunneling becomes dominanyf 1/2 at intensities from

| = 10*W /cn? to > 10°W/cn?¥ for neutral atoms and a near infrared spectral range of the
driver [35]. These intensities correspond to the commosBbaduntensity range in HHG exper-
iments so that tunnel ionization can be considered as tha maization effect occurring in
HHG.

The process of tunnel ionization can be described by a thigstyderived for the case of hy-
drogen by A. M. Perelomov et al. [36] and later generalizedrtmtrary atoms by Ammosov,
Delone and Krainov [37] and hence nan®K theory

Instantaneous ionization rates can be analytically cated| averaging the rate in a constant
field over one laser period. This approximation is catiedsi-staticor low-frequency approxi-
mation because the oscillation of the electric field is much slavan the tunneling time. The
expression for the probability of optical tunnel ionizatiper unit time from an atomic energy
level E, with orbital quantum numbdrand magnetic spimis given by [37]

2 <%)1/2 <%>2n* (E_g)mlf(l’m)'E.eXp(_%) (19)

where the binding energy B, the field amplitude of the laser pul&g andF = (2E)%/2. The
atom is considered to be hydrogen-like, with just a singkeioelectron surrounding an effective
core, occupying effective quantum statgs= n— & andl* =1 — &. Note, that hydrogen would
have integer numbers fof andl*, but the inner electrons only partially shield the innerffigb
that aguantum defecd needs to be accounted for the effective quantum states. Jdomgum
staten is given byn = Z(2E)~1/2, where Z is the charge of the resulting ion.
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The coefficientéfcn*’,* % and f (I,m) are defined as

(2 +1)(1 +|m])!

= S i 0
2 22n
il = S r DT (21)

Note, thatf(l,m) contains only integers so th&t0,0) =1 and f(1,0) = f(1,1) = 3. The
gamma function reduces kgn) = (n—1)! for hydrogen. In this case, the expression|@y- \2
becomes

22n

(n+DH(n—1-1)1"

The factor(SEo/nF)l/2 derives from averaging over one period of the driving eledteld,
whereas the factd®F /Eq)2" describes the Coulomb interaction [38, 39]. The remainiotpfs
represent the rate of a short-range potential [36].

The ADK theory is a single-electron theory. Only the outderae electron in a hydrogen-like
state is accounted for tunnel ionization. Thus, the tunmakation process described by ADK
is a sequential effect. This implies core relaxation befbeenext ionization step. However,
there is a strong dependence on the m quantum number. As #tates- are stochastically
occupied, the total time-dependent ionization rate isrglwe

(22)

Cul*=

Wapk = <2V\4 (t)) /(2 +1). (23)

The free electron density can be calculated by solving tteeequation

n(t) = no- <1—exp<— /_thT/ADK(t’)dt’>) : (24)

whereng is the density of neutral atoms. The ionization fraction etitnal atoms and sin-
gle ions calculated for a 15fs pulse (FWHM) with an intensifyse10W/cn? in argon is
presented in Fig. 6. The tunnel ionization process causeduced number density of neutral
atoms and an increase in the number of free electrons as stle@driving electric field reaches
a potential comparable to the Coulomb potential. The stapiticrease of the plasma density
Is due to the internal cycles of the electric field.

ADK is widely used in the HHG community to determine the degoé ionization in the gas
medium. The information on the expected level of ionizat®mrucial for the focusing ge-
ometry. It needs to be ensured that no depletion can stopattmedmic process. In addition,
experiments for gas density determination with a plasmenpl[#0] take advantage of this the-
ory for calculating the density of neutral atoms from the sugad plasma density.

It should be noted that for decreasing laser pulse duratapmoaching the few-cycle regime, a
new form of ionization is present. The abrupt increase opeek electric field leads to a com-
plete suppression of the Coulomb barrier. The electron cas tee barrier without tunneling
and ADK does not provide an adequate description anymomniy extended the ADK theory
to describe the barrier-suppression regime using the ADKita (Eq. (19)) as the adiabatic
limit for y << 1. Interestingly, the Krainov predictions do not vary muodnf the ADK rates
even for pulses as short as 5fs and for intensities far ath@vantensity of barrier suppression.
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Figure 6: a) Electric field (blue, solid) with field enveloped, dashed) for a 15fs (FWHM)
laser pulse with a peak intensity of 5014 W/cn?. b) Relative densities for the neutral atoms
(blue curve) and free electrons (red curve) in argon.

Even the exact solutions of the time-dependent &tinger equation do not deviate more than a
factor of 2 [35]. In addition, experimental results show atoaishing agreement between ADK
calculations and real measured ionization fractions [Klbfe, that ADK slightly overestimates
the ionization fraction for short pulses, so that one carosgghe gas to higher intensities than
predicted. Nevertheless, ADK is generally acknowledgeddeg@n adequate tool to calculate
ionization fractions for HHG and plasma generation in gaher

2.2.2 Acceleration

The second step of the semi-classical model for HHG is thetrele acceleration by the ex-
ternal light field in the continuum. For the accelerationga®s a purely classical treatment is
sufficient. Therefore, the three step model or semi-claksiodel combines the quantum effect
of tunnel ionization and recombination with the classicai@ept of acceleration of a charged
particle. Let us assume the valence electron is freed vigelurg through the Coulomb barrier
and enters the continuum with zero initial velocity. In aatghi to vo = 0 the initial position of
the freed charge is defined to be also zero, gg= 0 [42]. The laser electric fiel&, respon-
sible for the deformation of the atomic potential, is stilépent and exerts a classical force on
the electron defined as

F(t)=m-a(t) =e-E, (25)

where the electron mass and chargemaande, respectively, and the time-dependent accelera-
tion isa(t). The electric field for an arbitrarily polarized field is defthas

E(t) = Eocos(wt)ex+ aEgsin(wt)ey, (26)

where 0< a < 1 is the parameter defining the degree of circular polanmatFrom Eq. (25)
an expression for the acceleration in a strong figd can be obtained:

alt) = in(]t) = d\é—(tt) (27)
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From this expression and with Eq. (26) the velocity of thecet via integration from the
lonization timet; to a timet > t; can be derived. The resulting velocities are

Vi(t) = [ eET(t)dt _ %(sin(wt) _sin(aty)) 28)
w(t) = —ai}—? (cos(wt) — cos(wt;j)) ,where (29)
W(ti) = Vy('[i) =0. (30)

Using these expressions the electron trajectory can beederihe path is defined as the time-
dependent position of the electron. By integrating the vakscthe position of the electron can
be obtained. It is given by

X(t) = ri—i)z - (w(t —t) sin(wtj) — cos(wt) + cos(wt;)) (31)
y(t) = a;—i)z (w(t—t)cos(wtj) —sin(wt) + sin(wt;)) . (32)

As stated before, the starting position of the electrox(tig = y(tj) = 0 and, clearly, this con-
dition is fulfilled for Eq. (31) and (32). The derived express for the electron velocity and
spatial position can be used to deduce an expression foiiribédkenergy gained by the elec-
tron during acceleration. The recombination tithean be calculated taking into account the
condition that the electron needs to end up at the positidheoparent ion to recombine. Thus,
with x(t;) = O the return time can be determined and therefore the retlotity v(t,) can be
calculated with Eg. (28). The kinetic energy becomes

1 1€°EZ . :
Briny = 5M(ty)? = 53 (sin(ety) — sin(at;))* (33)
A convenient expression for the kinetic energy in x-direetcan be derived by using Eq. (16)
for the pondermotive energy, and therefore

Exinx = 2(sin(wt;) —sin(wt))?-Up (34)

These classical equations of motion can be used to derivénfipertant results for the process
of high harmonic generation. Fig. 7a shows trajectoriesutated with Eq. (31) and (32). The
time-dependent x- and y-position of the electron were gtbtin terms of the optical cycle).
Since tunnel ionization is a continuous process, therevavdytpes of quantum paths that any
given electron can take during each laser cycle. These tths pae the so called long and short
trajectories [26]. The names already reveal the main diffee between the two contributions to
the harmonic generation process. As can be seen in Fig.etrais released just past the peak
of one cycle of the laser electric field (for examplé at 0.01T), experience a much longer path
through the continuum (long trajectory) than electronsaséd at ionization times right before
the first zero-crossing (short trajectory with for examipte 0.13T). T is the periodic time of
the electric laser field referred to as the optical cycle. $hert (long) trajectory travels for

T < 0.65T (r > 0.65T) in the continuum until returning to the parent ion [43t a release
time oft; = 0.05T, which corresponds to a driving phase of°1&e two trajectories degenerate
and have a travel time of exactly@bT, which gives the maximum accumulated kinetic energy
possible:Exinmax~ 3.17UJp. Note, that a circular polarized laser field (em.# 0) cannot be
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Figure 7: a) Several trajectories of electrons releasedffateht birth times (in terms of the
laser optical cycle). In a linear polarized electric fielde telectrons can return to the parent
ion within a long trajectory (red, solid), short trajectdbtue, solid) or by following the cutoff
trajectory (black, solid). Circular polarized light will heesult in a recollision (green, solid).
b) Kinetic energy in terms of jJgained by electrons in dependence on the return timéhe
maximum energy can be gained with the cutoff trajectory &tarn time of 07T. Short (blue,
solid) and long (red, dashed) trajectories have the samegerange 0< Eyjp < 3.18Up,.

used for HHG, because the trajectory caused by circularigethlight avoids recollision of
the electron with the parent ion (Fig. 7a). The gained kinetiergy versus the return tiryes
presented in Fig. 7b. The maximum energy, which can be de&freen classical calculations,
is 3.18Up with a return time + 1) of 0.7T corresponding to the cutoff trajectory. The result is
similar to the cutoff law in Eq. (17). Short trajectoriese tinajectories with a short return time,
experience an increased energy gain with increasing réime After the maximum kinetic
energy, the long trajectories gain less energy with inénga®turn time. However, the energy
range 0< Eyin < 3.18Up, which can be gained by the electrons during accelerasaggual for
both long and short trajectory.

Note, that within this single atom picture an increase offiblel amplitude does not have any
influence on the travel time of the electrons. The reason eafolnd in Eq. (28) and (31),
where both the velocity and the electron position have alidependence on the amplitude of
the laser electric field.

2.2.3 Recombination

Electrons freed and accelerated by a linear polarized fietg with a certain probability, re-
combine with the parent ion. This recombination will leadato atomic relaxation into the
ground state causing the emission of a photon with an enérgy.gn = |p + Exin. The max-
imum harmonic energy is defined by Eq. (17). As a consequeheeinetic energy defines
the degree of up-conversion of the laser frequency and frigm7b it can also be deduced that
the harmonic radiation emitted by electrons following eftehort or long trajectories do have
an energy chirp of opposite sign. The short trajectory domtions have a positive whereas
the pulses from the long trajectories have a negative chings chirp, also referred to ato-
chirp, is a direct result of the pure classical description of theeéeration process and has also
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been confirmed by numerical and experimental results [4}4, Wbprinciple, a chirped pulse
can be compressed towards the Fourier limit. However, ifaitempts to compress the result-
ing higher-order harmonics from HHG, only the short trapegtcontributions with its positive
chirp should be present, which can be achieved via macrascoptrol mechanisms as will be
discussed in much more detail as one of the main aspectssahigsis. The compression can
be performed for example with multilayer XUV mirrors [46] iin metal films [47]. However,
the chirp is not easy to control and the compression schemnld t#ad to high power losses.
Note, that the contributions of long and short trajectogctlbns are equally weighted in the
single-atom response. Long trajectory electrons aregeteaist beyond the peak, where ion-
ization rates are very high, so that more electrons are freebnization. The short trajectory
electrons do have a shorter traveling time through the soatn, which reduces the probability
that electrons experiences disturbing forces influendnegpath. This therefore increases the
recombination probability. In the picture of quantum meths, the electron wave packet is
more dense for the long trajectory electrons at the birtle tiwhereas the spread of the electron
wave packet of the short electron trajectories are redugedala short return time. This results
in almost equally weighted contribution.

The classical treatment does not include important quaefteuts like diffusion of wave pack-
ets which defines the probability of recombination or quaminterference. A purely quantum-
mechanical approach has been formulated by Lewenstein §2@]) 48], also referred to as
the Lewenstein modelThe derived single-atom response within this approaamg$ahe basis
for the simulation code used in chapter 5. Lewenstein made basic assumptions for the
derivation of a single-atom dipole moment response:

* The atoms are treated within teengle-active electron (SAEY frozen-core approxima-
tion, which considers atoms to be hydrogen-like.

The strong-field approximation (SFA) applies and thus< 1.

The depletion of the ground state can be neglected if theggne below saturation.

The electron can be treated as a free charged particle icahgnuum subject to an
external electric field. The influence of the atomic potdrmizan be neglected.

All equations are in atomic units. The energies are statéerims of the photon energy. If an
atom within the SAE approximation is influenced by an extklinaar polarized field (arbitrary

polarization does not have to be considered, because reiadl known that only linear polar-
ization will allow recombination and therefore HHG), theh&mlinger equation can be written
as

i%w(x,t) = (—%D2+V(x) —xEocos(t)) . (35)

The time-dependent wave function can be expanded with gwexgsions formulated above:

W(x,t) = exp(il pt) - (a(t) |0) +/d3vb(v,t) |v>) : (36)

The ground state amplitudst) is about 1 and if the depletion of the ground state is ignored,
the amplitudes of the corresponding continuum stateg) is given by
2 db(v,t)
Vi

%b(v,t) = —i (VE + Ip) b(v,t) — Eocos(t)a— +iEgcogt)dx(V), (37)
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which is the Schisdinger equation fob(v,t) with the previously made assumptions. The term
dx(v) = (v|x| 0) is the single-atom dipole matrix for photoionization aldhg polarization axis

X. Dx(t) = (W(t) |x| W(t)) needs to be evaluated in order to calculate the exact expnefes
the time-dependent dipole moment parallel to the x-axigh\Eg. (36) and the exact solution
of Eq. (37), the dipole moment is derived as

Dy(t) = / d3vd: (V)b(v,t) + cc. (38)

Note, that the continuum-continuum transitions are negtem Eq. (38), which implies that
only the transitions back to the ground state have beenderesl. The final expression of the
time-dependent dipole moment can be written as

t
Dy(t) =i /O dt / dp )
-Egcogt)dx(p — A(t")) x dy(p — A(t)) -exp[—iS(p,t,t') | +cc,

where a new variable, the canonical momentors v+ A(t) is introduced with the vector
potentialA(t) = — [ E(t)dt. This dipole moment now describes the complete process & HH
in the single-atom picture. From Eq. (39) the three basigessté the semi-classical picture can
be deduced. The first term of Eq. (3)cogt’)dx(p —A(t’)) is the amplitude of the ionization
probability denoted as the transition from the ground sitatie the continuum at the timg

and with the canonical momentum The second term represents the transition back into the
ground state (e.g. recombination) at a tim&etween ionization and recombination the wave
function is propagated fromi to t, with 7, =t —t’ being the return time of the electron. During
this propagation the wave function acquires a phase faguoalé¢o exg—iS(p,t,t’)], with the
guasiclassical action

S(p,t,t') =/t/tdt” @ [p—A(t”)}2+|p). (40)

Under the assumption that the influence of the atomic pateistismall, S(p,t,t’) represents
the real motion of the electron propagating freely throughdontinuum exposed to an external
laser field with a constant momentym(py = p; due to momentum conservation). The phase
term in Eq. (39) is a unique result of the pure quantum-meichdapproach which cannot be
derived from the classical picture.

Eqg. (39) needs to be solved in order to derive the exact cofoHHG. Solving the four-
dimensional integral can be avoided by applying a simplifica The quasiclassical action (see
Eq. (40)) varies a lot faster than the other components afih@e momenDy(t). This allows
the evaluation of the integral ovpronly at stationary points and therefore

OpS(p,t,t") =x(t) —x(t') = 0. (41)

This is a saddle-point equation and thus the method usedataate the integral is called the
saddle-point analysiseq. (41) shows, thafl,S(p,t,t’) is indeed the difference between the
position of the free electron at the tirh@nd at the timé’. Thus, the only trajectories relevant
for HHG are the ones leaving the nucleus at a tthend return at a time The time-integral
can be solved with the same analysis method. Therefore, tthharmonic number q the
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saddle-point equations additionally to Eq. (41) can beiobth
IS(p,t,t) _ (pP—A(t))?

o~ 2 =0 “
SO _ (p-AWE AP 40y (43)

The second term in Eq. (43) can be substituted with Eq. (4B l&st saddle-point equation
Is just the energy conservation law which gives the final gnef the recombining electron,
generating the (2g+Tharmonic with
os(p,t,t/ —A1))?
S P AN B 1= 241 (44)
ot 2

The cutoff law is now derived by using Eq. (41) and (42) to esgp andt in terms of the
travel time1, =t —t’. These results are then inserted in Eq. (43). Finally, thepzgation
of the energy in dependence of the return time leads to thenmgxx energy gained by the
electron. The cutoff law derived with a quantum-mecharaqgdroach is found to be

In comparison to the classical, phenomenological cuteff(see Eq. (17)) the prefactor for the
kinetic energy is the same. However, the ionization po#érginot a stand-alone parameter any-
more. FolUp >> Ip, F (Ip/Up) = 1.32 can be obtained, whereas for increadintie prefactor
approaches 1. Hence, the quantum-mechanical resultdgfghtly by being more accurate.
The reason for this difference is the natural atomic radiuse electron tunneling through the
barrier cannot appear at the origin defined as the centereddtttm. Thus, when the electron
returns to the ion, it can gain an extra amount of kinetic gynéy recombination. This small
amount of energy is taken into account by the prefactor. i@easing ionization potentials the
additional gain of kinetic energy is reduced due to quantiffagion.

It is now possible to discuss one limitation of the cutoffemdions in more detail using the
guantum-mechanical approach. Eq. (16) and (17) imply tHahger wavelength should be
chosen to extend the cutoff to higher energies. Howeverlgeron wave packet experiences
spreading during the propagation through the continuuhyaiag the recombination proba-
bility. The spreading effect increases with longer wavgtha and Schiessl et al. [49] found
a A~° dependence of the conversion efficiency of the process blyiagghe pure quantum-
mechanical approach. Especially for applications likelseg where the conversion efficiency
Is one of the main concerns, this is a major limitation.

The phase of the dipole moment in Eq. (39), which is calledinfr@nsic or atomic phasge
depends on the classical action and therefore on the lemgtte arajectory or quantum path.
For the plateau region two main trajectories play a domimalet [48], as already seen in the
classical treatment. In addition, the atomic phase showesear dependence on the driver laser
intensity [50]. The observable spectrum highly dependsercontribution of the atomic phase
which will be discussed in section 2.2.5.

The predicted dipole response and also the cutoff of the traisremission are the result of
a single-atom treatment. Real experimental observatianslarays affected by macroscopic
effects defining the observable macroscopic conversioaigiity and spectral shape. Due to
macroscopic effects, the cutoff can be lower than thealyipredicted so that the single-atom
cutoff is always an upper limit in experiments.
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2.2.4 Phase Matching

All expressions and formalisms derived in the last sectisage related to a single atom and
its dipole response which is well described with the threg-snodel. However, macroscopic
effects play a major role in an ensemble of gas particless;Tboe needs to consider both the
single-atom response and the propagation effects of thergion medium for a complete de-
scription of the HHG process. For the discussion, a gas ptavi interaction length between
laser beam and generation medium is assumed. The singleHitts process can take place
every half-cycle of the driving laser field. From Fig. 6a ihdae seen that the half-cycles vary
in sign but show symmetry in shape. Thus even harmonics lvamihie observed spectrum for
isotropic media. This can be explained by considering thepmments of the nonlinear polar-
ization of the media in the presence of a strong field (compaye (4)). If the electric field
changes sign, the polarization can only follow this chafgeen harmonics disappear. Hence,
in an conventional HHG spectrum only odd harmonics are Msib

Harmonic radiation emitted at the beginning of the gas jgeernces a non-vacuum propa-
gation length equal to the medium lendth From section 2.2.3 it is known, that the XUV
phase at the time of emission is directly defined by the dgivaser at the time of recombi-
nation. During propagation the photon accumulates othes@ltomponents which lead to a
derivation from the intrinsic laser phase imprinted asahgphase. If a XUV photon is emitted
at a position O< z < L, its initial phase is also coupled to the laser field. If a ghaifference
occurs between the XUV radiation startedat 0 and the laser phaseathe two photons will
interfere either constructively or destructively. The waeector for an optical electromagnetic
wave passing through a gaseous medium is given by [51]

2 2mNan(A)
K3t

The first term is thevacuum terndue to pure propagation through vacuum. The dispersion
due to neutral atoms is expressed in the second tgns(the density of neutral atoms(A )
depends on the refractive index of the atoms ani the central wavelength of the driver
amplifier) and the third term represents the dispersion dtiest free electrons\g is the plasma
density andre = €?/(4mmepmc®) the classical electron radius). The tekgdepends on the
geometry of the system. For geometries where the laseralyffecused into the jet, the Gouy
phase shift determindg using

— NereA —Kg. (46)

d z 1
Kg = a4z arctan(g) o 47)
wherez is the Rayleigh length of the laser beam. It was the appeglsigiple idea of Balcou
et al. [52] to treat the Gouy phase shift as another contahub the total k-vector.
Likewise in a nonlinear laser crystal, best phase matctsrechieved if the k-vectors of the
laser photons and the harmonic photons are identical, witiplies for the §harmonic

DKy = gKaser — kxuv = 0. (48)
The total expression fakky using Eq. (46) and (47) is given by
21 o — 1) q-1
Akg=—q(1— AN — pnNr — , 49
kg =—-0(1~n)pAn— pnNreA ( q - (49)
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Figure 8: Different phase shifts vs. argon pressure in ai2Bdong jet and an intensity of
1.5-10W/cn? (blue, solid), 75-10*W/cn? (green, dashed) and3 10'4W/cn? (red,
dotted dashed).

where the gas pressurepsn bar and the ionization fractiom can be calculated with Eq. (24).
N is the number density of the gas atoms at atmospheric peesdure difference between
the refractive index corresponding to the driver and thexneelated to the XUV is given by
An = ng — nxyy. With the difference of the k-vectors defined in Eq. (49),¢bberence length
L. = 1/ |Ak| can be determined, which is the propagation distance iniwie signal mono-
tonically grows. After one coherence length the harmongétdydecreases until a further phase
shift of rTis accumulated.

With Eg. (49) the different methods for achieving best phas¢ching can be discussed. At
first, the pressure, equivalent to the atomic density, ptagsajor role for the degree of phase
matching [51]. Fig. 8 shows the calculated phase shift witli@asing atomic density. The jet
length is defined to be 250m long and the phase is calculated for different intensitiescan
be seen, for high intensities (e.g5110>W/cmP) a phase shift oftis quickly reached within
7.2 mbar, whereas for low intensities (e.g5 3L0'*W/cnP) a phase shift oft can be observed
only at 31 mbar, which is a factor of 4.3 higher. The corresjy pressures 7.2 or 31 mbar
are the atomic densities where the signal stops to grow roaraally. It corresponds to exactly
one coherence length.

Whether it is possible to reach densities corresponding eéocmierence length depends on
the XUV wavelength of interest and on the gas type used for HH@ harmonic wavelength
and gas type define the absorption length as the secondniinpirameter besides the coher-
ence length. The absorption lendthys is the propagation distance in which the harmonic
energy is reduced by a factor of 1/e. Fig. 9 shows absorptioves for argon and neon at
10.7 mbar pressure and an interaction length of 2mm. Edpeargon shows a tremendous
absorption effect at 38 nm, a wavelength so far used for tbdisg experiment SFLASH [53].
Generally, the HHG process can be characterized into plaaskabsorption-limited HHG. In
absorption-limited HHG, the harmonic signal decreasesreg¢he medium length corresponds
to one coherence length. The origin of the signal reducsamavelength-dependent absorption
of the harmonic radiation in the medium. In this case, amagittconversion efficiency in a long
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Figure 9: Transmission curves for argon (solid blue) anchn@ashed red) at 10.7 mbar pres-
sure and with 2 mm interaction length.

uniform medium is obtained when, > 5L4ps[54]. Absorption-limited HHG can usually only
be observed for lower harmonics [55], for sub-10 fs drivdspsi in neon gas, it can be observed
even down to wavelengths of 10 nm [56]. In phase-limited HHGyever, the coherence length
is much shorter than the absorption length. Therefore, tiggnoof the signal reduction is the
phase mismatch between different emitters. Whether phasdsorption-limited HHG can be
observed depends on the gas type and driver intensity.

The intensity of the focused beam is the second generalgyparameter of the HHG process,
which needs to be discussed. The laser intensity will chémgehase matching condition, be-
cause the ionization rates are directly coupled to themtdatld (note, that not only the phase
matching conditions changes with intensity but also thef€wff the generation process.). For
example, the gas medium can be positioned after the lases facorder to reduce the effect
of the Gouy phase shift to the total phase mismatch [57]. thsucase, the gas jet is in the
divergent part of the beam, which implies a decreasing sitgnrl his leads to a variation of the
phase matching condition due to a reduced ionization ratehak of opposite sign compared
to the phase mismatch induced by the Gouy phase shift.

Finally, there is a third limitation for the HHG process, #ftect of plasma defocussing [58, 59].
The ionization rate is not constant over the transverselerofithe pulse due to the transverse
laser intensity distribution. Usually an enhanced electtensity (e.g. a reduced refractive in-
dex) can be observed towards the intensity peak in the ceritieh results in a defocussing
effect. This influences the phase matching and the lasersityeof the HHG system. Plasma
defocusing is especially important at high generation idiessand high driver intensities.

All these limitation needs to be taken into account for opting the harmonic output and the
harmonic coherence. Mastering these limitations is thed&éytense attosecond pulse produc-
tion and external seeding of FELSs.

2.2.5 Quantum Paths and Coherence

One major result of the quantum-mechanical treatment osihgle-atom HHG process dis-
cussed in section 2.2.3 is the derivation of an intrinsicsghdirectly related to the time depen-
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Figure 10: Pseudo-colour plot of the behaviour of the rexpl intensity vs. intensity of the
45"harmonic. The colour scale gives the magnitude of sucae$iurier transforms of the
harmonic intrinsic phase as a function of intensity. Thi plas been published by P. Balcou et
al. in Ref. [60].
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dent dipole moment. From Eq. (39) it is known that the dipotenment depends exponentially
on the semi-classical actidg{p,t,t’) accumulated by the electron during propagation through
the continuum. The quasiclassical acti8p,t,t’) is approximately equal to the product of the
electron average energy, gained by the electron, and tbegaie travel or return time to its
parent ion. As discussed earlier, the electron averag@gigethe ponderomotive energy. De-
fined already in Eq. (16)J;, is proportional to the intensitiyand to the wavelength a<. This
leads to an intensity dependence of the quasiclassicalnaatid its phase. Thus, the intrinsic
phase can be written as [61, 62]

@op~Up- Ty~ —adl (r,1). (50)

Under the assumption that the atomic potential is insigaifiégn comparison with the strong
electric field of the driver lase§(p,t,t’) represents the free electron motion in the continuum
and hence its trajectory. The electron trajectories aratisols of Newton’s equations for a
classical electron in the presence of a laser field (comgateos 2.2.2), and the initial condition
is determined by the three saddle-point equations (41)): (#8e third saddle-point equation
(Eq. (43)), which ensures the energy conservation, dobsirabt have any solutions for real
tunnel timest’. Therefore, all solutions of the saddle-point equatiorss @mplexquantum
paths The classical trajectory can be treated as the real paheajaantum path. However, in
the following, expressions such as trajectory and quantatim @re used equivalently.

The trajectory character is imprinted in the travel tirgén the first relation of Eq. (50) (where
j indicates the specific quantum path and g the harmonic prdée second relation includes
the linear dependence on the intensity. The charactefatithe trajectory is expressed with
the constantxd, which is approximately proportional to the travel tim&sfor the d" order.

It implies thatag is always smaller for the short trajectories tha(b for the long quantum
paths. It can be determined by a method corresponding toeaftimguency analysis. This is
possible due to the similarity between the exponential deeece of the dipole moment on
the intensity and the time dependence of a multicompongrdrentially decaying signal [60].
Therefore it becomes possible to apply a window functiotiregiout a range of intensities and
to perform a Fourier analysis. This is wlzu;é1 is also called theeciprocal intensity Fig. 10
shows a colour map of the reciprocal intensity in dependefdke intensity, calculated and
published by P. Balcou et al. [60]. The determination of therles components has been done
for the 48 harmonic. An appealing result of Balcou’s plot is the expladminance of two
branches merging into one column at low intensities. Thigioms quantum-mechanically that
the concept of two major trajectories as potential pathsiwibne half-cycle of the laser electric
field in the plateau region of the spectrum is correct. TH8héBmonic is shifted towards the
cutoff with decreasing intensities until the two branchesge into the cutoff trajectory with a
travel time of 065T. From these calculations one can deduce the approximatbarsrfor the
reciprocal intensity for harmonics in the deep-plateaioregyiven byag ~ 1-10~rad cnf/W

andaj ~ 24- 10~ rad cn?/W [60, 63, 64]. In the cutoff region, as stated before, these

trajectories merge into a single trajectory, characterizgas """~ 13.7- 10-24rad cn?/w.

In conclusion, the competing quantum paths contribute ditierent phase to a single-atom

dipole moment. Hence, by being approximately equal in gtierthey are not phase-matched
at the same conditions [65, 66]. As a consequence, the dexprassion of the phase mismatch
Ak given by Eqg. (49) is not complete if the concept of differelecéon trajectories is not taken

into account [50]. The phase mismatch which needs to be naesifor true phase matching
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with the inclusion of the intrinsic phase is given by
OPy = /Akq(z’,t)dz’ +garctaniz/zg) — aéj)l (r,t), (51)

where the first term is the phase difference due to dispeddiorutral atoms and free electrons
with opposite sign. The second term is the dispersion terthisgeometry of interaction and
the final term is the intrinsic phase with its dependence errtjectories. The total phase mis-
match is therefore given by the sum of the atomic phase fdr ggantum path and the phase
mismatch due to propagation in the mediufik & AkgPJrAkprop), whereby the propagation
phase is typically dominated by the plasma dispersion dire¢celectrons in the limit of strong
ionization.

By controlling focusing, medium density and laser energy fiassible to approximately com-
pensate for the phase mismatch of the desired quantum paithreBults in a significantly dif-
ferent coherence lengths for the two trajectories, whitdwad a high degree of quantum path
control [67, 68]. Such a control is desirable, because tlagapspectral and temporal prop-
erties of the harmonic radiation rely intrinsically on tledative weight of the path-dependent
contributions. In particular, the atomic phase has a stiofigence on the temporal, spectral
and spatial coherence properties of the generated XUV ik 69], which is imprinted in
the observable spatially resolved harmonic spectrum [6,777].

In order to afford a more detailed description of the trageceffect on the different coherence
properties, the termoherencdor higher order harmonics needs to be defined. The degree of
coherence of a beam is based on the correlation betweemtipertal variations of the electro-
magnetic fields inside this beam [72]. The complex degresmbérence for two points inside
the beam corresponding to the complex field amplitugieandE; is given by

B1o(T) = (E1(t+ DB (1)) (52)

(e (k)

The angular brackets stand for a time average over the hamatse. The modulus of this
equation is commonly known as thikegree of coherenceTemporal (and therefore spectral)
coherence can be deduced by applying Eq. (52pfeft), whereas spatial coherence can be
described by 2(0).

Spatially there is another aspect besides the degree ofaradeewhich is also very important
for FEL seeding - the quality of the beam’s wavefront. The @feant quality is not identical to
the degree of spatial coherence. Coherence is always rétathd correlationn time of two
fields emitted at two points at the timeHowever, the spatial beam quality dependends on the
wavefront quality and therefore on thadial variation of the driving laser intensityr,t). A
Gaussian or any other kind of radial distribution will leadat changing intrinsic phase accord-
ing to Eq. (50), which results in a curvature in the phasetfrGtearly, the larger the reciprocal
intensity the bigger the effect on the curvature. This makdsmrmonic beam with a large
contribution from long trajectories highly divergent. Hen the phase front curvature of the
short-trajectory contribution is smaller than that for kveg-trajectory contribution resulting in

a reduced divergence and therefore a dominant long-taaecontribution in the outer region.
The relative difference between the divergence of shoddamg-trajectory radiation can be es-
timated using the geometrical approximation. This leadsr&ation 0of®, /Os= a;/as~ 24/1.

In real experimental conditions this difference is a bit Benadue to the fact that for the short
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trajectory, the main driver for the angular spread is thiatifion limit3. The small distortions
in the intensity profile, always present under real condgjcare basically irrelevant for short
trajectories but are important for long trajectories, vate dominant in the outer region of the
XUV beam. As a result, th&1? parameter for the full harmonic beam will be always greater
than one, sometimes even in the order of 30 [73, 68]. In thégcanly if the center of the
harmonic beam is filtered out)2 ~ 1 is achievable. This effect is enhanced at high intensity
and high pressure setups. In these cases, the dense plas®aa baavy distortions of the radial
intensity profile and therefore to a fast varying intrinsi@pe for long trajectories.
In terms of spatiatoherencethe plasma-induced phase shift due to the plasma dispéssio
the focus of the discussion. Two points in space need to beechior calculating the degree of
spatial coherence with Eq. (52) (for example comparing #rdar and a point in the outer part
of the harmonic beam). For high pressures the plasma-indeféects on the degree of coher-
ence is not negligible anymore with the plasma density baifighction of the radial intensity
distribution. In the case of a Gaussian laser pulse, theation induced phase shift is higher
in the center and lower in the outer region of the spatial [@ofThis leads to a decorellation
between the center field and the fields in the outer region amdéhto a reduced degree of
coherence.
From Eq. (51) it follows that the dynamically induced insic phase results in a dynamic phase
matching dependent on the intensity profile. Témporalprofile of the intensity (r,t) is there-
fore considered for the temporal coherence. Generallghtotime-dependent amplitude of the
harmonic radiation (e.g. the temporal profile) the phasehiag conditions are very important.
For conditions where the peak of the time-dependent inieleads to best phase matching for
either the short or the long trajectory, the temporal camegeand profile of the harmonic beam
are excellent, because no large intensity changes arenpiasthe tip. As soon as best phase
matching is achieved at an intensity below the peak, the eeahprofile and the coherence can
be highly distorted due to the influence of the intrinsic ghesrresponding to the slope of the
intensity change [72].
However, for the determination of the temporal and specoflerence of the harmonic ra-
diation, the harmonichirp comes into the focus of interest, because the effectivetigpec
broadening due to the intrinsic phase cannot be explaineglately by the temporally vary-
ing harmonic intensity profile. Moreover, it is the varyirgnporal phase, that is responsible
for perturbation effects in the spectrum. Note, that thigrtamic chirp is not identical with
the atto-chirp, which is an intrinsic chirp deduced from $iregle-atom response (see section
2.2.2). The harmonic chirp is a macroscopic effect of phastehing. The time variation of the
driver intensity induces a change in the instantaneousiénecy (e.g. a chirp) which is given as
0P (1)
Awj(t) = B (53)

As a consequence, spectral broadening can be observedgenriations of the dipole phase
with intensity. This is equivalent to a reduction of the degof temporal coherence. To estimate
the difference of broadening between short and long trajed, the chirp can be calculated
with the values for reciprocal intensity given above:

Aw(t)  a-(0I(rt)/dt)  a

Be(t) ~ as-(AI(L)/at) as~ 2* (54)

3A beam isdiffraction limitedwhen the product of the spot size at the focus and the diveegisrof the order
of the wavelength.
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The spectral broadening seems to be a factor 24 higher fdonigetrajectory radiation (which
corresponds to a factor 24 reduction of the coherence Igngtibwever, similar to the discus-
sion on spatial coherence, the short trajectory conteious not dominated by the dipole phase
but by the spectral bandwidth corresponding to the Fourret. I Thus, the difference in spectral
broadening is more in a range from 10 to 20 depending on tlee jagse conditions [62]. As a
conseqguence, the presence of long trajectories can belglseen in a spectrum where spectral
broadening and interference only occur if the excellentecehce of the short-trajectory radia-
tion is perturbed.

For experiments relying on a high degree of coherence and<gmilike spatio-temporal pro-
files, an ability to control the weight of the two competingagtum paths is very advantageous.
Intensity variations from cycle to cycle can be expected ashof the current-day HHG exper-
iments. The highest coherence of the harmonic beam is blesvad by the selection of the
short quantum path. One possible method to achieve a higlee®d coherence is to select
only harmonics near the harmonic cutoff corresponding t@jadtory length of 0.65T, where
the two quantum paths become degenerate. The significatlyced efficiency at high har-
monic orders near the cutoff makes this approach undesifadain a perspective of efficient
harmonic generation, although it provides a convenierterfir generating isolated attosecond
pulses [74]. In the spectral plateau region, spatial filgof the harmonic beam could improve
the M? value by filtering the outer part dominated by the long trwjec However, it needs to
ensured that only the short trajectory is phase matched isn &kis can be done by apply-
ing moderate densities and intensities. Note, that by obimty the tajectory contributions on
axis with the laser intensity or gas pressure, the harmdfimency changes with the inten-
sity by E,, 0 1°~7 (due to the tunneling rate without depletion), whereas #ymeddence on the
particle density is given bi? in the phase matching regime, whétés the number of particles.

2.2.6 Quasi-Phase Matching

In the case of phase-limited HHG (e.g. absorption plays amivle), the phase shift within the
interaction length exceedsor even higher orders of the coherence length. This leadsdit o
lations of the harmonic yield with a period afp = 2T as shown in Fig. 11a. The brightness of
the generated XUV pulses can not exceed the value achiewedeatsity corresponding to one
coherence lengtiNmay. The normalized densiti, = Na/Nmax corresponds to the number of
coherence lengthls; with the atomic densit\N,. For efficient HHG it is desirable to enhance
the brightness of such pulses resulting in a harmonic iftiehggher than that alNyax. In this
sense, achieving absolute and independent phase cortin@dremultiple harmonic generation
zones represents a major advance for HHG sources. It willvatihe coherent superposition
of multiple sources created by the same laser - an approanmoaly known agjuasi-phase
matching(QPM) [75]. Unlike true phase matching, where the phasec#gi@f the driving
field and the harmonic field must be equal, quasi-phase nmgtehiows the coherent build-up
of harmonic radiation, especially if true phase matchinghod be achieved. This is particularly
important for the optimization of other critical HHG paratees, for example the cutoff pho-
ton energy given by Eq. (17). Thus, shortest wavelengthsdrctitoff require high intensities
leading to a high ionization fraction. However, for high imation fractions the dispersion is
dominated by the free electron dispersion and true phasehimgtcan no longer be achieved
over the complete interaction length. Under such condsti@®M is generally accepted to
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Figure 11: a) Harmonic yield oscillating due the phase misman dependence of the normal-
ized densityN, = Na/Nmax b) Schematic of the QPM concept with alternating genemaiod
matching zones. c¢) Harmonic yield witopm = 10 in the focus of a Gaussian beam. Phase
matching is assumed to be ideal for all cases and the meditends<over one Rayleigh range
centered at the focus. Ideal QPM (no absorption and full datun depth, black line) results
in rapid signal growth. For comparison QPM with a sinusoid&énsity modulation of 4% is
shown without absorption (dashed red line) and with absmr@ssuming a medium with two
absorption lengths (dashed blue line).

be the only option to achieve coherent signal growth aloregntiedium and hence to achieve
high brightness and high conversion efficiencies. In the cd$1HG, QPM is typically imple-
mented by allowing the signal to build up over one cohereewgthlL; = 11/ |Ak| (the HHG half
period) and subsequently suppressing HHG for another eabelength (the matching half pe-
riod), until the driving field and harmonic field are again inagse (see Fig. 11b). Since the
harmonic intensity oN atoms emitting radiation coherently increase®lasthe superposition
of Nopm identical HHG sources will increase the intensity of t#hgrmonic adq [ (NQpM)2
under ideal conditionsNgpwm is the number of QPM periods consisting of a generating and a
matching half period).

QPM can be achieved by any means that allow modulation ofdbece term strength. Fig.
11c shows such a modulation for 10 QPM periods positionedarfdcus of a Gaussian beam.
The generating medium has a length equal to the laser Raylaigfe. A permanent increase
of the harmonic yield with constant signal during the matgralf period can be observed for
perfect phase matching (e.g. between the generation zgptessa shift ofit is assumed) and
a sharp modulation of 100%. For a sinusoidal modulation withodulation depth of only 4%
there is still an increase in the signal but folded with phassllations showing a peak for odd
numbers of the coherence length. This nonideal signal grasweven reduced when the effect
of absorption is included. Hence, the reduction in the digrawth due to nonideal modulation
depth and also due to absorption can be very substantial.

The modulation of the source term can be achieved with diffemethods, modulating either
the driving field or the generating medium. By modulating theidg field, the intensity should
be below the threshold intensity for HHG in the matching znehereas highest intensities
should be reached in the generating zones. This was shoverieentally with modulated
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capillary diameters [75, 76] or multi-mode beating in a dapy [77, 78], by using counter-
propagating pulses [79] and by polarization gating [80]teAlatively, the atomic density of
the generation medium can be modulated [68, 81] either usinigple jets [82, 83] or by a
capillary discharge [84]. These approaches have beenyhgdfieictive for the validation of the
QPM principle for HHG. Nevertheless, there is still room fimprovement in terms of appli-
cations beyond short term measurements and in terms ofvaudpigignal growth close to the
ideal (Ngpm)? scaling.

The trajectory dependence of the phase mismatch due tottiresiao phase contribution leads
to effective control of the relative weight of the two quamtpaths. By varying the phase in
the matching zones, tuning to best on-axis phase matchimpdoshort trajectories becomes
possible. This results in a spatially and temporally coheharmonic beam well suitable for
FEL seeding. This ability of quantum path control with QPMs lieeen experimentally shown
for the scheme of counterpropagating pulses [85] and thieallg predicted for a modulated
density using a multijet array [81].

2.2.7 Attosecond Pulse Generation and HHG

With the growing number of groups involved in the HHG resbarore and more features of
the harmonic radiation could be revealed. One fascinatimdjrfg was the fact that harmonic
radiation in the time domain can be understood as trainsto$edond pulses [86, 87]. Just
as sub-picosecond or femtosecond pulses have led to thieingsof different processes on
molecular scale, attosecond pulses will enable new ex@ittisrio resolve electronic dynamics.
The microscopic HHG response, however, does not generatdeuattosecond pulses [88],
which is surprising due to the fact that the optical halflegoof the driving field, responsible
for harmonic emission, can be considered to be on a natunal $cale close to the attosec-
ond regime. However, from the previous discussions it issknthat for any energy below
the cutoff there are two main quantum paths correspondirtiffierent ionization and return
time pairs but leading to the same return energy. Hence atthatron consists of at least two
overlapping bursts of attosecond pulses per optical haliecso that no clear periodicity can
be extracted. Usable attosecond bursts are therefore ohigvable at the cutoff, where only
one burst per half-cycle is present, or by taking advantdgeaxroscopic effects which are
intrinsically present in real experiments. At the detedioe harmonic radiation is the coherent
sum of all radiating atoms including phase matching effetttdoecomes clear, by including
the macroscopic effects attosecond pulses are not irdalhgsigenerated within the process of
HHG, but rather within duningprocess. The ultimate goal of an optimized attosecond sourc
is the detection of isolated pulses (for very short drivelsps with just a few optical cycles)
[89] or trains of distinct attosecond pulses (for longevelripulses) [87].

For a single attosecond pulse production the harmonictradiaeeds to be gated or filtered in
space, time and frequency. This is actually not surprigdegause the previous sections already
discussed the influence of the competing trajectories ordherence properties. These prop-
erties are directly related to the periodicity of attosetpulse trains. This periodicity, which
leads to distinct pulses, can be achieved by the selectittreahort trajectory harmonics by co-
herently control the phase between successive sourcedditioa, spatial filtering can be done
in the far field to block the highly divergent part of the lomgjéctory. Spectral filtering is also
necessary, because only a broad band section of the spexrutead to short intense pulses.
Note, that with this knowledge the harmonic spectrum candmesidered as pure interference
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of attosecond pulses within a pulse train which forms thenoaic radiation. Isolated attosec-
ond pulses achievable with very short laser pulse$ {s) can only be produced if the carrier
envelope phase (CEP) of the driver field is stabilized. Thalrésa continuous spectrum for
high harmonics due to constant phase relations betweemageddursts [90]. As soon as the
phase is random, interference will again lead to a distipetsum with only odd harmonics.
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3 Seed Source Implementation at FLASH2

In this chapter the FLASH facility at DESY Hamburg and thegdrof-principle experiment for
XUV seeding at FLASH is presented in the first sections. Thfsliowed by an introduction to
the new FEL FLASH2 which is currently under constructioneTast sections incorporate per-
sonal contributions concerning the source implementatmhseeding diagnostics. It includes
first concepts for the injection scheme as well as a concepitéoseeding diagnostics. A major
concern within this work was the development of a new XUV $qmeoeter as a source diagnos-
tic tool. In the last section, seed requirements are defred simple GENESIS simulations
[10].

3.1 The Free-Electron Laser FLASH

5 MeV 150 MeV 470 MeV 1.2 GeV

GUN
CE)—EV&D\D.%D&\D&H " sFLASH SASE-Rad
EF = R o P R
3HC BC BC EC

Figure 12: A schematic of the current design of the FLASH F&ih. electron bunch is formed
by photoemission of a G$e photocathode with a 262 nm laser pulse (injector lasdm. third
harmonic cavities (3HC) are used to linearize the phase gatéution leading to a quasi-
Gaussian temporal bunch profile. The linear acceleratddA0) consists of 7 acceleration
modules and two bunch compressors (BC). An energy collim&@) (s used to limit the
energy spread before the electrons enter the undulatooséSIASE-Rad). The FEL pulses are
finally transported to the experimental hall (EXP).

Free-electron lasers, such as the free-electron laser mmbHi@y at DESY (FLASH, see Fig.
12), deliver intense coherent radiation within a wavelanghge down to soft X-rays. With the
start of user operation in 2005 [91], FLASH became a powedhil for various experiments in
material science [92], ultrafast dynamics [93] or biol@jiesearch [94]. The 315 m long FEL
consists of 7 superconducting acceleration modules wtdchlarate the electron bunches to a
maximum energy of 1.25 GeV, allowing SASE-lasing from 4.4%0 nm in the fundamental
[95]. Recently, a fundamental wavelength of even 4.1 nm has demonstrated [96]. The ac-
celeration takes place in the resonator cavities, in whicélectric field oscillates as a standing
wave. The frequency of this standing wave is 1.3 GHz whickmieihes the timing of the entire
FEL. Considering the electric field as a sine wave, the elastred to be injected such that
they coincide with the part of the field where an efficient ggeransfer from the field to the
electrons is possible. The electron experience therelsleedion.

The peak current of the electron bunch needs to be in the rank#goamperes for the FEL
operation, which makes bunch compression at relativistergies necessary. If the center of
the relativistic electron bunch coincides with the risitgpg of the accelerating electric field
and not with the peak, electrons at the head of the bunch sseeleergetic than the ones at the
tail, after passing an accelerator module. Consequently,simbsequent magnetic chicane the
less energetic particles follow a longer trajectory thandlectrons with higher energy leading
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to a net compression of the electron clbués a comparison, bunches accelerated at the peak
of the sine-like field experience no compression due to thenloang character of the energy
chirp distribution. In this case, one half coincides witle tiising and the other half with the
falling slope of the accelerating electric field. Thus, th® thalfs of the longitudinal charge
distribution has energy chirps of opposite sign.

FLASH can operate in two different modes allowing XUV pulsgations from 10 to 200fs
(RMS). The short pulse operation mode takes advantage obthleearity in the longitudinal
phase space caused by the sine-like electric field in thdeaxater cavities. As discussed be-
fore, bunches accelerated at the rising edge of the actiatpedectric field leave the cavities
with an intrinsic energy chirp. The energy chirp can be elgubto be nonlinear because of the
nonlinear (sine-like) shape of the field. Thus, the bunchm@ssors produce a non-uniform
charge distribution with a high peak ahead of the electrarchdollowed by a long low charged
tail. The high current peak is the only part of the bunch iaedlin the FEL lasing process and
can lead to FEL pulse lengths down to 10fs (RMS). A disadvantdghis operation mode is
the asymmetry in the longitudinal bunch profile which makesdictions of beam dynamics
and FEL properties complicated and requires sensitive lmbagmostics. However, this draw-
back does not affect the overall performance of FLASH. Thaglenof operation is very well
established if short FEL pulses are required. The long polsde relies on a linear energy
chirp within the electron bunch, which can be achieved whihdtharmonic cavities operated
at a frequency of 3.9 GHz. These cavities are implementexd tfe first acceleration module
behind the electron gun in order to linearize the phase sgstebution. Together with the
magnetic chicanes this produces a quasi-Gaussian lontaiuglectron beam profile generat-
ing FEL pulses with a duration of up to 200 fs (RMS) [98].

The energy spread accumulated during the acceleration@ngression needs to be limited,
before the electron bunches are used to produce high ittaasiiation. This is done by an
energy collimator: a dispersive section with dipole magret deflecting elements. Likewise a
bunch compressor is a chicane, it transfers an energy cttoispatial chirp. Electrons with
the largest energy deviation from the reference energy @arelocated within the outer part of
the dispersed bunch and by simply inserting copper blockslaation of the energy spread can
be achieved. The deviating electrons are simply removedbbgration. However, the expected
energy spread ot1% from the accelerator [99] is smaller than t8% acceptance of the
collimator [100] so that no manipulation is necessary ustiendard operation conditions.

The FEL radiation is produced in a 30 m long fixed gap undulatith permanent magnets.
The standard operation of the FEL relies currently on thelSp®cess (see section 1.2). Char-
acteristically, the SASE amplification starts with spometaums light emission (shot noise) of
the electrons passing through the alternating magnetseafinldulators. As discussed in sec-
tion 1.2, the spontaneous radiation, experiencing a digpa the electron packets, imprints a
modulation in electron bunches, which leads to the fornmadioa micro-bunch structure in the
nanometer regime. This small-scale density modulatioespansible for the coherent lasing
process within the FEL. The start-up of SASE from a stochgstcess leads to shot-to-shot
fluctuations of the produced radiation in terms of pulse gydemporal and spectral distribu-
tions [101]. In addition to the stochastic effects on the Hfileg radiation, another undesired
effect is the large arrival time jitter of the XUV radiation the FEL experimental hall. This
effect occurs mainly due to an uncertainty in the arrivaktiaf the electron bunches. This re-
duces the temporal resolution for pump-probe experiments100 fs (RMS), thus limiting the

4A detailed description of the compression process can bedfouRef. [97]
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precision of these measurements. A better resolution sfdéfs can be achieved with timing
electro-optic sampling methods to measure the pulse &tiva [102, 103] or adopting precise
synchronization schemes [104].

A promising method to improve both the longitudinal and $@@a@oherence and the timing
performance of the FEL is direct seeding via high harmonitegation (HHG) driven by an
infrared laser in a noble gas [5]. In this case, the FEL prodegs not start from noise but from
a defined external seed source which transfers its propedithe FEL pulse. The precision
of pump probe experiments will be dramatically increasestanise accurate synchronization
between a separate pump-probe laser system and the dre@aylaser amplifier is already
possible with a precision of 10fs [104, 105]. Seeding will make the FLASH pulses more
comparable to a table-top laser pulse, in particular in $eofrits temporal stability and coher-
ence. Given the soft x-ray wavelength regime in connectidh tigh repetition rates (up to
1 MHz) and high pulse energiegJ-level), this will open up a new field of applicabilities for
this FEL. A feasibility study for FEL seeding at FLASH is cently ongoing with the experi-
ment SFLASH [53, 106]. The sFLASH driving seed laser amplifself is used as pump-probe
laser system leading to intrinsic synchronization betwmenp and probe beam as described in
more detail below.

A new undulator beam line, FLASHZ2, is planned to incorporege developments for FELs.
It shares the common linear accelerator (Linac) with FLASId aonsists of a new undulator
section and an experimental hall [107]. This FEL will be ardaeility with SASE and seeded-
FEL operation mode. FLASH2 will be described in the thirdteacwithin this chapter.

3.2 Seeding at FLASH - The sFLASH Experiment

The seeding principle was first experimentally demongtrateéSCSS in Japan [5]. More seed-
ing experiments are currently set-up, for instance at SPARErascati at 401 nm [108], at
SCSS at 61.5nm [109] and a proof-of-principle seeding erpant is also installed at FLASH
(SFLASH) [53]. The aim of the sFLASH experiment is to measseeded FEL pulses in the
XUV regime below 40 nm for the first time, which is theoretlggbredicted to be possible
within the parameter set of the FLASH Linac. To approach hwetsvavelength regime, seeded
operation will be first shown at 38 nm (Zharmonic of the 800 nm driver). If successful seed-
ing can be demonstrated in this configuration, it will bedoled by a test at 13.1nm (81
harmonic). In Fig. 13 a schematic of the experimental lapdst-LASH is presented, consist-
ing of a harmonic source, driven by a 10 Hz, 50 mJ, 35 fs CPA kssem, a 10 m long variable
gap undulator section and an experimental station. The Hbi&cs consists of a 20 mm long
gas jet. The target position can be varied with respect tdata position of the driver laser.
Argon is used as HHG medium for efficient wavelength conegrsp 38 nm, whereas neon is
more adequate for 13.1 nm. The beam line system was coredricconly transport the 24(or
61%Y) harmonic to the undulator, which can be tuned to the reduizeonance wavelength. The
undulators are variable gap undulators to be more indeperadeéhe Linac parameters (e.g.
electron beam energy).

Currently, the experiments at 38 nm seed wavelength are nggdhe XUV beam is injected
into the beam line with a transmission efficiency of about 5% th numerous mirrors required
because of geometrical constraints in the FLASH tunnel J1The HHG process delivers a
maximum of 2 nJ harmonic energy within theS2arder, which results in a seed energy in the
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Figure 13: Schematic of the seeding experiment SFLASH (eeurof R. Tarkeshian). The
XUV seed beam generated by HHG in a noble gas is injected n&té-EL by several mirrors
reducing the harmonic energy to about 5% of its original @alAmongst others, a modu-
lator/radiator setup is used to find the longitudinal oyer{feO) and several screen stations
equipped with CCDs provide control of the transverse posiialectron and XUV beam. The
12.2 m long undulator section is followed by a mirror chambsed to guide the seeded FEL
radiation into an experimental hutch. The FEL beam can bedefl into a XUV spectrometer
at the extraction beam line for spectral diagnostics.

FEL of at least one order of magnitude below the initial epeAs discussed in section 1.3, a
key challenge of the seeding operation is the successfdbp/eetween the electron bunch and
the XUV seed beam in the six-dimensional phase space. At SIFL#ke transverse overlap is
achieved with several diagnostic tools distributed aldregdFLASH section to control the ab-
solute position, propagation angle and divergence of tiedisams. The electron beam position
and dimension are measured with beam position monitors (BRM)| and optical transition
radiation screens (OTR) [112]. Furthermore, Cerium-dope@® ¥Aystals are used for the XUV
beam position and size measurement.

In addition to the transverse overlap, the longitudinalifpms (or timing) of the seed beam and
the electrons needs to be matched within a certain precisitis precision depends on the
duration of the electron bunch, because the XUV beam israti@t (about 15 fs FWHM). To
relax this requirement, SFLASH will only operate with th&dhharmonic cavities to ensure a
minimum bunch length of 100fs (RMS). The timing overlap isiaeld in three steps [113].
Firstly, a photomultiplier or photodiode is used to deterenthe overlap within a precision of
1ns. This technique is well known and frequently used inrlagstems. Secondly, a streak
camera is positioned near the FEL beam line detecting th#ivellongitudinal position of the
infrared pulses of the HHG driving laser and the synchroligirt emitted by the electrons pass-
ing a short undulator (the modulator, see Fig. 13) rightrdfte injection mirror chamber. The
precision of this measurement is about 1 ps. Finally, fortéesmcond precision, a second small
undulator (radiator), which follows the modulator, uses shhme concept as the optical replica
experiment, which is described in Ref. [114]. If coherenbligmission at 800 nm is detected
from the radiator, the overlap of seed and electron beanmhiewaed within a few fs precision.
Presently, no signal enhancement of the FEL radiation dse¢ded operation could be ob-
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Figure 14: Layout of the future FLASH facility. The FLASH2 EBeam line shares the same
Linac as FLASH1. FLASH2 is planned to operate at wavelenbéta/een 4-80 nm in SASE
mode or 10-40 nm in direct seeding mode. An extension to shegeded wavelengths is
planned. (OPCPA: optical parametric chirped-pulse amptib, XUV: extreme ultraviolet,
OM: optical monitor)

served [53]. All diagnostic tools are well tested and consinised. Problems are caused by the
low transmission efficiency of the seeding beam line but bisthe inflexible focusing optics
offering only three distinct focal lengths. The resultiregd energy losses due to poor coupling
to the electron beam could be minimized with an adaptivecapsystem. Such a focusing
mechanism is planned for the next upgrade. With completswexse overlap, the total energy
of the harmonic beam present in the undulator section wosllddupled to the electron beam
so that 5% (0.1 nJ) of the source energy contributes to tréiregprocess. However, harmonic
energies below 1 nJ will lead to a high shot noise pedestalarsignal and thus a poor contrast
between seeded and un-seeded FEL radiation [115]. Theyeoeunpled to the electrons was
estimated to be 10 pJ at sSFLASH which results in a contrasteébout 1.3:1 between seeded
and spontaneous FEL radiation [113]. This is almost imfdsgo detect. To improve the
contrast between the seeding pulse energy and the shotafdlse FEL, higher seed energies
are additionally required. However, this brings convemticone-jet, absorption-limited HHG
sources to its intrinsic limit.

3.3 The new FEL Beam Line FLASH2

A new undulator beam line will be implemented in the FLASHiliscto extend the usability
of the FLASH FEL. This is necessary due to higher demands etd&am characteristics and
a permanently increasing number of user beam time requesitsh cannot be covered by the
FLASH FEL inits current design. Because the FLASH tunnel dagsllow an easy extension,
a new tunnel is necessary and the construction has alreaaydbarted in summer 2011. An
overview about the most important features of FLASH?2 isoiwkd by a deeper understanding
of the implementation of a HHG seed source. The implemamtatoncepts were developed as
part of this PhD. The last section deals with the requiresyémtseeding FLASH2, which has
been gained by simple GENESIS simulations [10].
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3.3.1 General Information

A schematic of the new FLASH facility is shown in Fig. 14. A FRlith SASE and seed-
ing operation mode is proposed depending on the user’s seqaeASH2 will share the same
acceleration structure as FLASH (will be named FLASH1 inftil®wing) and will thus be op-
erated with the same electron beam energy. The separakies péace right before the energy
collimator with a fast dipole kicker. Two kicker schemes aomsidered. The first operation
mode would deflect every second bunch train into the FLASH#vbkne, leading to a reduced
burst repetition rate of 5 Hz by maintaining the bunch rejmetirate within the train. A second
operation mode would divide the bunch train into two partgcivizonserves the burst repetition
rate of 10 Hz. The new beam line tunnel has a thick wall sepay&lL ASH1 and FLASH2.
This allows separate maintenance of the FEL lines and fliexapéeration.

The bisection between the two tunnel sections is followednlayching diagnostics and a chi-
cane for the HHG seeding injection mirror chamber. After itiegnetic chicane, a small un-
dulator will be installed to control the longitudinal ovapl between the XUV seed pulse and
the electron bunch. FLASH2 will have variable gap FEL unthrwith an undulator period
of 31.4 mm. The FEL wavelength of FLASH2 can thus be chosesigudependently of the
electron beam energy used to tune the FEL wavelength at FUA$HRe undulators are config-
ured for SASE operation from 4 to 80 nm. Helical undulatarg)lemented as an add-on in the
beam line, will offer the possibility to change the polatiaa of the XUV pulses.

The direct seeding via HHG, however, will cover a wavelerrgtige of 10-40 nm. The restric-
tion to this regime is due to the HHG conversion efficiency andhbility of an XUV source.
So far, adequate efficiencies (L0~%) and stable conditions can be expected for wavelengths
only above 10 nm with the source concepts under developnseet fection 5). The wave-
length regime can be extended to shorter wavelengths asasobetter results concerning the
conversion efficiency can be achieved. Direct seeding wiflase strict requirements on the
whole system concerning beam transport, diagnostics azuch Ineanipulation. The quality of
the seeding process relies almost exclusively on the XUVcsodriven by the IR laser system.
Therefore, the development of an amplifier system and a HHi@&spmeeting all requirements
of a seeded FEL such as FLASH2, is the major concern of thdirsg@roject.

As a second option, besides direct seeding with a HHG sohiglks;gain harmonic generation
(HGHG) stages can be implemented in the beam line [116]. Ikerscheme a 200 nm laser
beam modulates the electron bunch in a first undulator (naoi)l In a dispersive chicane
the energy modulation is transferred into a density modwiawhich results in FEL radiation
within the next undulator (radiator). A higher harmoniclubtFEL radiation can then be used to
seed a second HGHG cascade. Additionally, echo-enableddmés generation (EEHG) could
be a third option to improve the characteristics of the FEliaton [117]. This scheme would
also require further undulator cascades with magneticaciais. The advantage in comparison
to HGHG is the lower field amplitude needed for bunch modatatirhe EEHG scheme is still
in the development phase. However, a proof-of-principlpeeixnent was already performed
demonstrating successfully the physical effects of EEHGB]1This seeding scheme could be
implemented at FLASH2 at a later stage.

3.3.2 Injection Scheme for direct HHG Seeding

A flexible configuration of the XUV seed injection scheme ice&sary to ensure adequate
overlap within the six-dimensional phase space. The seks@ pull be coupled into the FEL
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Figure 15: Injection scheme for the HHG seed radiation. & djptical laser pulses (800 nm)
are transported from a laser laboratory located next to Eietinnel. The focusing takes place
in the first HHG setup chamber. The focused beam produces Xadition in a HHG gas target
which is then imaged into the FEL passing a focal and a planaom The focal mirror can
be removed for spectral diagnostics. b) Plasma side imagegagsi-phase matching multijet
array seeding target with 6 Argon jets (see section 5).

at a position approximately 9 m from the first SASE undulatdrance using a dispersive chi-
cane (see Fig. 15). The magnetic chicane deflects the atectired a mirror can be inserted
in the beam path without disturbing the electron beam. Thedipg magnets are modified
electro-magnetic CV15 dipoles from the old accelerator HIEtRA (at DESY). The pole plate
is 300 mm long and the coils each have 1332 windings. The elipoke was rebuilt such that
an electron deflection of 12 mm can be achieved within 1 m gathth without saturation.

For direct seeding the saturation length of the FEL will bersdr than for SASE. In addition,
so far, seeding is not planned for wavelengthd0 nm. Therefore, in seeding-mode the first
FEL undulator gaps will be fully open, not contributing teetlasing process. The increased
distance to the first radiator allows moderate focusing efstted into the FEL undulators with
an adequate overlap within one or two gain lengths. The pgaierlength of the FLASH2 FEL

is 1.0-0.5 m for the wavelength range from 10-40 nm.

The seeding setup is a complex installation with a drivirggefesystem, a gaseous HHG target
and infrastructure for beam transport and insertion ikdREL. The HHG seed driver amplifier
will be located in a laser laboratory directly connectedi® mew FLASH2 tunnel. Right after
the last OPA stage, the laser pulses are transmitted intewuwachamber. In this chamber
final compression will ensure the pulse length of 10-15 fsireqgl for efficient HHG and FEL
seeding. The compressed optical pulses will be transptotdee HHG chamber via a vacuum
pipe crossing the controlled area of the FLASH1/2 junctidhe laser pulses enter the HHG
chamber with p-polarization which is necessary for the FE&déing process, because of the
horizontal oscillation plane of the electrons in the unthuis The first chamber in the FLASH2
tunnel will contain an off-axis parabolic mirror optimizéor an angle of 90. The mirror is
mounted on a motorized x-y-z-stage to remotely control flgnment. The laser is focused
into a noble gas target located in the following interacttbiamber equipped with an efficient
pumping system and a dual-gas XUV source for high-order baitrgeneration.

The HHG radiation propagates at an inclination angle°’db@he electron beam pipe for about
2.5 m to a mirror chamber containing a movable focusing miffbe focusing element will be
coated with a dense carbon coating [119] providing a tofecegvity of ~ 85% for p-polarized
light at 6 deflection angle and for 10nm and higher (see Fig. 16).
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With the mirror inserted, the XUV radiation
passes the mirror with a reflection angle o
6° and is reflected by a planar mirror into o.gs* ]
the FEL. The reflection angle at the electron ’\—\
beam line is 9resulting in a lower reflectivity _ 0.8/ |
as can be seeninFig. 16. The total reflectlvrgg 0. 75/ \
of the system is the product of the two mirrog
reflectivities and is between 59.6 and 67% fa ° -
the wavelength regime of interest. 06sf,-” T <

The focusing mirror needs to be an adaptive 0 6f BRI
system to meet the requirements of a tunable
seeded FEL. The source has to be imaged to &.55 30 20 20 20

size approximately equal to the electron beam Wavelength (nm)

size (65um (RMS) at the design energy of

1.2GeV) in the undulator section to ensufdgure 16: Reflectivity of the carbon coated
an adequate overlap between the XUV seBdrrors. The focusing mirror (solid blue) has a
and the electron beam in the FEL. Additioreflectivity of 85.8 to 81.4% within 10 to 40 nm,
ally, the overlap has to be ensured for at lea@td the planar injection mirror (solid black) be-
two power gain lengths of the FEL (1-2 m) téween 73.2 and 77.9%. The total reflectivity is
override the shot noise power. This leads tee multiplication of both reflectivities (dashed
a sharply defined Rayleigh length which limred).

its the choice of focal lengths for the focusing

mirror. In addition, an adaptive focusing mirror is alsorpiad for the driver laser to control
the source size of the XUV beam. However, for adequate iittegsvithin the gas jet, a laser
focus of 60 to 15Qum (FWHM) is needed and a XUV source size of 0.2-0.4 times thalfoc
spot is expected. This limits the flexibility of the sourceesand restricts the required freedom
of the XUV focusing mirror. With an adequate adaptive foogssystem the HHG source can
be imaged into the undulator with a magnification factor df3- This keeps the image size
constant to a diameter comparable to the electron beam.

At least two differential pumping stages will be locatedhwitthe 4 m between the HHG gas
cell and the electron beam pipe. This ensures that the aat@mleyacuum is not affected by
the poor HHG chamber vacuum caused by the pulsed gas jetdifférential pumping stages
have to decrease the pressure fror?IM* mbar to about 18 mbar in order to meet the high
demands of the FLASH vacuum system. Thus, using two pumpgages, every stage has to
provide a pressure reduction of 2 orders of magnitude asgumpressure of 10~4mbar in
the target chamber. In front of each pumping stage of 2 m keagtaperture of 20 mm has to
be set in between to get the full decrease, with an effectiveging power of 2001/s. The aper-
tures are set to be variable in order to have the possikdlitptrect for changes in the parameter
space.

f 0.9

3.3.3 Diagnostics

Several beam diagnostics are needed to remotely operak#HBesource and to characterize
the seed pulses. Beam-steering, transverse position astipeaition of the optical laser must
be remotely monitored and controlled. The focusing mirrothie chamber behind the target
will be movable in order to let the XUV beam enter a diagnostiamber for spectral analysis
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(see also Fig. 15). A XUV spectrometer has been developedtexrtthe HHG radiation from
1 to 62 nm (see next paragraph for more details). Furthendstg tools are required to ensure
an optimum alignment of the imaging mirror and the reproblility of the HHG beam position-
ing inside the undulators. The mirror chambers will be medrdn movable axes to align the
system within at least“4of freedom. The motors need to have a precision of microradter
translation and mircoradians for rotation to ensure an aaleqoverlap within the undulators,
15 to 30 m away from the focusing element.

A compact diagnostics chamber incorporating imaging sisesd an electron beam position
monitor will be installed at several positions between ttegnetic chicane and the last undula-
tor exit for the transverse overlap diagnostic in the FELeSentypes of diagnostics are currently
tested at SFLASH. The screen arrangement consists of aghereCe:YAG plate to monitor
the HHG beam position and its spatial profile, and an optiGaidition radiation screen for
electron beam positioning and profiling. These diagnostitisbe essential to determine the
spatial overlap of the seed and the electron beam with vety friecision £ 10um). A streak
camera (Hamamatsu FESCA-200) will be used for the tempoealagy between the electron
bunch and the HHG seed pulse with500 fs precision using synchrotron radiation from the
last bending magnet and a small fraction of the IR seed beama permanent monitor for
the temporal overlap after the commissioning phase of FLASkh optical monitor will be
installed which is simply a very small undulator tuned to tesonance wavelength of the IR
driver laser showing enhanced signal when temporal ovéslaphieved. The optimal temporal
overlap k& 10fs) is adjusted by scanning the timing of the seed lasenailsteps until optimal
radiation output power is observed. Valuable experientle these techniques and concepts has
been gained with the SFLASH setup and very successful tasts leen done during the last
experimental periods [53].

A new and convenient tool will be implemented for spectralgtiostic of the FEL radiation.
In contrast to FLASH1, FLASH2 will be equipped with an onlisgectrometer to control the
SASE and seeded operation without disturbing user operatio

3.3.4 The XUV Spectrometer

To characterize and control the source parameters, an X@¥ctgpneter with a wavelength
range from 1 to 62 nm has been developed. Although a few colepanovide compact spec-
trometers operating in the XUV, the specific requirementslédASH2 made a new development
necessary. The demands on such a diagnostic tool to be iraptechin the FLASH2 tunnel are
as follows:

A wavelength range of 1-60 nm needs to be covered.

The spectrometer is positioned about 3 m from the sourcehwimiakes a slit necessary.
This requires different gratings for highest grating effiwies at specific wavelengths.

Filters and gratings need to be changed remotely due teelihaiccess to the tunnel.

The information on the absolute values of harmonic eneggds to be extracted from
the spectrum.

Direct beam profile and divergence measurements need todsije.
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Figure 17: The new XUV spectrometer specially designed tetnadl requirements for an
installation in the FLASH2 tunnel. Two filter wheels equigpsith thin metal foils block the
infrared light. After the filters a XUV diode can be moved irtk@ beam for direct intensity
measurements. Three different gratings are used for sppectalysis. The harmonic radiation
is detected by a movable XUV CCD.

No such spectrometer exists as a commercial product. Tdreted new development was es-
sential and the current design can be seen in Fig. 17. Thelevagth range is chosen to be
1-62 nm in order to include possible upgrades of the XUV sewtech as an extension of the
wavelength range down to the water window. The spectroneetesists of a filter chamber
equipped with two motorized filter wheels each of them coméguwith a maximum of five
filters. The fundamental is usually filtered by thin aluminomzirconium filters. Additional
filters can be interesting for wavelength calibration orkggound measurements. Behind the
filter wheels, a calibrated XUV diode (IRD inc.) can be moved e beam for energy calibra-
tion. This can be done with a filter combination of 400 nm Zr ah@see Fig. 18) so that only
wavelengths between 17.06 and 18.14 nm can be observed inbiotes parts of the 4% the
45hand the 4%harmonic for a 800 nm driver laser amplifier. First, a speutwith these filters
is taken, followed by the measurement of the absolute irttensth the diode behind the fil-
ters. With the spectral picture, the harmonics includetéfiiter window can be weighted and
therefore the measured intensity can be allocated to thedracs. This offers the possibility
to absolutely calibrate the spectrometer. The count nusnbiethe CCD can be converted to
absolute intensities.

The filter chamber is subsequently followed by an entrantdedining the point source of the
XUV radiation. The slit is a high precision monochromater @\DC USA Inc.) and all four
blades can be controlled separately. The source point defipe¢he slit is imaged and spec-
trally dispersed by one out of three different grazing iecice flat-field gratings (Hitachi High
Technologies America, Inc.) [120, 121]. The distinctivatiee of these gratings is its concave
shape and the varying line spacing. The latter feature lEaddlat focal plane instead of fol-
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Figure 18: Transmission curve of a combined 400 nm Zr and 49@hfoil. The background
shows a schematic of a HHG spectrum with a 800 nm driver.

| | Grating 1| Grating 2| Grating 3|

Table 1: Gratings used in the XUV spectrometer setup (WL: veagth, SL: slit, FP: focal
plane). Data from Hitachi High Technologies America (Inc.)

Grooves per mm 2400 1200 1200
Radius (mm) 15920 5649 5649
Blaze WL (nm) 15 10 16
Blaze angle (deg) 1.9 3.2 3.7
Angle of inc. (deg)| 88.7 87 85.3
WL range (nm) 1-5 5-20 11-62
SL-grating (mm) 237 237 350
Grating-FP (mm) 235.3 235.3 469
Material Pyrex Pyrex Pyrex
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lowing a Rowland circle. The curved shape of the grating enables focusing in theediae
plane. Three different gratings are necessary in orderterdbe complete wavelength range.
The parameters of the gratings are listed in Table 1. Thengr&lder is motorized so that
it can be switched between the gratings without the needdesscthe tunnel. The motors are
remotely controlled. To meet the different distances neibetween the slit and the grating,
the grating chamber sits on rails so that the position of térg can be changed with respect
to the entrance slit. As mentioned before, the concave Hiigratings only focus the spectral
plane, whereas the spatial plane remains unfocused.

The dispersed radiation is focused on a XUV CCD (Princetorrdnggnts PIXIS-XO with
1024x1024 pixels and 13xJ8n pixel size), which needs to be exactly at the position of the
focal plane of the specific grating. Because this distancéferent for varying gratings, the
CCD can be remotely moved by maintaining the angle of the caaergce. In addition to
this longitudinal movement, a transverse translationgs @lossible to scan over the complete
wavelength range of a distinct grating.

In addition to the spectral analysis of the seed beam, thergpeeter can help to determine the
source size and divergence of the XUV radiation. In our degig possible to move the CCD
into the HHG beam so that the spacial profile can be directlgsueed. A knife edge measure-
ment can be performed with help of a high precision slit. s purpose the slit movement
is calibrated so that absolute numbers can be extractedtfrerancoders. This forms the first
beam size measurement, whereas the second one, necessheydetermination of the diver-
gence, is simply the size measured on the CCD with known pizeksi

3.4 Seed Requirements at FLASH2

Direct seeding within 10-40 nm puts high demands on the seacts and on the injection
scheme. The general aim is to achieve a good contrast betiveeseed radiation and the
spontaneously emitted background from the FEL, which iedaheshot noise Highest HHG
conversion efficiencies and best coupling between elestod seed have to be ensured in or-
der to achieve a high contrast. The injection scheme is gésrlin section 3.3.2, therefore this
section concentrates on the requirements on the XUV somct@sdriver laser system.

There are two important FEL parameters defining the requmeat characteristics of the seed:
the shot noise power and the FEL bandwidth. The shot noisepdetermines the required
seed power and therefore the laser pulse energy. The SASb&ttlwidth, however, gives an
upper limit for the bandwidth of the seeding radiation réeglin a lower limit for the pulse
duration.

Both parameters can be assessed by performing a simple GENiESUlation [10] for SASE
operation. The GENESIS FEL lattice was based on an undwatiion consisting of 2 m long
undulators with an undulator period af = 31.4mmwith small quadrupoles in drift spaces
of 0.6 m in between them to refocus the electron beam. A Gamigsinch was used as input
electron beam for the simulation. Obviously, this is a sifrgaltion, because even with the third
harmonic cavities, the bunch will never be perfectly GaarssHowever, the approximation is
sufficient for a preliminary estimation of the FEL paramstefhe electron beam energy was
1 GeV, the emittance amounted to 1.5 mm mrad and the bunchqeetnt was 2.5 kA. All

5The Rowland circleis a circle, which is drawn tangent to the face of concaveatifion gratings at its center.
The circle has a diameter equal to the radius of curvatureeo§tating surface. The detector should be set up on
this circle.
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Figure 19: Predicted shot noise power within the start-ufnefFLASH2 radiator. The analyti-
cal calculation is calibrated with numerical Genesis satiahs.

these parameters were chosen to be as close as possibleeipénted FLASH?2 values [107].
Note, that a start-to-end simulation needs to be carrietboatcomplete and correct parameter
determination. This is beyond the scope of this thesis.

The SASE simulation was carried out at 10.9 and 43.6 nm to &ppeoximately the limits of
our wavelength range. The shot noise power could be dedumextiie very first periods within
the first undulator. This is the actual power competing whign $eed power in terms of modu-
lating the electron bunch. The shot noise power for 10.9 &8 @m, which could be extracted
from the simulations, served as a calibration of the araiii calculated shot noise power
curve in dependency of the wavelength [122, 123]. This isfiat&ve way to predict the shot
noise, because the analytical calculation leads to a tiedliend whereas the absolute numbers
are set by simulations. The result for a preliminary assessof the FLASH2 shot noise power
Is given in Fig. 19. Characteristically, an increasing stmsa level can be observed at shorter
wavelengths scaling witRsno 0 1/(N, )¥/2 0 1/(A%/2) (whereN, is the number of electrons
at a given wavelength). This shot noise is present withirfitseundulator periods so that the
seed radiation needs to exceed this shot noise by at leasirtieos of magnitude to achieve
an adequate energy modulation and therefore a good sigimaise ratio. The resulting energy
for seed source and driver laser system depends on the& gutations.

The second important parameter is the FEL bandwidth in daléefine a limit for the laser
pulse duration. The SASE bandwidth defines the upper limthefharmonic bandwidth re-
quired for the seeding process. Anything higher than treddeo a reduced energy fraction
contributing to the bunch modulation. The spectral wingskasically cut away when the har-
monic bandwidth exceeds the FEL limit. The FEL SASE bandwi{@®MS) in dependence
on the propagation distance through the undulator systerthéotwo simulated wavelengths
is given in Fig. 20. The dashed lines indicate the saturdeogth with 12m for 43.6 nm
and 18.8 m for 10.9 nm. At this distance the FEL bandwidth%84(0.4%) RMS for 43.6 nm

(10.9nm). As one can see, the bandwidth at the beginningeoFEL is large compared to
the value at saturation. It decreases continuously witteaming length. The reason is that the
number of charge modulation periods within the bunch ireeavith growing number of undu-
lator periods passed by the bunch. Increasing number adgeeresults in an increasing bunch
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Figure 20: The FEL bandwidth (RMS) in dependence on the patpaygdistance. The GENE-
SIS simulation has been performed at 43.6 nm (red curve) @:@hin (blue curve). The dashed

lines indicate the saturation lengths for these two wawghesy The dips in the curves are due
to drift spaces in between the undulators.

length contributing to the lasing process. Thus, the lonlgerpropagation length the longer
the contributing part of the bunch. Characteristically f&SE, the bandwidth stays constant
for a certain section at the beginning of the undulator IM&hin this section the spontaneous
radiation, responsible for the modulation, is producedFijn 20, the modulation becomes

significant after 3m (6 m) for 43.6 nm (10.9 nm). These numbeitslecrease for seeding due

to immediate presence of the modulating electric field attiiteance of the FEL.

The dips in the plotted curves are at the positions of the sipihices in between the undulators,

equipped with quadrupoles for beam focusing. Only withia tindulator sections the FEL
radiation can be generated.
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4 The new Laser System

The seeding source for FLASH2 has two main components. Adlaser system serves as a
front-end of the source. It predefines the pulse length,gsnand wavelength range and the
shot-to-shot stability. In addition, the repetition rafetlee HHG source is equal to the laser
repetition rate. The second component is a HHG gas cell, wisiazised to generate XUV
radiation as higher harmonics of the driver laser. Thedattenponent is discussed in detail
in the next chapter. The laser system, planned for FLASH@esribed in this section. First
experimental results are presented.

4.1 The OPCPA Design for FLASH2

A unique laser system needs to be developed for seeding FRATkE required XUV energy,
necessary to exceed the FEL shot noise power, results inea lowit for the laser pulse energy
of 2mJ (a detailed discussion about the demands on the saetksman be found in chapter
5). At the same time, in contrast to proof-of-principle sagdexperiments like SFLASH in
Hamburg, the laser repetition rate should meet the FEL itepetate. FLASH2 can be run with
1 MHz burst frequency with 10 Hz bursts. Therefore, the finRIGPA design will incorporate
this repetition rate. However, in a first step a 100 kHz iftuast repetition frequency is chosen
for seeding FLASH2. This leads to the possibility to seed aimam of 80 bunches within a
bunch train.

The pulse length required for seeding can be estimated fnenfrEL bandwidth expected for
FLASH2. Hence, the lower limit for the required pulse lenfth 10.9 nm and 43.6 nm can
be determined from Fig. 20. The corresponding FWHM bandwidilnes are 0.9% (1.2%)
for 10.9 nm (43.6 nm). Assuming a Gaussian pulse shape amteFtimited pulses, the lower
limit for the seed pulse length can be determined with the tirequency product. Thus, the
minimum harmonic pulse durations at FWHM are 1.7 fs (5.4 f$)1f0.9 nm (43.6 nm). The
seed pulse length is about half the driver pulse length. &ibeg, the laser pulse duration needs
to be at least about 4 fs (11fs) to not exceed the FEL bandwidtwever, the final decision
concerning the laser pulse duration depends also on théeafficof the HHG process. The
intensity in the focal spot of the driver needs to be adedisatgenerating efficient harmonics
from 10 to 40 nm. In order to ensure harmonics not exceediad-BL bandwidth in addition
to an adequate focal intensity a pulse length of about 1&-ibdetermined to be the optimum
for the driver laser system.

The laser amplifier system is required providing exceplipaeameters: mJ-level pulse energy,
10-15fs pulse duration at 100 kHz (1 MHz) burst repetitioteraA detailed schematic of the
planned amplifier system is shown in Fig. 21. A broadband dgate Ti:Sapphire oscillator
(Rainbow, FEMTOLASERS GmBH) is used to seed both the opticarmpatric amplifier and
the fiber chirped pulse amplification (FCPA) system as fraort-ef the pump amplification
system. The oscillator delivers 2.3 nJ pulses with a 10 dBlWadth of about 300nm at a
108 MHz repetition rate. The repetition rate is chosen to setaharmonic of the master clock
repetition rate (1.3 GHz) of the FLASH free-electron lagesérve for synchronization to the
FEL. This is essential for both the seeding operation andpprobe experiments. Part of
the oscillator output (60%) is used to optically seed anrigiten-doped fiber amplifier system
developed at the University of Jena. The central wavelen§th60 nm is converted to the
required 1030 nm by solitonic self-frequency shifting with photonic crystal fiber (PCF, NL-
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Figure 21: Schematic of the OPCPA setup. A broadband Ti:Sepphcillator seeds the OPA
pump amplifier and the OPA stage at the same time. For the paathaphotonic crystal fiber
(PCF) shifts the central wavelength from 760 nm to 1030 nmuidiihosolitonic self-frequency
shifting. Further amplification with a fiber-based amplifeard a booster amplifier generates
20mJ, 1ps long pump pulses. After second-harmonic genar@HG) the pump pulses of
about 10 mJ are split into two beams and serve as pump for theOA stages. Intrinsic
timing drifts within the pump amplifier are corrected by a ortted delay stage. The short
OPA seed pulses are stretched to fit to the long pump pulsepatdaklight modulator is used
to control the dispersion. The second OPA stage will prodund, 10-15fs long pulses with a
repetition rate of 100 kHz in 10 Hz bursts. The central wavgle is 760 nm.

PM750 Crystal Fiber) [124]. A soliton at 1030 nm with an eneagyntent of about 5pJ is
generated within the 5 nm bandwidth of an interference fliehind the 20 cm long, highly
nonlinear photonic crystal fiber. The PCF is followed by a fibased CPA system. This
generation of amplifier systems is well suited as an OPCPA pasgr [125, 126]. The PCF
radiation is first coupled into a 100 m long fiber stretcher andsequently amplified in the
first Yb-doped fiber pre-amplifier up to 250 mW average powdi0&tMHz. A repetition rate
of 2 MHz is picked by an acousto-optic modulator (AOM). The M@ses the acousto-optical
effect in a transparent crystal. A piezoelectric transdattached to the crystal generates a
sound wave coupled into the crystal. The sound wave chahgeagfractive index periodically
with the period of the sound wave. This generates a gratimgying refractive index causing
Bragg diffraction. Thus, the laser pulse has a slightly ddife central wavelength and direction
of propagation after the passage. Switching on and off, effesct can therefore select the
desired pulses to be deflected, whereas the unwanted putsaam@smitted. After the AOM,
the pulses are further stretched in a grating stretcherdotétns. The resulting train of pulses is
coupled into a second Yb-doped fiber preamplifier followeabgther AOM, designed to select
the lower repetition rate of 100 kHz. The output power afer AOM is~ 4 mW. The 100 kHz
pulse train is then fed into a Yb-doped photonic crystal fiseplifier which is described in
detail elsewhere [127]. Main reason for choosing this lgs@n material is the availability of
high power and high brightness diode lasers with a wavelteafj941 nm for pumping [128].
In front of the second PCF amplifier stage one last AOM seléets 0 Hz burst with a 800s
burst length. The design goal at the exit of the fiber CPA syssearpulse energy a$500 mJ.
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The stretched pulses are further amplified by a booster &ergio achieve pulse energies of
> 20mJ. The pulses are thereafter compressed to below 1 psodurdhe booster amplifier
can be either an Innoslab [129, 130] or a thin-disk amplifi&1], 132, 133]. For this purpose,
a novel> 1.5kW Innoslab system is under development (AMPHOS GmbH)anmalel to the
investigations of the thin-disk amplification technolo@yhus, both configurations are subject
to detailed studies currently performed at DESY and no fieaision has yet been made. The
20 mJ infrared pulses are frequency-doubled. The secomddmae at 515 nm is used to pump
the OPCPA system. Assuming a conversion efficiency of 50%, Jlpufses can be expected
to pump the OPA. By splitting the pump beam, two OPA stages egmumped in parallel (see
Fig. 21).

The other 40% of the Ti:Sapphire pulses are used to seed theallinear optical parametric
amplifier stages. To prepare the seed for the amplificationgss, pulse stretching is required
in order to match the temporal pump pulse gain window. Thetcting is carried out by chirped
mirrors. These mirrors have a wavelength-dependent @iwetrdepth and reflection leads to
either compression or stretching of the pulse. The remgidispersion is compensated by a
spatial light modulator (SLM) in 4-f geometry. It is used fadaptive control of the spectral
phase [134]. The characteristics of the chirped mirrorsci@sen to obtain a net negative
dispersion of second and third order, to be used in comlpinatith a simple alignment-free
glass compressor for final compression. Two OPA amplificasitages are implemented in
the design setup instead of a single one to achieve high gaad pump to signal conversion
efficiency and high beam quality at the same time [135]. A hatgbility can be expected at
saturation. By optimizing the OPA conversion efficiency teedbeam can become narrower
than the pump diameter. In this case, distortions of the bpafile can be observed. The
origin of this effect is due to non-uniform signal conversioln the center, backconversion
to the pump can start, whereas the side wings are still ciewéo the signal and idler. This
behaviour reduces the beam quality. To avoid these effeetpump beam needs to be narrow.
To not be limited in peak power due to the high intensities asalt of the narrow pump beam
diameter, two OPA stages are used in the setup. The first &tggenped with only 1 mJ out
of the 10 mJ expected from the present pump amplifier. Thensestage, however, is seeded
with the OPA light from the first stage and pumped with 9 mJ @silsAfter compression with
a fused silica glass compressor, pulses-@fmJ pulse energy, 10-15fs duration and 100 kHz
repetition rate at a burst rate of 10 Hz can be applied to dhgddiHG seeding source.

High demands on the stability need to be fulfilled, in ordarte the OPCPA system for seeding
FLASH2. The slow temporal drift between the OPA pump and dein can be measured
and controlled with a balanced cross correlator conneaeal motorized delay stage [136].
A small fraction of the Ti:Sapphire output is correlatediwibhe pulses from the CPA pump
system. This opto-electronic technique can detect skghiing drifts and the compensation
Is done by a delay stage manipulating the timing relatiorheo@PA seed pulses. The spatial
stability, however, can be ensured by implementing aut@®aipointing corrections. This can
be done with motorized mirror holders. Instabilities in fhdse energy of the OPCPA system
is mainly introduced by the PCF used to convert the oscillatrelength to the pump regime
of 1030 nm. To avoid these instabilities direct seeding efpnmp amplifier with a separate
oscillator is currently under discussion. However, a tgtslabilized system is not achievable
due to fluctuations caused by the lack of saturation in some pathe amplifier chain.



4 THE NEW LASER SYSTEM 55

i i BS PCF . Lo
T;g;ﬁgg:e N ——0 4 Pre-amplification and pulse picking system
2.4 nJ, 108 MHz v v IF
/\ = FS prism 530 uJ, -
" B stretcher 103 nm, Stretcher unit 40um and 80um
Compressor unit At
SLM phase modulator -
330 uJ, 515 nm, 840 fs
Nl N\
0.8 nJ, 650-1030 nm, 500 fs O 7 /
< N
HH 7

Figure 22: Schematic experimental setup of the prototyp€R¥¥system including Ti:Sapphire
oscillator, fiber preamplifiers, high power fiber CPA systemisp shaper, prism stretcher, opti-
cal parametric amplifier and fused silica bulk compress®ii@ - second harmonic generation,
OPA - optical parametric amplifier, PCF - photonic crystal fi#€s - fused silica, BS - beam
splitter, IF - interference filter, SLM - spatial light mo@br)

4.2 Results and Discussion

The OPCPA system proposed for FLASH2 is already in an advastzd of development.
In the last three years, first experiments were performecetoahstrate the feasibility of the
system for either seeding or pump-probe configurations.higdection, the results obtained
with a prototype of the fiber-based CPA pump system are predemih addition, the present
state is described with recently achieved design parasetéhe ongoing investigations of
possible booster amplifier schemes will not be explainecetaitj because the development of
a booster pump amplifier is beyond the scope of this thesis.

4.2.1 The Prototype OPCPA Experiment

The prototype setup is shown in Fig. 22. Compared to the destup of the OPCPA system
(compare Fig. 21) the most obvious difference is the lack lbbaster amplifier connected to
the fiber CPA. The goal of this experiment was to perform firsirabterizations with the proto-
type pump amplifier developed at the Institute of Applied $iby in Jena. The booster was not
developed at this stage. The Ti:Sapphire oscillator sekd#tthe fiber-pump amplifier and the
OPA stage. The 1030 nm from the PCF was coupled into the fibeicker, before a pockels
cell selected the repetition rate from 108 MHz to 1 MHz. A pelskcell is an instrument simi-
lar to an AOM. However, instead of periodically changing te&active index the Pockels cell
changes the electric field polarization direction. By apmdya high voltage to the Pockels cell,
the polarization can be rotated. Inserting a polarizer amffrand behind the Pockels cell, ro-
tated by 90 with respect to each other, only the pulses with 8Banged polarization direction
can pass. Within the prototype setup a Pockels cell was wsBsapulse picker instead of an
AOM, because of the fast switching time. In a later stage geltgpment the Pockels cell was
not necessary anymore due to a changed pulse picking scheme.

The first experiment was performed with a repetition rate0l8z in quasi-cw mode (e.g. no
burst was implemented). The design goab&00uJ compressed pump pulse energy (B39
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Figure 23: a) Pulse duration of the amplified fundamental pamplifier pulses (red) and
pulse length measurement of the second harmonic (greergumeghwith an autocorrelator.
b) Spectrum of the pump radiation measured at the exit of tingpcessor. The central wave-
length of 1029.5 nm is within the gain regime of the Yb-basexgliier.

was reached at the 60 kHz repetition rate attaining 32 W ofa@espower. In addition, the
required pulse length of 1 ps could be achieved with a medsilweation of 1.1 ps (FWHM).
The pulse spectrum and the measured output pulse duragshawn in Fig. 23a and b. The
spectrum is centered at 1029.5 nm. The pump radiation wadtéguency doubled in a 1 mm
type | BBO crystal with an efficiency of 62%. This output was usegump the OPA stage.
The pulse duration of the second harmonic was 840 fs (FWHM,Z3g). The resulting pump
pulses had a central wavelength of 515 nm and a pulse eneB80pf] resulting in an average
power of 20 W.

The OPA seed was prepared for the amplification processmwalprism stretcher. A SLM
setup was used in combination with the prism stretcher toimmag the transmission through
the shaping and stretcher setupfetcher-sLm ~ 50%). The prism separation was configured
in order to obtain a net negative dispersion of second, #und fourth order, so that a glass
compressor could be used for final compression. The seedsulsere stretched to 520fs
(FWHM) to match the temporal pump pulse gain window. In additit was already set up in
a way to compensate for the compression in the 4 mm BBO crysiA @age) down to 300 fs
(FWHM). The compression is an effect of the positive disparsin the BBO on the negatively
chirped pulses. The remaining dispersion was compengatetid mm simple fused silica high
throughput compressonéompresso= 95%) and by the SLM up to the sixth dispersion order.
The OPA BBO crystal was set up with a phase matching angle of 2Bt non-collinear angle
between pump and seed was°2ndthin the crystal. These values were determined to amplify
a large bandwidth within the 4 mm thick type | BBO crystal. Thenmbeam size was reduced
down to a diameter of 0.9 mm resulting in a pump intensityedf00 GW/cnf. The seed was
imaged to a spot size of 0.75 mm. The expected OPA gain waseaortier of> 10°.

The amplified OPCPA signal was carefully characterized ireotd demonstrate the feasibil-
ity of such a system. The measured spectral shape can bensegn R4a. For a comparison,
the spectrum of the Ti:Sapphire oscillator is also showmefigure. The complete broadband
oscillator spectrum was preserved and amplified within tla¢ching angle of the BBO. This
opened the possibility to compress the pulses to sub-10$e plwration. The stretched 0.5nJ
seed pulse energy was amplified by the OPA stage (oJ3%hich corresponds to 2.3 W average
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Figure 24: a) Spectrum of the amplified OPA radiation (sali&) compared to the original
oscillator spectrum (shaded grey and enlarged solid lire)-far 950-1100nm). The oscillator
spectrum is shown for comparison of the two bandwidths. dpQypower of the OPA stage in
dependence on the pump power. ¢) Beam profile of the amplifiddsi@fpal.

power. The experimental gain was therefore aboff Which was well within expectations.
The degree of amplification depends on the pump intensitherBBO. The amplified signal
power versus the pump power is presented in Fig. 24b. It skimewsharacteristical exponential
behaviour of the parametric process. The maximum averagerpextraction was reached at
the saturation point of the OPA stage. Within this saturatiegime, an improved signal sta-
bility can be expected [137]. However, the general energlyilty still depends on the energy
fluctuations of the pump pulses.

The level of amplified optical parametric fluorescence (OR$)spontaneous radiation was
30 mW. This contribution was measured by blocking the seeanband measuring the OPF
content behind a 3mm aperture. The aperture was positiadngdadistance from the OPA
stage. However, the effective OPF, which was present in @a ahich equals the diameter
(FWHM) of the seed beam, was smaller by more than one order ghituale. When the seed
beam was present, the contrast between spontaneous anfieghgignal was even further im-
proved. On the one hand, the OPF and the signal beam haveseedifidivergence. On the
other hand, an OPF quenching effect is expected if the sigeain is present and amplified.
The latter effect can be easily observed. As soon as temaodadpatial overlap between pump
and seed is achieved, the fluorescence signal almost desaspaed only the amplified signal
spot can be observed. The OPF reduction could be estimatadrbgrical simulations [20].
The numerical calculation was performed by F. Tavella, fegligted a quenching factor of 3.
Hence, with the reduction to the seed diameter and with tleching factor, the measured
OPF of 30 mW reduced to a value of smaller than 1 mW in presefitee seed beam.

At the saturation level of the OPA stage, conversion to tlcerse harmonic of the seed was also
observed. Measurements showed that 10% of the signal owgsitonverted, leaving a total
amplified signal average output power of 2.07 Wa0B5 1J pulse energy. The beam profile of
the amplified signal is shown in the inset of Fig. 24b.

So far, pulses of 3fJ pulse energy, 60 kHz repetition rate and a central waviiesfy 60 nm
were measured as OPA output. The last important parametss tiptimized was the pulse
length or compressibility. The pulse duration measurennerhis regime of amplification
turned out to be challenging due to the large amount of sebanghonic light present in the
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Figure 25: a) Interferometric autocorrelation trace of3betJ pulse. The corresponding pulse
length is 7.8fs (FWHM). b) Interferometric autocorrelati@AC) for the 20uJ pulse (black

line). The pulse duration is 7 fs (FWHM). c) Spectral phasé/édrfrom SPIDER measurement
with the amplified spectrum for the 20) pulse. d) The reconstructed temporal profile shows a
pulse duration of 6.9 fs (FWHM).

signal. A second order autocorrelation measurement wderperd with a commercial au-
tocorrelator (Femtometer, FEMTOLASERS GmbH). The measardmas done at the end
of the amplifier chain after final compression. The intenfeetric correlation trace showed
a compressed pulse duration of 7.8 fs at FWHM attaining a pquésd power of 3.4 GW by
estimating the energy content within the FWHM duration. The@sponding interferometric
measurement is shown in Fig. 25a. For a second measureimeggih was reduced by a factor
of about 2 to partly avoid generation of the second harmohibhesignal beam. This resulted
in an output power of 1.2 W and therefore an energy gfi20The reduction enabled a more ac-
curate pulse duration measurements to be performed. Thpresaed pulse duration for these
parameters was measured again by autocorrelation and w#sWHM, see Fig. 25b). To con-
firm the measurement done with autocorrelation, a SPIDER¢®& Interferometry for Direct
E-field Reconstruction) measurement was performed. The BRIDeasurement demonstrated
a pulse duration of 6.9fs (FWHM), which agreed well with théogorrelation value. It was
possible to extract the actual spectral phase of the mehputees using SPIDER [138, 139]
(Fig. 25c). The measurement showed a basically flat phashdotomplete amplified spec-
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trum. The reconstructed temporal profile retrieved fromgbectral phase of the OPA pulse is
shown in Fig. 25d and the duration at full width and half maxmis 6.9 fs.

The measured 6.9 fs left still some room for improvements Fburier limited pulse duration
estimated from the measured spectrum amounted 6ds. The key to approach the Fourier
limit is the dispersion management in the system. The ifagrpetween SLM, prism stretcher
and glass compressor needed to be carefully adjusted.

For 20uJ signal energy the amount of amplified optical parametrioréiscence was substan-
tially lower than for 35uJ and thus the average power stability of the OPCPA was 1.3% RMS.
The pulse stability was measured in unit of power with an &itjon rate of 4 kHz.

A second experiment with the prototype system was perforMéthin this test, a second OPA
stage was implemented and the repetition rate was increas#lkHz. The objective was to
demonstrate the two-stage OPA scheme with a repetitiortiade to the design intra-burst fre-
guency. With the changes in the setup a final pulse energy pf @uld be achieved resulting

in an average power of 6.7 W. The pulse duration was as sh8fsg&WHM) leading to a pulse
peak power of 6 GW. At the time of publication, these achiemets represented the upper limit
in power for few-cycle lasers. S.&drich et al. [140] recently demonstrated even 4.8 fs pulses
with a similar system. The pulse-to-pulse fluctuations ef &implified pulses were only 5%
(peak to peak). These achievements are of high interestubedt increases the applicability
of such an OPCPA system. For pump-probe experiments, for@eashort pulse lengths are
required.

4.2.2 Present State of the OPCPA System

Since the first measurements with the prototype of the OPCBtesy(Fig. 21), further de-
velopments are continuing. An upgraded version of the fibek @mp amplifier has been
installed at DESY. The current design of the fiber systemastidal to what was planned for
the final setup of the OPCPA (see Fig. 26). The Pockels cell e@aced by an AOM and the
fiber rods of the main PCF amplifier are water-cooled, leading higher stability and output
power. The amplification chain was optimized for operatibri@0 kHz within 10 Hz bursts.
The specifications of the final fiber CPA setup are well withie design parameters. The first
fiber pre-amplifier delivers an average power of 1.9 mW. THieviong AOM reduces the ini-
tial 108 MHz to 2 MHz leading to a pulse energy of 0.95nJ. Thisgmiare then stretched to
2.3ns. The stretched pulses are further amplified in a fibeaprplifier to an average power
of 4.7 mW. The following AOM reduces the pulse repetitiorerad 100 kHz so that the pulse
energy is 47 nJ. The next element in the chain is the first maipliier consisting of the PCF
with a large-mode area (LMA) diameter of 4@n. The output power of the first main amplifier
Is 2W. With the 100 kHz repetition rate this lead to a pulsergynef 20uJ. Before the pulses
are coupled into the second main amplifier with a LMA diamete80 um, a third AOM se-
lects the 10 Hz bursts from the quasi-cw 100 kHz pulse traon.58 W output power, the final
pulse energy is 500J with a repetition rate of 100 kHz within 10 Hz bursts. The fibatput
can be compressed to a pulse duration of 850 fs (FWHM). A tyAid@ kHz burst, consisting
of 80 pulses measured after the amplifier chain of the pumigsyss presented in Fig. 27.
The pulses are equally strong within the burst so that std®eing becomes possible within a
bunch train of the FEL.
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Figure 26: a) The fiber CPA amplifier system. The Ti:Sapphieslgxperiences stretching and
pre-amplification before an AOM selects 2 MHz out of 108 MHgettion rate. After the main
stretcher a second pre-amplification prepares the pulsdbddirst main amplifier, where an
output of 2 W can be expected. The second main amplifier aegptifie pulses to the final 50 W
average power, before a grating compressor can comprepsldes to sub-ps pulse duration.
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Figure 27: Typical burst of the pump amplifier system. Onesbaoonsists of 80 pulses with a
repetition rate of 100 kHz. The burst repetition rate is 10 Hz

The design pump energy of 20 mJ can only be achieved with lagubooster amplifier follow-
ing the fiber-CPA system. Two variations are currently undeestigation. Firstly, a thin-disk
amplifier as pump-booster in a multipass configuration cad te sufficient energy [131]. Sec-
ondly, a Innoslab amplifier can be a more compact solutioQ][12or further amplification in
the booster amplifier, the pulses from the FCPA are left uncesged. Thus, the pulses are fed
into the booster, and after amplification, the pulses ar@leoLinto the compressor of the fiber
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system for final compression.

Preliminary tests were performed with both configuratioms thhe investigations are still ongo-
ing. A final decision whether a thin-disk or Innoslab ampitifiell be used as a booster has not
yet been made. A detailed discussion about the two opptigans beyond the scope of this
thesis but will be subject of a future PhD thesis by Michadi8z5.

The first successful tests in Jena and the implementatiomeo$ystem at DESY demonstrate
that the final OPCPA setup planned for FLASH2 is, in principdasible. The next steps in the
laser development will be the implementation of th&.5 kW Innoslab amplifier and detailed
investigations into the OPA setup. In parallel, methodstwease the overall stability of the
OPCPA systems are under development. The objective is tdageaa amplifier system which
not only delivers the required specification concerningeuluration, energy and repetition rate
but also fulfill the high demands of a user facility like FLASFhe systems needs to be easily
operated and stable for at east one user shift of 8 hours.

SMichael Schulz, DESY Hamburg, mi.schulz@desy.de
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5 The novel XUV Source

To convert the infrared, femtosecond laser pulses of the @REWer system to ultraviolet
(UV) and extreme ultraviolet (XUV) pulses, the process afthharmonic generation (HHG)
in noble gases is commonly considered to be an adequateosoigpecially in the case of
FEL seeding [5]. However, the seeding process in a waveieragtge from 10 to 40 nm is
very demanding due to the direct influence of the seed pulsecteristics on the FEL process
itself. The development of a HHG source is therefore a majacern for the seeding project at
FLASH2. This development forms the main subject of thisitheshe first section deals with
the general and special seeding requirements, which setdsmsands on the HHG source used
as a XUV seeding source. The new QPM concept developed withiRhD work is presented
in the next section, followed by the results of several expents performed with the novel
dual-gas HHG scheme.

5.1 HHG for Seeding

HHG sources used for FEL seeding need to fulfill strict regmients concerning harmonic en-
ergy, bandwidth, divergence, pulse length, energy andtipgistability, as well as spatial and
temporal pulse structure [115, 141]. In the following ak$le requirements, necessary in order
to develop a new HHG scheme, are discussed.

Harmonic energy

The harmonic energy is directly connected to the harmonnvesion efficiency and is one
of the major concerns of the source development. As disdussehapter 3, the shot noise
is the starting-process of SASE in a FEL (see Fig. 19). Thimtgneous radiation is always
present as soon as electrons experience deflection in theéatmid Therefore, the seed pulse
energy needs to overcome the shot noise energy within thedtitting-process for a good
contrast between SASE and seeded radiation by at least theysoof magnitude within the
interaction length. In general, the interaction lengthiieg by the pulse duration of the seed
pulses. However, the available diagnostics will not allotemporally resolved analysis of the
seeded FEL radiation and thus the measured intensity witlyd be the temporally integrated
signal. Therefore, the shot noise energy over the completetblength needs to be taken into
account. It can be determined using the shot noise powerfignil9 and assuming an effective
bunch length of 200 fs (FWHM). Transmission losses due toarsrincluded in the beam line
need to be considered for a calculation of the required seed)g at the position of the source.
In addition, the factor of 100 needs to be included in thewdat®on, as previously discussed
in connection with a good contrast between spontaneoustandiated FEL radiation. With
these assumptions, the required energy at the positiorecdirce can be determined directly
from the shot noise power within the undulator (Fig. 28).sTémergy forms the lower limit for
the harmonic source energy for seeding FLASH2.

Different approaches can be found in the literature to eoé#me harmonic conversion efficien-
cies, thus overcoming the shot noise limit. In Fig. 28, thesnrammmon values of harmonic
conversion efficiencies have been used to calculate theegbarmonic energies by assuming
2mJ of laser energy from the OPCPA. It is obvious, that longjdbose focusing geometries
driven by 800 nm laser systems are only adequate for lowyptsp limited harmonics as has
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Figure 28: Energy requirement on the source and availabl& ldEhemes with their corre-
sponding highest reported conversion efficiencies appli@ddriver laser pulse energy of 2 mJ.
The required harmonic energy at the position of the sourashied blue line) is calculated for
the complete electron bunch (200 fs duration at FWHM). It lbees obvious that in the wave-
length regime above 28 nm, conventional HHG sources using jets, the second harmonic
or two-colour mixing will lead to sufficient energy (grey sqes: long jet/long pulse [141];
blue tilted triangles: two-colour mixing (800/400 nm) [148reen (red) triangles: single jet
800 nm (400 nm) [144]; brown circles: multimode QPM [77, 7&8glow 28 nm the conversion
efficiency of HHG with conventional sources decreases. QBMexceed the required energy
level by achieving fuII(NQpM)Z-enhancement (red crosses with numbers indicating the QPM
periods).

been discussed in detail in a recent publication by Erny.eflal1]. Their results have been
achieved with a jet interaction length of 20 mm using argoa dgver medium. This is exactly
the same HHG scheme as used at sSFLASH [53]. A further inciiedsgmonic energy can be
achieved with a shorter driver wavelength (see also Fig. 28HG conversion efficiency of
50% is assumed and sufficiently efficient HHG can be expecteddvelengths down to 27 nm.
Additionally, it is possible to mix the fundamental with teecond harmonic. As one can see in
the plot, two-colour mixing leads to harmonic energies eltsthe limit of the required source
energy in the range between 36 and 47 nm [142]. Very high effies have been reported for
orthogonally polarized two-colour laser fields with helia® a driver medium and for wave-
lengths between 21 and 24 nm [143]. However, the filter trassion stated in the publication
relies on very thick oxide layers on the aluminum filters. STé&ems to result in a tremendous
overestimation of the conversion efficiency. The resultiagmonic energies are about 150 nJ
at 21.6 nm. Hence, this result is not included in Fig. 28.

In conclusion, for wavelengths in the low-order range (B8ih), conventional long jet ge-
ometries with a possible usage of the second harmonic asrdsiveven two-colour mixing
could be an adequate solution for seeding FLASH2. Howevgheh efficiencies are needed
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especially in the regime of phase-limited HHG below 20 nm. tHis range, QPM with its
NéPM-dependence on the QPM perididpy is the most promising approach and estimations
of achievable energies for certain numbersNgy-y are plotted in Fig. 28. For wavelengths
from 10 to 26 nm a modest conversion efficiency of 1@s achievable in conventional HHG
schemes which can be further enhanced by the QPM effect.hEowater window a conven-
tional efficiency of 108 is assumed, leading to a theoretically required QPM enlmentof
about 16 achievable wittNgpm = 32. Hence, only if it is possible to achieve quasi-quadratic
signal growth by increasing the number of QPM periods, itobees possible to improve the
HHG performance at wavelengths, where the shot noise |é¥bed-EL increases.

Harmonic bandwidth

The limits given by the FEL gain bandwidth have already beasau$sed in section 3.4, where
with the upper limit of the bandwidth, a lower limit for theidgr pulse length has been derived.
For multi-cycle laser pulses, as expected from the FLASHEZRP#® system, bursts of attosec-
ond pulses result from the nonlinear HHG process. This t®gula spectrum consisting of a
comb of odd harmonics. In principle, the complete HHG spauotcan be sent into the FEL
without any prior spectral filtering. Only the harmonic @gsto the resonance wavelength of
the FEL undulators contribute to the energy modulation efdlectron bunches [141]. This is
due to the difference in velocity of the electrons and theddeght in forward direction. By
passing the undulator structure, the electrons undergaiadmtal oscillation which reduces
their forward velocity. Electrons and seed radiation henqeerience a slippage with respect to
each other. This results in an additional modulation pendte micro-bunching structure after
every further undulator period. In the time domain, the silzthe energy modulation increases
by Tmod = Ar/C, Which results in a spectral narrowing effect. If the resmeawavelength cor-
responds to the'®prder of the HHG spectrum, the attosecond pulses withinréia, twhich
forms the time domain representation of the harmonic remfiabegin to overlap after g/2 un-
dulator periods. This leads to the selection of just onelsihgrmonic for the micro-bunching
process. The FEL acts therefore as a spectral filter with aqmam bandwidth defined by the
FEL gain bandwidth. This is also the reason why only the haimenergy and not the total
XUV pulse energy is important for the FEL process. In gendratmonics with bandwidths
lower than the FEL gain bandwidth are desirable. This lead®th a reduced spectral width of
the outgoing FEL radiation and full energy content conthitgito the micro-bunching process.
This can be achieved by ensuring optimized phase matchimntipéoshort trajectory contribu-
tions. Long trajectory contributions will broaden the hamt bandwidth and the energy within
the spectral wings does not contribute to the seeding psodéisder certain circumstances, in
which special wavelengths need to be amplified within the FiEbadening the odd harmonics
of a conventional HHG spectrum can increase the tunabifithe® FEL [67]. A further tool to
ensure the wavelength tunability is the application of edeur mixing to break the symmetry
of the harmonic process, which leads to even harmonics igghetrum [143].

The dependence of the seed pulse length on the energy moduhais been theoretically in-
vestigated by Erny et al. [141]. They show that there is amuoph seed pulse length which
leads to maximum energy transfer from the seed to the eleand to a maximum modulation
amplitude. For a Fourier-limited pulse it is always validtla very short pulse must feature a
broad spectrum. The shorter the pulse the higher the pridlgabat the gain bandwidth of the
FEL is exceeded. This implies again that not the completeggrean be used for modulation.
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With increasing pulse length the energy transfer, as weh@snodulation amplitude, increases
until the pulse length becomes comparable with the slippagygth. Further increase of the
seed pulse duration will not lead to growth in energy tranafel will even cause a decrease in
the energy modulation amplitude. The latter point is easynerstand, knowing that a longer
pulse with the same energy content will automatically haleneer field amplitude responsi-
ble for the energy modulation. The value for optimum pulseyth depends on the undulator
parameters and pulse energy. However, the results of Eraly Et41] show that the optimum
pulse length is almost identical for the energy transfer #wedmodulation amplitude. There-
fore, the lower limit derived from the FEL gain bandwidth stibbe an adequate benchmark.
The optimum pulse length also depends on the pulse lengtiireeto achieve sufficiently high
intensity in the laser focus. Thus, it is important to batatite two requirements for efficient
seeding. Note, that this is a requirement especially valrdFLASH2 seeding with limited
driver energy. If the driver laser systems provides highrgneulses (like 15mJ at SFLASH),
the restriction of the pulse length is less crucial.

Harmonic divergence

Seeding do not have any restrictions to the divergence oséleel source as long as the di-
vergence is well known. In that case, the optics can be set opder to couple the seed beam
to the electron beam. The divergence of the harmonic radiasi mainly determined by the
source size and the contributions of the two main quantuinspator optimum seeding con-
ditions with periodic attosecond pulse trains, and theeeBbbdominant contribution from the
short trajectories, a small and well-predictable diveogecan be expected. The predictability
is due to the quasi-Gaussian wavefront, which is preserneed the laser due to the weak phase
dependence on intensity variations for the short trajezsorfFor long trajectory contributions
the divergence is much higher and the strong intensity digrere of the phase will lead M?-
values of up to 30 [73]. Hence, also in terms of divergencelsam quality, long trajectory
contributions should be avoided.

Harmonic stability

The energy stability relies on the laser stability and ondbgree of phase matching. Laser
intensity variations do have less influence on the harmdorogood phase matched harmonics
with a dominating short trajectory contributions. Howe\ke driver laser energy needs to be as
stable as possible in order to improve the FEL energy stabiéiing presently 14% (RMS) with
SASE operation at FLASH. Beam stabilization systems are udeeelopment to minimize
pointing drifts in the laser system. Nevertheless, a aepainting instability can be induced
by plasma effects and laser intensity variations duringrkteraction. This can be reduced by
optimizing the process at moderate pressures and intendengths.

Harmonic profile

The spatial and temporal structure of the harmonics relyath ontributions of long and short
trajectories and on plasma induced effects like plasmacdefog. In general, a long jet will
lead to an elongation of short, few-cycle pulses. Thus, Hidk&mes which increase the har-
monic efficiency without increasing the medium density eedighly attractive especially for
applications, where a short pulse is required.
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From these requirements posed by the FEL seeding processnam challenges remain for
the XUV seed source development. For wavelengths below 2@RM enhancements of up to
a factor & = 64 are necessary to achieve harmonic energies well abowhtieoise energy
emitted by the electron bunches. Furthermore, this enmagiceprocess needs to be absolutely
controllable and reproducible. Especially the latter dedssare the most critical when evaluat-
ing the existing QPM schemes. A coherent control of the harayarocess will also guarantee a
free choice of the quantum path contributions and theredtii@ent control of important source
characteristics needed for the seeding process.

5.2 The dual-gas HHG Concept
5.2.1 General Concept

An ideal QPM scheme with driving and matching zones shodtmvathe HHG vyield of the
source to be limited only by absolute constraints of the mmadiself (such as the absorption
length and harmonic polarisability of a single atom or joy). First, the matching half period
should be completely passive (no HHG signal should be prediyito allow tunable control of
the phase between individual sources at the same time. Téasees would permit clean tra-
jectory selection and rapid growth of the HHG signal. Secdimel matching half period should
negligibly absorb both harmonic and laser fields which waddnteract the QPM enhance-
ment effect. Furthermore, since the high intensities meguior HHG can only be achieved in
the Rayleigh length of a laser beam, it is desirable to hav&@tPk! periods as closely spaced
as possible, which enables a maximum number of QPM perioitignthe Rayleigh range. As
already discussed in section 2.2.6, for ideal QPM a shargtadg modulation is required and
the effect of absorption and imperfect suppression for QEemes that have ideal periodicity
of 2L have been presented in Fig. 11. The reduction in the sigmatgrdue to nonideal
modulation depth and absorption can be substantial.

Additionally, high peak power or high average power appioes using state-of-the-art lasers,
for example the newly developed OPCPA driver system for FLASidquire an experimental
setup free of damage threshold constraints. In generalighiso required under circumstances
where the wall load is very high - such as multimode cap#é&fi8]. Particularly, for FEL seed-
ing with FEL pulse repetition rates of up to 100 kHz, as plahaeFLASH2, free-propagation
QPM schemes are the only acceptable solution.

QPM can be achieved using for example modulated capillagndters [75, 76] or the effect
of multimode beating in a capillary [77, 78], as well as cauptopagating pulses [79], polar-
ization gating [80], vacuum-shift-based multiple jets,[83] or a capillary discharge [84]. All
these QPM schemes, while elegant advances in their own (figparticular the use of coun-
terpropagating pulses [79]), fall short of the ideal scendrscussed here, either because the
source in the matching half period is only weakly suppresgegigas in the matching half pe-
riod adds appreciable absorption and/or because the gpaicmultiple jets require distances
larger than common Rayleigh lengths. In addition, out of thsidconcepts discussed above,
free-propagating geometries appear to be the only solutitich meets the requirements of
high average power applications like seeding and theréfeegdets appear to be the best suited
as a seeding XUV source at FLASHZ2.

Multijet arrays have been theoretically investigated [1¥46] and first experiments have been
performed using the Gouy phase shift as the matching paeanmevacuum intersections be-
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Xuv

Figure 29: The dual-gas QPM concept with hydrogen acting passive phase matching
medium and as an enclosing medium, in order to define shappijetdaries in the propagation
direction.

tween multiple sources [82, 83]. In addition to the posgipbibf substantial signal gain, the
1D theory predicts a remarkable control of the relative Weif quantum path contributions
on-axis. In practice the ionization induced defocussingmduded in the original theory com-
plicates the evolution of the relative phase from the idealivacuum Guoy shift and results in
jet separations which are substantial compared to a redRslyleigh range of the laser. This
implies that it is difficult to use a large number of jets reqdifor high degree of coherent
control or substantial signal gain.

In order to meet all requirements stated above, a novel QPMjetdesign has been developed
within the framework of this PhD, in which a generation mexdialternates with hydrogen as
passive matching medium (see Fig. 29). The only restriatithin dual-gas QPM is that the
HHG medium must have a higher ionization potential than bgdn (e.g. most of the common
HHG media such as helium, neon, argon and their ions). lfdbwslition is fulfilled, hydrogen
will be fully ionized at the rising edge of the pulse. Sincengetely ionized hydrogen cannot
emit further harmonic photons, the first condition for anald®@PM scheme is perfectly ful-
filled. Neutral and depleted hydrogen have minimal absonpfor all wavelengths of interest
compared to the HHG media available and therefore the hgarbglf period also fulfills the
second condition and only adds a phase dominated by thel&eteon dispersion given by

@ O qlvnereA, (55)

whereLy is the length of the matching half periaal the electron density, the classical elec-
tron radius and\ the fundamental wavelength. The hydrogen and generatisraje set very
close to each other within the array, so that distinct zon#sawsharp division are created. This
leads to a deeply modulated density, key to ideal QPM enmaacts.

In addition, hydrogen jets placed at the beginning and aetiteof the jet array will have no
effect on the phase matching. Due to the passive naturelgfidmized hydrogen it just acts as
a sharp geometrical boundary for the spreading densityeagéimeration medium. With sharply
defined jets, an easier interpretation of achieved resatterbes possible.

In conclusion, the novel dual-gas QPM scheme combines dwetical advantages of QPM for
achieving high signal levels with a free propagating geoyrtéit is suitable for HHG driven by
high power lasers. Dual-gas QPM is in principle compatibletiie production of intense har-
monic spectra at short wavelengths approachingvidter windowand beyond. Phase-matched
operation at such short wavelengths has recently been degrated by Popmintchev et al. [32]
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Figure 30: The prototype target. a) Picture (top view) andamg principle of the target used at
TEI Crete. b) Plasma side image for argon only and c) for argtimame hydrogen intersection.

using very long laser wavelengths where phase matchingsisrea achieve at the cost of sub-
stantially reduced single atom responBg [J A, >, see section 2.2). Compared to this approach
dual-gas QPM operation has an intrinsic flexibility of belaggely independent of the driver
wavelength and the medium and may thus allow a strong haomesponse harnessing high
power, shorter wavelength driver lasers. The phase intediloy each matching half period
would need to be varied freely from one hydrogen zone to tix¢ me order to achieve ideal
performance. This is important because it is very difficalathieve perfectly uniform con-
ditions over long lengths along a high power laser focus.eEsly for very high harmonic
orders (e.g. sub-10 nm wavelengths), the laser field wileegmce subcycle modifications due
to nonadiabatic effects in the generation medium [145].sTimplies that k is not a constant
along the propagation path. Thus, the dual-gas QPM scheowddsallow for fine tuneability
of individual matching sections to ensure that the totalsphadded by each QPM period cor-
responds to #. This feature will be implemented in future versions of theakdgas multijet
array allowing more than 10 generation jets which can beripéd for the sub-10 nm wave-
length range. This will, of course, put high demands on tleiuen pumping system, because
in contrast to capillary-based HHG higher backing pressare needed in a free-jet system for
achieving an adequate up-conversion in the short wavdigrgime.

Note, that for all wavelengths of interest it needs to be mtsthat the absorption length of the
HHG systems is larger than the total length of the generatiedium within the dual-gas array.
Only if this condition is fulfilled, will the QPM effect leadbthigher signal gain and efficient
control of the quantum path contributions.

5.2.2 The Prototype dual-gas Target

The first prototype jet design, a dual-gas multijet array®sn in Fig. 30a. The jets are formed
by electro-eroded de Laval-shaped nozzles with a diamét20@um at the nozzle exit. The
separation of the nozzle centers is 488 from center to center. The de Laval shape was cho-
sen in order to reduce the spread of the gas after exiting azele and therefore minimize
turbulence between neighbouring jets. The nozzle suppaudnceived in a way that the arrays
of argon and hydrogen have a crossing angle 6f thich leads to a crossing distance to the
two nozzle entrances of about 1Gth. The argon array is placed on a solid spring for fine
adjustment of the relative position of the two jet assensbliehe distance between driver and
matching jet is as small as 2B@n center-to-center so that the QPM period has a total length
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Figure 31: Gas density measurement setup using a Micheiseriarometer to detect changes
in the refractive index in the gas jet due to ionization (BSarhesplitter).

of 430um. The backing pressures in the two arrays are controlledraggly with absolute
electronic pressure controllers whereas all nozzles ofanee array are operated with the same
backing pressure. Arrays with either two HHG jets and onechiag jet or four HHG jets
interspersed with three matching jets are part of the pobgdrinciple design.

As already discussed, hydrogen as matching medium doesiyoadd a phase difference be-
tween the laser and XUV fields, it also acts as a spacer bettheesources which ensures a
high modulation amplitude leading to sharp edges of gelmgrand matching zones. Fig. 30 b
and c show plasma side images of an array with two generatidimae matching zone. In Fig.
30b no hydrogen is used so that the generation jets (e.gn angis case) fill the complete
interaction area. By adding the hydrogen (Fig. 30c) two nicstgeneration jets become visible
with the weakly emitting hydrogen plasma in between.

In principle, our novel scheme allows the phase introdugeddzh matching half period to be
varied freely from one hydrogen zone to the next. Howeves,{diototype target can not be
easily modified. An increased number of separate reseram@raecessary to fulfill the require-
ment of individual density control. This is a very compliedttask if the micro-nozzles are
manufactured with electro-erosion.

During the experiment, only the backing pressure in thervegecan be measured. This pres-
sure can differ significantly from the actual pressure atribezle exit. Gas density measure-
ments were performed in order to determine the real pregsuhe interaction zone. For this
experiment a single electro-eroded de Laval nozzle withaendier of 20Qum was used. The
density measurement principle relies on the determinatiadhe electron plasma density using
Michelson interferometry. Changes of the refractive indag tb free electrons in an ionized
gas jet are detected as fringe shifts in an interferogramthBuinformation on this technique
can be found elsewhere [147, 148, 149].

For the plasma density determination, a pump probe setugnstaled with a pump pulse
as ionizer and a probe pulse for imaging the free electrositye(see Fig. 31). A 12.6mJ
laser pulse with a pulse duration of 35fs, a repetition rét&0dHz and a central wavelength
of 800 nm was split into 8.7 mJ pump and 0.22 mJ probe pulses.plimp beam was focused
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Figure 32: Results of the gas density measurement. a) Etedtasity map with Z, the longi-
tudinal direction and Y the vertical distance to the nozzigance (colour scale in N/cA). b)
Evolution of the particle density in dependence of Y. Theloag pressure is held constant at
6 bar. c) Particle density vs. backing pressure at a condistaince of 45%m from the nozzle
entrance.

with a f = 50 mm focal distance into the argon jet for electron plasnmeggion. The degree of
ionization could be determined by ADK calculations. Thelfgrdbeam, however, passed a delay
stage to vary the temporal delay between the ionization estoimy process before splitting into
a 0.13mJ and a 0.06 mJ fraction. One part of the probe bearagtssargon jet orthogonally
to the pump beam. The second part bypassed the gas setup.fritigas with disturbances
due to the plasma were visible on the CCD. The 2d-electronidgensp can be deduced from
fringe patterns with the scientific softwall@eEA [150]. The electron density map is shown for
the single 20um nozzle in Fig. 32a. The jet can be characterized measunangensity for
different distances from the nozzle exit (see Fig. 32b) amddffferent backing pressures at
constant height (see Fig. 32c). Note, that for these scadahsity is already corrected for the
ionization fractions. From the pressure scan, the relation

N=15-10*P+1.4.10" (56)

for the backing pressure (P in mbar) dependence on the ladiénisityN in cm can be ob-
tained. The corresponding neutral density at the nozzlecaxi be determined using the Y-
dependence dfl which can be obtained from the measurement shown in Fig.@2én by

N = 1.93-10'®. exp(—0.0024-Y) + 2. 10" [cm3], (57)

whereY is measured in units gim. The actual pressure can be determined with the equation
for ideal gases:
Peal = Nsi- kB : T, (58)

whereNg; is the particle densiti in m3, kg the Boltzmann constant and T the temperature
in kelvin. Reg is therefore given in pascal. The nozzles used in the muéjperiment can
be slightly different due to the electro-erosion processaddition, the reservoir of the arrays
differs compared to the one for the single nozzle. From e&pee with these nozzles, it is
reasonable to assume that one particular nozzle within tiigjet array has a slightly higher
density. However, the deduced relations from this measainére adequate and very useful
to estimate the pressure range in the array of gas jets. Hhnicgarly interesting for HHG
simulations, where a pressure is needed as input parameter.
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Figure 33: The foil target design. a) Stacked foils with twanels for the generation and
matching gas. Thin sealing foils (20m, red) are placed between each channel foil ({160
blue). b) Top view of the foil target. Foils are compressedlholder and the laser propagates
from right to left. c) Plasma side image of six argon jets amd fiydrogen intersections. The
QPM period is 20um. In addition, two hydrogen jets are set at the front and drideoarray

to enclose the generation medium.

5.2.3 The Foil Target

The prototype target described in the previous sectionitalge for first proof-of-principle ex-
periments. However, it is not easily scalable to a higher lmemof jets, which is essential to
increase the coherent signal build-up. The prototype tasjes on a complicated procedure
for producing electro-eroded de Laval-nozzles. Furtheemthe crossing angle between driver
and matching medium jets may lead to a reduced efficiencyatetulences.

To increase the flexibility concerning the number of soufeeg. more than just two or four
generation jets), an advanced target design of multiplekethfoils with a rectangular nozzle
orifice of 100um length (x(200-1000)m transverse size) has been developed (see Fig. 33). In
this configuration, the jets do not have any angle with resfgeeach other. This avoids prob-
lems concerning turbulences. However, the most promireattife of this advanced dual-gas
QPM design is the great flexibility of the jet number and jeesivhich only depends on the
number and geometry of the foils. Steel foils are used tocamocidental damage, in the case
that the laser focus hits the target. The channels for thaugastched into the steel, which can
be done with high precision. The foil design is such, thayamle type of foil needs to be pro-
duced. This foil can just be flipped to provide two separasnaiels for the generation and the
matching medium (see Fig. 33a). Sealing foils oft20 thickness are inserted in between the
channel foils to separate the channels. The sealing fous tvao holes for the main channels
but no nozzle orifice. The stacked foils need to be heavilgged onto each other to achieve
sealing. This is done by a holder system which presses tigifbd a dense array of stacked
foils (see Fig. 33b). With this system, any kind of nozzlefgguration can be implemented.
The backing pressures of the two gas-arrays are contralearately, providing the same pres-
sure within one channel of the same gas. The jet arrays capémted in a pulsed mode
in order to avoid a high gas load in the vacuum chamber. Thisakzed with Parker solenoid
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Figure 34: The experimental setup for proof-of-principsts. A gas jet array consisting of
two or four argon HHG jets interspersed with hydrogen phaatehing jets allows full control
of the relative phase between the source jets by varyingytdeogen pressure. The jet array
Is irradiated with 30 fs pulses with an energy of 1 mJ from &dpphire laser system (800 nm)
with a peak intensity in focus of 8.0 Wcni2. The fundamental laser light is filtered out
by two 200 nm Al filters and the XUV pulses are detected by arukamty resolving flatfield
spectrometer. Due to geometrical constraints, the higitestrvable harmonic order was 41.

valves (pulsed valve no. 9S1-A1-P1-9B06) attached dir¢ctllge target. It needs to be ensured
that the volume between the valve and the nozzle exit is Smgliarantee a sharp pulsing. Fig.
33c shows a plasma side image of the resulting gas jet steuclthe configuration used for
this image consists of six argon jets interspersed with fixdrdgen plumes. Due to the high
flexibility in the choice of the jet number, the foil targesalallows the two enclosing hydrogen
jets to be set at the two ends of the QPM array.

The dual-gas scheme realized with this foil target make$sa possible to introduce multi-
ple zones of different backing pressures. This can be exhliy adding more channels which
are separately controlled. The feature of variable magcpimase will be implemented in an
advanced version of the foil target, which is currently undkevelopment.

5.3 Results and Discussion

The feasibility of the dual-gas QPM concept has been demaimstin various experiments
and the results are summarized in this section. Each expetihad its own focus of interest.
In a proof-of principle experiment at the TEI Crete (Greecgihg the prototype target, the
primary intention was to show that the matching gas (e.g.rdgeh) solely tunes the phase
between multiple sources resulting in an harmonic ordeeddent QPM effect. Secondly,
with the proof that only the phase is varied by the insertibiydrogen, the effect on the
contributions of short and long trajectories was inveséiddeading to an efficient control of
their relative weight. The third intention of the initial dligas experiments meets the need of
high conversion efficiencies for FEL seeding. The QPM sdhthahnd its quadratic dependence
on the QPM period has been investigated within a proof-ofggple experiment as well as in a
second experiment at the Center for FEL Science (CFEL) at DEEBYguhe advanced dual-gas
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Figure 35: a) Selective enhancement due to QPM in the twd@azmy for two distinct values
of hydrogen pressure (black solid: 0.9 bar of hydrogen, stiaglay: 2.35 bar). b) zoomed area
of the harmonics 29-41. c) Order-dependent enhancemertbdie phase added by hydrogen.
The argon backing pressure is 2 bar for all curves.

target which consists of stacked foils. The last resultsgue=d in this section are from a third
experiment (also at CFEL) aiming to exploit the effect of dgat QPM in the short wavelength
regime (8-15 nm) with ultrashort laser pulses.

5.3.1 Phase Tuning and Quantum Path Control

The ability to coherently tune the phase between multiplerces and therefore the relative
weight of short and long trajectory contributions with cigals QPM was tested in the geometry
consisting of two argon jets for the HHG half periods and oyérbgen jet for the matching
half period. The array within the prototype design was iiatetl with 30 fs pulses from a Fem-
tolasers Titanium-Sapphire laser with pulse energies of Atra repetition rate of 1 kHz and
a central wavelength of 800 nm (see Fig. 34). The laser wasstmtwith a parabolic mirror
and an effective focal length o= 15 cm into the gas array leading to a measured focal diam-
eter of 40um (FWHM). A peak intensity of 80 W/cm? was achieved with a transmission
efficiency of 86% through the entrance window of the vacuumndber. The XUV radiation
was detected using a compact flatfield XUV spectrometer [£¢80pled to an ANDOR CCD
camera. The grating was mounted about 400 mm behind thaati@n point, which results in
an angular field-of-view of approximately 15 mrad. The Hitigtatfield grating was calibrated
at the Daresbury Synchrotron source to be able to extradltbsefficiencies from the mea-
surement. Two 200 nm aluminum filters block the infraredatidn to protect the XUV-CCD.
The multijet target was mounted on a motorized x-y-z-stafyier optimizing the transverse
position with respect to the laser beam, the gas array wasqrest 1 mm before the focal spot
in order to increase the effect of the intrinsic phase [68Rddition, the harmonics investigated
were chosen to be well within the plateau region of the spatto ensure that long and short
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trajectory tuning was well distinguishable.

To show the tuning effect of hydrogen as a matching mediunmetwéen two argon sources,
the argon arrays were set to a constant backing pressureagenly the hydrogen backing
pressure was varied. Note, that no harmonic signal couldbiserged with hydrogen only.
Figs. 35 a and b show the effect of hydrogen in an array of tworajets separated by one
hydrogen jet for two arbitrarily chosen spectra. The solatk curve represents the spectrum
recorded with an argon backing pressure of 2 bar and a hydimagssure of 0.9 bar. Increasing
the hydrogen backing pressure to 2.35 bar led to the sha@gdsgectrum. It is obvious that
hydrogen has a harmonic order-dependent effect on therapesiuch that harmonic orders
beyond the 2% harmonic are enhanced whereas a decrease in harmonic ysldhserved for
orders lower tham = 25 by changing the hydrogen pressure from 0.9 bar to 2.35eardlso
Fig. 35c). Such constructive/destructive interferendevben two sources is a signature of a
QPM setup where an order dependent plyase added between two sources. Hence, hydrogen
indeed solely adds a phase given by Eq. (55) and therefdiisftiie requirement as matching
medium for dual-gas QPM.

The argon pressure of 2 bar is not an arbitrary pressure .vdloe 2 bar backing pressure for
the argon jets was chosen such that tifeif¢rease in the temporally, radially and spectrally
integrated harmonic yield reached a maximum for all wavgtles visible in the spectrum due
to a phase mismatch. Thus, any further increase of the bgqgkiessure led to a decreased
harmonic signal. From Egs. (56) and (57) the real pressyea&d at a distance to the nozzle
exit of 150um and a backing pressure of 2000 mbar can be determined. Byiaghe ideal
gas equation, the real pressure was calculated ®he= (18+ 7) mbar. With this value an
estimation of the absorption length was possible. This artant for any interpretation of the
achieved results. The absorption length for th® 27159 harmonic was about 11 mm (20 mm)
for 18 mbar in argon and thus much longer than the maximunh ¢getaeration zone of about
1 mm for all four sources. Hence, QPM effects should be olasdewvhile tuning the hydrogen
backing pressure.

The effect of varying the hydrogen pressure between tworeggoeration jets for a wavelength
range from 19 to 30 nm, corresponding to th&'4hd 2'harmonic of the 800 nm driver, can
be seen in Fig. 36a. The argon backing pressure is kept caradt@ bar. A clear effect of
hydrogen can be observed. However, whereas the tuning effegdrogen is evident, the os-
cillation of the harmonic yield seems to be periodic but as\gtric. To investigate the physical
effect behind this data, the #land 2 harmonics were analyzed in more detail. Fig. 36b
shows an oscillation of the harmonic yield of the*4iarmonic with two peaks at 1 bar and
around 2.5 bar hydrogen pressure. The spectrally intefjoate-dimensional lineout reveals an
asymmetric shape of the oscillation. Since changing thsitleaf the fully ionized hydrogen
only affects the relative phase between the two sourceh, seftaviour would not be expected
for a well-defined relationship between laser and harmohi&sp (i.e. where only one tra-
jectory was present). Under such circumstances a pericdiiation with hydrogen pressure
should be observed. The asymmetry in the oscillation bes@wen more obvious in Fig. 36¢
where the 2% harmonic was tuned with hydrogen. A spectral splitting i@ tolour plot was
observed and the two spectral components appeared to kok saparately by hydrogen. The
spectrally integrated lineout shows an asymmetry whichioates from the superposition of
the two spectral features. A smooth oscillation can be oeskfior each of them by separating
the two components (red and black curve in the lineout plot).

This behaviour can be understood in terms of the two distjnahtum trajectories. As discussed
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Figure 36: Coherent superposition of two HHG jets with a 2 lsgoa pressure and varying
hydrogen backing pressure in the matching jet. a) Hydrogessprre scan from the $7o the
415 harmonic. b) Enlarged view of the hydrogen scan for th& @drmonic and c) for the 37
harmonic. One-dimensional lineouts show the spectratiggirated harmonic yield (red dots)
and for the 2%, in addition, the contribution of the shorter (black lineddonger wavelength
components (red line). The oscillation of the harmonicd/ilth hydrogen pressure is clearly
visible. The error bars indicate the error due to backgrauidraction.

in section 2.2.5, these trajectories correspond to diftei@ization and recollision times, but
should have the same electron kinetic energy upon retutmetatom and consequently result
in the emission of photons with approximately the same feegy. However, because of the
effects of intercycle ionization and variation in the laggensity, the exact emission frequency
can be slightly different for the two quantum paths resgliim spectral splitting of each har-
monic, which is clearly visible for the #7harmonic in Fig. 36.

To distinguish the effects of the different trajectoriesnfrother effects on the harmonic spec-
tral shape (for example ionization induced splitting [1583D simulations were performed,
considering each trajectory separately. The jet configurdor the simulation is the same as
in the experiment. Two argon jets are interspersed with guledgen jet. The HHG simula-
tion was done with a 3D-code based on the saddle-point asalf/the Lewenstein model for
the single-atom dipole response as discussed in sectid® [2&, 152]. This approach allows
the inclusion of arbitrary quasi-static ionization ratesetmined with ADK and atom-specific
recombination matrix elements. In addition, the code mlesia tool to study the contributions
of the long and short trajectories separately which is irtgydrfor our purpose. The detailed
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Figure 37: Scheme of 3D dual gas simulations. The first argbnvas simulated with the
3D-code resulting in amplitude Al and phad&. The hydrogen matching jet was treated as
pure plasma adding a phaseda, which results inb2. The last argon jet added another phase
to the harmonic radiation generated in the first jet, resglih ®3. The second jet generated
harmonics with amplitude A2 and phagd. The result of the multijet was the complex sum of
both contributions. The final spectrum can be achieved Wwegtcomplex sum of long and short
trajectory contributions.

theoretical method behind the simulation is described wersg publications [153, 154, 155].
The code was modified to simulate a multijet array with onerbgdn matching zone. As can
be seen in the simulation scheme in Fig. 37, the contribstadrihe short and long trajectories
are accounted by simulating the complex spectrum for booint stmd long trajectories for the
entire pulse and generation length. The spectrum of theafigsin jet results in an amplitude A1
and a phas&1 and for the second jet in A2 angifl. The matching hydrogen zone in between
the argon jets were taken into account by treating them asedypdispersive medium where
the plasma dispersion is the dominant phase term. Thisiaddijphase was added to the phase
of the spectrum of the first jet resulting in a new ph&s which depends on the hydrogen
pressure. For the harmonic radiation generated in the éirshe second jet was just a disper-
sive section. The phase advance could be calculated with Digation rates. The resulting
spectrum was then added to the spectrum of the second jethwias calculated separately.
In order to compare the real spectral tuning plot with sirhaikes, the long and short trajectory
spectra were summed up leading to a complex mixing of bottribotions. Note, that the code
calculates an electric field = E(t,z p) with t being the timez the longitudinal coordinate in
the generation volume armthe radial coordinate. The third dimension was therefockioted
assuming axial symmetry, which was fulfilled in our expemteln Fig. 38a (e) the radially
integrated experimental data is presented with respehetadriation in phase due to hydrogen
for the 27" (41%) harmonic (as already shown in Fig. 36). The simulated sakytresolved
tuning curves in Fig. 38b (f) show excellent agreement whthéxperimental data in terms of
the spectral dependence on the phase introduced by theggydnoatching jet. Same as in the
experimental plot, the two trajectory contributions wenensned up, resulting in a complex and
asymmetric structure. As mentioned before, our simulatmate allows the contribution of the
short and long trajectories to be evaluated separatelyFand38c shows the short-trajectory
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Figure 38: Comparison of the simulated hydrogen pressune ferathe b) 2% and f) 4Ft
harmonic, to the corresponding experimentally obtaineztsp in a) and e). The y-axis is
labeled with the relative phase advance (normalizet)tdue to the hydrogen matching jets.
The agreement between experimental and simulated spscéecellent. The effect of the
hydrogen section on each of the two trajectory contribigtiznshown separately for the 27
[c) short trajectory, d) long trajectory] and theS4harmonic [g) short, h) long]. Note, that the
colour maps of the long trajectory contributions have begmaaced [d) x100 compared to b)

and c); h) x10 compared to f) and g)].
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contribution to the 2%, whereas Fig. 38d shows the long-trajectory contributibhe results
indicate clearly that the long trajectory is dominant in tilee shifted branch and the short
trajectory at longer wavelengths. This is an amazing rebattause it implies the possibility to
choose one path over the other. Especially the selectionlptioe long trajectory contributions
is usually not an easy task. A closer look at Fig. 38c dematestrthat a small fraction of the
short trajectory contribution is also present in the bludteth branch. This spectral splitting
within the short trajectory contribution indicates tha thser spectrum is slightly varied due to
the high intensity and therefore high plasma density [15idwever, for the long trajectories
(Fig. 38d), the splitting is most likely due to interfererafehe different bursts generated by the
long trajectory within each cycle. As one can see in Fig. Eddlare weak additional branches
surrounding the dominant long trajectory for the reciptaatensity. These are also long tra-
jectories but mostly higher order recombinations. Thisli$si@ different effects on the intrinsic
phase and therefore on the phase matching conditions. Asult,r@ complex interference pat-
tern can already occur in the tuning plot considering ong ldng trajectories. This effect is
even more pronounced for the#harmonic. Again, the measured tuning plot was identified
to be the complex sum of the two trajectory contributionsign 389, periodic and symmetric
oscillations can be seen with increasing hydrogen backiegsure for the short trajectories. In
contrast to that, the long-trajectory contributions le@dt®meared out structure. However, two
maxima are clearly visible showing a wavelength dependgaitdgen pressure value.

In conclusion, the path-dependent intrinsic ph@sg leads to a difference in the tuning effect
of the passive medium hydrogen for the long and short trajesst. Thus, strong suppression of
the unwanted quantum paths can be achieved by setting titevegbhase between individual
jets such that only the desired trajectory contributionlisweed to build up coherently over
many QPM periods.

Note, that the 4% harmonic shows a larger phase range than for tife This is well within
expectations, because the matching phase introduced lhytinegen gas is larger for higher
harmonic orders (see Eq. (55)) leading to a shorter cohelength for the shorter wavelengths.
The excellent agreement of the 3D-simulations with the messent demonstrates that the in-
terference between short and long trajectories can beatlmatreffectively by inserting phase
matching zones consisting of fully ionized hydrogen legdma high flexibility in the choice of
the quantum paths. For FEL seeding, the QPM tuneabilityvall@ substantial control over the
FEL pulse characteristics in terms of pulse shape and spp@ctperties by achieving full spa-
tial and spectral coherence in a single harmonic by selptiia short quantum paths. Clearly
the long trajectory contributions can also be phase matoheakis, adding additional flexibil-
ity to the range of wavelengths than can be produced efflgierhis flexibility is of particular
interest to increase the tunability of the FEL wavelength| [6albeit potentially at the cost of
reduced coherence as discussed in section 2.2.5.

A further measurement was performed to test the ability aihdum path control also for a mul-
tijet with more than two sources. For this purpose an arragisting of four source and three
matching jets were used. The energy was slightly reducegaoed to the previous measure-
ment whereas all other parameters were the same. In Figh&35to 39"harmonic order is
presented with 100 mbar and 1900 mbar hydrogen matchingymeeat a constant argon pres-
sure of 2bar. Same as for the two source array, one can cleaglgpectral splitting due to
guantum path interference, where quantum path dependaséphatching was clearly present.
For the lower backing pressure of 100 mbar the shorter t@jgaevas preferentially selected
for all three harmonic orders shown in the plot. The varmaitd the phaseg, with harmonic
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Figure 39: With a multijet configuration consisting of fowusce and three matching jets,
the relative weight of the quantum paths is also contro#lalifomparing the orders 35-39 at
100 mbar (blue solid) and 1.9 bar (black dashed) hydrogekithg@ressure demonstrates the
order dependent control of the relative weight of the shod Bng trajectory contributions.
The argon backing pressure is 2 bar.

order is linearly dependent on the pressure. This impliasftr 1900 mbar hydrogen pressure
the tuning effect determined by, was 19 times larger than that at 100 mbar pressure. As a
result for 1900 mbar backing pressure, the relative weiftiteodifferent spectral contributions
changed with the order number such that for th® &89") harmonic the short (long) trajec-
tory contribution was dominant, whereas for th&3varmonic the contributions were of equal
strength. Therefore, the efficient control of quantum paths not limited to any specific num-
ber of jets. With the reproduction of the results achievetthwwo sources it was demonstrated
that the effect was solely a result of the hydrogen matchregsure.

In conclusion, by effectively controlling the relative wgét of the two quantum paths, the tem-
poral and spatial profile as well as coherence propertiebe&mned to fit the best requirements
for the FEL seeding process. This control is particularkgiiasting when high densities are
necessary for high harmonic yield. In this case, the inflaesicthe long trajectories can be
significant, which can be counteracted by varying the hyeinqgressure.

5.3.2 The QPM Scaling

With the highly efficient control of the transverse and Idandinal coherence and profile an
important requirement for seeding has been fulfilled. H@uethe main problem of the seed-
ing process remains: the harmonic pulse energies need tmat@the shot noise in the FEL
undulators (see Fig. 28). To achieve such high energy vatbesnumber of periods in the
QPM scheme needs to increase. Theoretically, the increaseergy scales WithI(%PM. The
scalability was tested in two different ways using the piyyte target as well as the advanced
foil-based design. Note, that the aim of these first expartswas not to achieve new records in
conversion efficiencies. In fact, the main objective washimsthat the principle QPM scaling
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Figure 40: Harmonic intensity in dependence on the argoikibggpressure (no hydrogen
present). The saturation is clearly visible at 2 bar backiregsure.

dependence on the quadratic number of QPM periods holdsewvsaurce numbers exceeding
two or four. If this coherent build-up can be shown, the gathen of high harmonic energies
only relies on the interplay between the optimized sourcgtiom, the jet number, generating
gas type and vacuum conditions.
A two or a four source array can be implemented using the gaslprototype. This opens
the possibility to compare the enhancement of best phasehethyield using twice the source
number of a reference array. Comparing the two-source aridytiae four source array and
three matching jets, an enhancement facto(4of 2)2 = 4 is expected for perfect coherent
build-up of the harmonic yield. The argon backing pressuas kept constant at 2 bar, where
the harmonic signal from the argon emitters without any bgen showed the first maximum
(see Fig. 40). This is important because it needs to be diearany enhancement occurring
with increasing hydrogen pressure is due to the phase wariat the matching jets and not
due to increasing argon density. For the comparison tRehdtmonic (19.5 nm) as the highest
order observable in the spectrum was chosen to ensure nhiabmarption in the interaction
area. The experimental condition were the same as for th&guepath control measurements.
Hydrogen pressure scans were performed for both the twothantbur-sources array. Fig.
41a shows the hydrogen tuning curve for thé'4tarmonic and a maximum harmonic yield
was found at about 1 bar hydrogen pressure. In the protofrgettdesign, only the values at
best phase matching can be compared, because in this stai® énsured that both configura-
tions showed a phase advancernin each matching zone. Hence, comparing the maxima in
Fig. 41a, an enhancement factor of -B®2 between 2 to 4 sources is clearly visible. A peak-
to-peak comparison of the spectrum at thé' &armonic should also lead to an enhancement
factor of 4 with 1 bar hydrogen and 2 bar argon. In Fig. 41b)akpe-peak factor of 3#0.2
can be observed, well within theoretical expectations. sTlaufactor of~ 4 is present in the
spectrum and in the integrated signal at this harmonic. fdiédive enhancement showed that
the QPM scaling was clearly observable in this configuratidre splitting and blueshift in Fig.
41b) was due to the longer path length for the four-sourcgyaand was caused by ionization
blue shifting and quantum path interference as discusstiprevious section.
As a consequence, the four-jet array was expected to givéhkdxeld of a single jet under the



5 THE NOVEL XUV SOURCE 81

x 10° x 10
a) b)

2.5F

(=)
T

N
a
T

i
w
T

Intensity (arb. units)
a

Intensity (arb. units)
n

N

o
3
-

| |

0
200 600 800 1000 1200 1400 1600 19 191 192 193 194 195 196 197
H2 Pressure (mbar) Wavelength (nm)

Figure 41: Relative QPM enhancement of thé'4tarmonic (19.5nm) between two sources
(shaded dark grey) and four sources (shaded light grey).epeidence of the spectrally and
radially integrated harmonic yield on the hydrogen backirgssure at a fixed argon pressure of
2 bar. b) Peak-to-peak comparison between the radiallgiated spectrum at 1 bar hydrogen
and 2 bar argon pressure.

same conditions. Unfortunately it was not possible to sHmwgé¢ absolute enhancements with
the prototype target. Therefore, a follow-up experimegbiporating the foil-based dual-gas
target was performed. The objective was to demonstrateneeh@ents solely due to QPM. An
elegant and simple method for directly observing the fularcement factor only due to QPM
in multijet configurations was introduced by Seres et al.].[8Phe theory connected to this
method makes the key simplification that the single-atonssimin amplitude is the same for all
atomic emitters. In addition, a dispersion dominated bg &kectrons is assumed, leading to a
linear dependence of the phase mismatch on the particléyglehBee electrons. The harmonic
yield is then given by

1—(—1)NervcogmN,) TNR
lg ~ - sin?
g 1+ cos(11/Nopm - Nn) St 2NopPm ’ (59)

where Nhaxq is the largest particle density for the single jet casgd= 1) for which the
intensity of the § harmonic monotonically grows (e.g. increasing the demsityfurther would
lead to destructive interference) and N N/Nmaxq is the normalized atomic density (with the
atomic density N). In this sense the normalized densityaspibint at which the length of the
single or merged jet |4 is equal to one coherence length L

The best phase matching for a series of source jets (pemN1) with an individual length of
Lm/Nopwm is obtained by adjusting the generating pressure to a higgresity ofNopm - Nmaxq;
such that each individual jet in the array corresponds toomherence length. This allows the
quality of the QPM to be evaluated by comparing a configuratith Nopv = 1 (i.€. a single
jet without QPM) to a configuration with §pp>1 while keeping the total length of the source
gas (and therefore the geometry of the individual jets) t@orts This is a very elegant method
to demonstrate the QPM effect.

An experiment with six QPM periods was performed in orderémdnstrate the QPM scaling
with the method of Seres et al. [82]. The advanced foil tavges used in this experiment.
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Figure 42: Foil configurations for the QPM scaling experitman The merged-jet array consists
of two enclosing hydrogen and six argon jets. Jet sizi is 100um, and with the sealing foils
the total merged jet has a lengthd2 = 700um. b) The QPM configuration consists of six
argon source jets interspersed with five matching jets ancetvelosing hydrogen jets.

Thus, it was possible to use up to six driving jets and 5 matgkabnes. The reference target
necessary for comparison was a merged argon jet of a toeab§izO0um (see Fig. 42a). The
QPM configuration, as shown in Fig. 42b, had six argon jeesrgptersed with hydrogen jets
leading to six QPM periods. With the enclosing hydrogentie¢stotal number of gas jets is 13.
A schematic of the experiment is shown in Fig. 43. A Ti:Sappléser amplifier system
(Red Dragon, KM-Labs) with 35fs pulses and up to 15mJ pulseggnat a repetition rate
of 1kHz was used as driver laser. The central wavelength efsyilstem was 800 nm. The
laser radiation was focused by a lens with an effective feaajth of f= 1000 mm leading to
a measured focal diameter of @én full width at half maximum. The peak intensity derived
from focal measurements was B4 W/cm? and 6 1014 W/cn? at pulse energies of 4mJ and
2.8 mJ, respectively. The jet array was positioned withenRlayleigh range of the focused laser
beam. Similar to the first experiment, the backing pressuarése two arrays were controlled
separately providing the same pressure within an array. iffn@red radiation was filtered
out with a 300 nm thin aluminum foil. The harmonic beam waseditd with the flatfield
spectrometer already used for the first experiment. Howevihin this experiment, it was
necessary to increase the distance between source andospetetr due to the larger focal
length. The distance between source and CCD was increasetbtm2In addition, a remotely
controlled high precision slit was installed to enable &m@tige measurements to determine the
divergence and source size of the harmonic beam. This isemfiapnterest for the seeding
source.
In a first step, the reference target (Fig. 42a) was used &rrdate the dependence of the
harmonic yield on the generating argon density. The enaphidrogen jets were set to a
constant backing pressure of 100 mbar. For each argon peeasspectrum was recorded.
Note, that also in this case no harmonic signal was preseénthwydrogen gas only. In a second
step the target was extended by five hydrogen jets sepathgraygon zones, whereas the total
generation length was kept constant (Fig. 42b). For two setiata the harmonic intensity
was plotted vs. argon backing pressure in Fig. 44a. At fing,mherged argon jet of length
700um showed the characteristic phase oscillations with irstnggargon pressure (see also
Fig. 44b). The data points, corresponding to the cageMN= 1 were fitted using Eq. (59)
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Figure 43: Scaling experiment using a 800 nm driver laseh B8 fs pulse duration and a
repetition rate of 1kHz. The maximum energy per pulse is 4Th& beam is focused into
the QPM target with & = 1 m lens. The spectrometer is equipped with a slit (SL), a élalfi
grating (GR) and an ANDOR CCD. The distance between slit an@tasg?2 m, and between
CCD and target 2,5m.

(green curve). Correspondinglyqfdkq was estimated to be 87.5 mbar. In contrast to the theory,
the experimental data exhibited no zero signal minima wittreasing backing pressure. In
addition, the maxima of the harmonic oscillations slightigreased. This is due to off-axis
phase matching [156], which starts to play a role at highesties. Off-axis effects are not
included in the simple theory and thus not considered in &9j). (

The QPM effect with hydrogen was demonstrated in the datagktthe Nopy = 6 multijet
array. By keeping the interaction length with argon constamg enhancement occurring will be
an effect of pure QPM. The hydrogen pressure was chosen tomzaxthe output at an argon
backing pressure o = 6 x 87.5 = 525 mbar (corresponding to a density Npm - Nmaxg)-
Afterwards the argon pressure scan was repeated withigahiguration. The measured data
fit well to the theoretical expectation forgdy = 6 (Fig. 44a). This is the first demonstration of
an enhancement factor of 36 for a multijet array consistirgj)osources compared to a single
source of the same size. This result confirms the QPM sceyabith dual-gas QPM.

The primary aim of this study was to show the sole QPM scalifegewith dual-gas QPM and
not to demonstrate optimized conversion efficiencies. Hewdor the further development it
IS interesting to calculate the efficiency from this data3éte efficiency was calculated using
the transmission curve for the aluminum filter, the gratiffigiency and the detector response
curve. For an intensity of 910" W/cn?, the best conversion efficiencies achieved with the
Nopm = 6 array were 2-107°, 9-107% and 3- 107° for the 19", 239 and 27" harmonic
order, respectively. This is already close to highest \&algported for a 800 nm driver in
the literature to date [144, 157, 158]. However, furthenroation is necessary to achieve
adequate harmonic energies for all wavelengths of intefEsis can be done by optimizing
both the number of QPM periods, the thickness of the jets draborse the choice of the
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Figure 44: a) Comparison of the harmonic energy vs. argorspresor the 21" harmonic using

a 700um merged argon jet (red dots) and a dual-gas multijet withddyen intersections by
maintaining the total length of the argon nozzles (blaclsylofor comparison, the theoretical
curves were included for §pm = 1 and Nppm = 6. b) Enlarged plot of the phase oscillations
measured with the merged argon jet correspondingdenN= 1. All uncertainties were due to
shot-to-shot fluctuations during the measurement and doadkground subtraction.
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Figure 45: Schematic of the short-wavelength experimerffs3pulses were focused with a
spherical mirror { = 75cm) into the dual-gas target. The generated radiation washdseg
by the newly designed XUV-spectrometer at a total distarfi@&180 mm. Inset: Transmission
curve for 300 nm zirconium.

generating gas type.

5.3.3 Dual-gas QPM at short Wavelengths

The aim of all these studies is the efficient generation ofea $®am by upconversion of the
driver to wavelengths ranging from 10 to 40 nm. In experiragmeviously described, the prin-
ciple of quantum path control and QPM scaling were demotestralhe shortest wavelength
observed during these investigations was 19.6 nm, tRhatmonic of the 800 nm driver laser
system. A third experiment, recently performed at CFEL wdsupeto show the effect of
dual-gas QPM in the short wavelength regime. For all stutliefocus was on wavelengths
within the zirconium transmission window (see inset of F#&p). In addition, the effect of
carrier-envelope phase (CEP) for the stabilization of thesihort infrared pulses as driver for
dual-gas QPM was investigated.

A schematic of the experimental setup is shown in Fig. 45. :Sapphire laser amplifier sys-
tem (FemtoPower) delivered 3.9 fs pulses at a repetitianaB8 kHz and a central wavelength
of 780nm. The pulse energy was about 430 The measured focal spot size with a focal
length of 750 mm was 6a0m (FWHM). An intensity of 23- 101> W/cn¥ was used for the HHG
process. The focusing was achieved with a spherical minsiade the HHG chamber to avoid
dispersion caused by a lens and to avoid damage on the emtnandow in the case of out-
of-vacuum focusing. The generated XUV radiation was diagddoy the XUV spectrometer
specially developed for FLASH2 (see section 3.3.4). Thhis,éxperiment was also a first test
for the new diagnostics. The spectrometer was equippedssitaral 200 to 500 nm zirconium
filters blocking the infrared radiation.

First measurements were done without any CEP stabiliza#iéth random CEP, distinct har-
monics can be expected even for few-cycle pulses in the slam¢length regime. An example
spectrum recorded with neon during the experimental ruivengn Fig. 46a. The harmonics
in the spectrum were clear and distinct, an indication tlwatrajectory mixing occurred. The
radially integrated lineout gives the characteristic ghapspectra measured within the zirco-
nium window. Especially the signal decrease towards lomgarelength was due to the filter



86

5 THE NOVEL XUV SOURCE

x 10°

63

pxis

200 400 600 800100-6 0

500 1000
pxls pxls
80
70+ d)
60- ?
2 ‘
; 50f ’
0
§_ 40 =,
B ¢
o 30 'l
& .
20+ P
s
sal " ,.-'--.,...M- |
gg——j e
0 . L R— -
0 1000 2000 3000 4000

Ne pressure (mbar)

Energy/pulse (pJ)

Energy/pulse (pJ)

60
0 C) .
50F = )
E2
E /
407 E 45 I’
* ’
30+ > 6 = lll
0 2 4 Yl
20+ Horizontal (mm) . 1
4
4
oo,
10 g e
0 ‘ CH E
0 1000 2000 3000 4000
Ne pressure (mbar)
30
e) ]
25¢ 4
'
20 M
'
’
15+ g
’
4
10} K %
.l
5 | A'y‘ —.~
e e .. f
0 1000 2000 3000 4000

Ne pressure (mbar)

Figure 46: a) Spectrum recorded with 3.9fs pulses with neotihv@ generating medium. The
radially integrated lineout is shown in the second half effigure. The harmonic numbers are
indicated in the lineout plot. b) Transverse size of the fwammbeam within the Zr window. c)
QPM effect as a result of hydrogen tuned to maximum harmdeld jor the 53¢, d) 63% and e)
71%'harmonic. The neon pressure scan without any hydrogen ifides) show quasi-quadratic
enhancement until the phase advance reaoh@&$e ideal curve without phase mismatch was
plotted as grey dashed line. The QPM data points (blue siytlasically follow this line. Note,
that the errors were due to uncertainties in the actual press
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transmission curve. The abrupt dip at 12.3 nm occurred dabgorption in a silicon layer of
the XUV CCD. It can be calculated that this dip causes an intgsop of about 30%, cor-
responding to 18 nm silicon. The silicon dip was used to caldthe spectrum. The signal
decreased beyond that dip towards shorter wavelengthsodtie tmacroscopic cutoff. The
highest harmonic order observable in the spectrum gquas79 which corresponds to 9.9 nm

(125.4 eV). With the new spectrometer it was possible to oreathe direct XUV beam as
well as the spectrum. The direct beam within the bandwidtthefzirconium filter is given in
Fig.46b. The beam was slightly asymmetric with a transveize ofdy = 3.1 mm (FWHM)
anddy = 2.2 mm (FWHM).

The main aim of this experiment was the enhancement of the ggmonic signal beyond
driving densities corresponding to one coherence lengthgeheral, in the phase matching
regime of the HHG process (e.g. at generation densitieggponding to< L), the insertion
of hydrogen would cause a signal decrease. Performing ggdrscans in this phase matching
regime of the neon pressure curve, the highest value adieewas the value measured without
hydrogen. However, as soon as best phase matching can rey lemgchieved with the merged
generating jet, inserted hydrogen jets can correct for tisenaitch leading to a quasi-quadratic
signal growth even beyond the signal saturation with nedy drhis was experimentally con-
firmed and the harmonic yield is plotted in Figs. 46c-e for 38¢' (14.7 nm), 6% (12.4 nm)
and 72 harmonic (11 nm). The pure neon pressure scans exhibitechtmacteristic signal
maximum. It is obvious, that the phase mismatch set in eaatishorter wavelengths. This
indicates an order dependent phase matching effect. ludeslother effects like absorption
as the origin for the signal decrease. Each QPM data pointweasured by performing a hy-
drogen scan at a constant neon pressure value. Note, thaiatkieium of only the first three
hydrogen oscillations were shown in the plot. This ensurasro other effects like ionization
induced intensity changes cause the enhancement. The ra@dsrmonic yield follows the
guasi-quadratic curve, corresponding to the theoreyigadssible yield without any phase ef-
fects (grey dashed lines), within the errors. This dematesstran excellent QPM scaling. Note,
that in this analysis, absolute numbers for the harmonicggeewere calculated and shown in
the plots. From Fig. 46, 29.7 pJ, 38,6 pJ and 10,0 pJ were wx$as maximum energy values
for the 539, 639, and 7% harmonic, respectively. This corresponds to the respecinver-
sion efficiencies of 81078, 1.10~7 and 3 108. Although these values were very promising,
more effort is necessary to increase the harmonic outputieMer, in this experimental config-
uration, especially for harmonics close to the cutoff, naHer optimization was possible due
to two main limitation. First, the gas pressure was limitedhe vacuum chamber. In order
to reach the maximum harmonic generation with a dual-gasjétconfiguration, the density
needed to achieve the phase advance t¢ading to a first signal oscillation corresponds to
high backing pressures. This leads to high demands on theirapumping system. Second,
a few-cycle pulse limits the gas density due to dispersiteces, which changes the temporal
and spatial characteristics of the driver pulse. In gendoalfew-cycle laser pulses, long jet
configurations as well as high densities need to be avoidadoieservation of the temporal
and spatial pulse properties is required. Hence, dual-¢gd fQas the potential to enhance the
signal by maintaining a low gas density-length product.

A continuous spectrum is required for attosecond pulseumrti@h which can be achieved by
stabilizing the CEP of the driver pulses [32]. The stabilmathas the effect that the cycles
within the envelope do not vary in time from shot to shot. Thastant phase relation between
successive pulses leads to the generation of short pulgthkeand therefore broad spectra. In
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Figure 47: a) Harmonic spectrum recorded with ultrashortP GEbilized laser pulses. The
spectrum without any hydrogen (lightly shaded) and the eod@ent due to the insertion of
hydrogen (darkly shaded, 625 mbar hydrogen backing pressudisplayed. b) Enhancement
factor vs. wavelength.

Fig. 47a the continuous shape of the spectrum is shown. Tise pength was 4fs and the
CEP was stabilized. The neon backing pressure was set tor2. blimdual-gas configuration
with six source jets interspersed with matching jets wad as€QPM target. The lightly shaded
spectrum was recorded without hydrogen. This spectrunedeag reference spectrum. The
spectrum recorded with 625 mbar hydrogen backing presswpigited in Fig. 47a in order to
demonstrate the effect of the hydrogen matching zones @wled area). An enhancement
of the complete spectral range could be observed. This isyainveresting result in terms of
enhancing the yield of attosecond pulses. By enhancing thgplete continuum, the whole
attosecond pulse experiences enhancement without angelrathe spectrum or pulse length.
Note, that the spectra shown in Fig. 47 include the effechef300 nm zircon filter leading to
the characteristic intensity decrease towards longer agéhs. The dip in the center is again
due to the silicon absorption within the CCD.

Although the complete spectrum experienced enhancenfengnthancement factor was not a
constant. The factor of enhancement in dependence of thelevagth is given in Fig. 47b.
Whereas wavelengths above 10 nm showed a relatively coresthahcements of about a factor
3, the wavelengths approaching the macroscopic cutoffrexpeed enhancement up to a factor
6. Therefore, the very short wavelengths within the maapgccutoff experienced the most
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Figure 48: a) Knife edge measurement for th&'Barmonic. The slit was moved across the
beam and caused a reduction of intensity. b) Derivation@kttife edge curve led to the actual
transverse beam size. ¢) Beam size measurement with the CCIpixehsize is 13x13im.

enhancement. This led to an effective extension of the nsaopic cutoff.

Simulations are currently in preparation in order to confina observed behaviour. If these
measurements can be confirmed, dual-gas QPM becomes hitfalstise for attosecond pulse
generation.

5.3.4 Source Size Measurements

First divergence measurements were performed during thé §aling experiment at CFEL.
During the measurement the argon and hydrogen backinguyseesss set to 600 mbar and
100 mbar, respectively. The divergence could be determiiyeeither using a motorized slit
which was implemented in the setup (see Fig. 43), or by the XAOD itself. The flatfield
spectrometer has the convenient feature that the spatipksis preserved in one dimension.
Therefore, it is possible to slowly insert the slit by mea&sgispectra for each step. The slit was
calibrated beforehand so that the beam size could be ddredthe knife edge measurement.
Furthermore, the detector pixel size is well known giving theam size at a second position.
The slit was positioned.35+ 0.05 m behind the target whereas the detector had a distance of
2.76+0.05m to the source.

The slit moved 64103 steps per mm. A knife edge scan was peefbmwith a resolution of
20000 steps. The radially and spectrally integrated imtgns dependence on the slit move-
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ment for the 2%harmonic is given in Fig. 48a. The higher the slit step numter more the
beam was cut. The derivative of the resulting curve showsedhaktransverse dimension of the
beam. The transversal beam profile determined with this edethshown in Fig. 48b. From
this plot a transverse size df= 2.6+ 0.1 mm (FWHM) can be obtained, corresponding to
dw = 4.37+ 0.3 mm (2w; contains 95% of the beam energy).
The divergence can be estimated with the expression
1 dw

tan® = 5D (60)
For the position D of the slit, measured from the source, ikergence can be estimated to
be ® = 0.9+ 0.1mrad. An estimation of the corresponding source size caach&ved by
assuming a Gaussian shape for the XUV radiation. With tlearagtion the source size can be
estimated by calculating the beam waist

B A
~ mtan®’

Wo (61)
For example, the 2tharmonic, corresponding t,7 = 29.6nm for a 800 nm driver, gave a
source size of 2+ 1 um (2w) corresponding to 12+ 0.6 um (FWHM). As stated before, the
measured focal spot size was 7@ (FWHM) during the QPM scaling experiment. Thus, the
source size was about 20% of the initial laser focus. Dued@fsumption that the beam had a
Gaussian shape, the determined source size was just a loviter |

To confirm the source size, the same calculation was done giasition of the CCD. On the
detector, the 2harmonic had a beam size correspondingl te 2.64+ 0.1 mm (FWHM) or
dw = 4.43+0.2mm (2w; see Fig. 48c). With Eq. (60) the divergence can bienastd to
be 08+ 0.04 mrad. The corresponding source size wa$ 23.6 um (2w) corresponding to
144+ 0.4 um (FWHM). This agrees well to the values determined with thisekedge measure-
ment.

The usage of the new spectrometer in the third experimerilethaa beam profile analysis
also for the last experimental configuration. The featurdicgct beam measurement led to
the possibility to measure the horizontal and verticaldvanse size independently. From Fig.
46b the spot size at a distance®f= 3480+ 50 mm was estimated to be 5:0.2 mm (2vy)
and 3.20.2mm (2w). Therefore, the divergences were given@®y= 0.7+ 0.03 mrad and
©y = 0.5+ 0.03 mrad. By assuming a Gaussian shape, a lower limit for theesaize can be
estimated. With the calculated divergences the sourceasimminted tes, = 11+ 0.2 um and

sy =15+ 0.2um for 12nm. The focal measurement of the laser pulse showedtssize of
100.8um (2w). The source size therefore appeared to be very smaikekkr, note, that the
Gaussian limit always led to a lower limit for the source siZe Gaussian shape is only an
approximation. The real source size is therefore larger tha calculated value.

These source parameters are very important for the FELrsgpediup. Detailed studies on the
source size and divergence will be performed with the daaltgrget and the novel OPCPA
driver system in order to determine the required opticsHerdeed injection scheme. An inter-
esting subject will be the influence of varying hydrogen pues on the source parameters.
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6 Conclusion and Outlook

A novel seeding source has been developed in order to meettjurements of the FEL
FLASH2. The conversion from infrared to XUV radiation is lizad with high harmonic gener-
ation in gases. We have shown, for the first time for a muldjdG configuration, coherent con-
trol of the two main quantum paths by controlling the relagphase of the sources with match-
ing zones consisting of completely ionized hydrogen gasrted between the HHG zones. This
result was fully supported by 3D-simulations which dempatstd quantum path interference to
be the origin of the complicated spectral shape measuradgdtire proof-of-principle exper-
iment. The efficient control of quantum path contributiotisveed a direct influence on the
XUV beam coherence and on the spatial and temporal pulsdeordthis is important for an
adequate coupling between seed and electron beam withitEtiheas well as for the FEL beam
quality.

The novel dual-gas QPM scheme allowed not only for cohereangol but also for a signifi-
cant enhancement of the harmonic yield following the sgali Iy 0 (Ngpwm)? with the QPM
period Nopm. This was demonstrated experimentally for QPM periods dbugopy = 6. This
new approach, not limited to any specific number of nozzkgsasents a relatively simple tool
for increasing the conversion efficiency to its theoretiait. For short harmonic wavelengths
(< 25nm), where current HHG efficiencies are substantiallyllem#nan those required by the
FEL seeding process, this method is particularly attractivhe low self-absorption at shorter
wavelengths implies that jet arrays witlpBly > 10 are possible with a decreased nozzle open-
ing. It should be noted, that all results achieved duringréported experiments were well
reproducible. The combination between coherence contolthe enhancement of the har-
monic yield makes it highly attractive for FEL seeding at FRA2.

In principle, our scheme can be extended to almost any medailong as the ionization po-
tential of the HHG medium exceeds that of hydrogen. Theegfarwill also be possible to
exploit the high ionization potential media offered by igresies while controlling the phase
matching conditions at the same time. Furthermore, it ghbelemphasized that this method is
in principle also applicable to capillary waveguides, baith and without a discharge, which
makes absorption limited HHG using this method applicabkenaller-scale laser systems.
Dual-gas QPM has the potential to achieve highest harmowigess even at wavelength ranges
close to the water window. However, multiple, separatelytemled pressure zones needs to be
implemented in order to approach the theoretical limit.sTikiparticularly challenging from a
technical point of view. A new target design is currently endevelopment including 6 sepa-
rate pressure control zones. The number of jets per corgotios can be varied. With such a
configuration, changes in the driver pulse intensity distiion can be balanced by varying the
driving and matching densities from one pressure sectighamext. This will lead to higher
harmonic energies essential for an efficient seeding psoces

Ultimately from the current perspective, the limit of theathgas QPM scheme is only given
by absorption effects and focusing geometry. To overcoraddtter limit, laser systems with
higher pulse energies can be used, resulting in a focusiomeeey with much larger confo-
cal parameters, while maintaining the appropriate intgrisr HHG. In the case of FLASH2,
the driving pulse energy is fixed at about 2mJ at 760 nm cenaaklength. Thus, a further
optimization of the HHG process can only be achieved by apglgchemes such as shaped
focal spots with flat top beam profiles. The reduction of apson effects, however, can be
achieved with an efficient pumping system. For this purpas@mney concept was developed,
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which guarantees direct pumping of the major part of the gabgfore it can spread into the
vacuum system. The chimney is installed right above theyaax#. Recent tests showed an
improvement of the chamber vacuum by one order of magnitudegl operation. The aim is
to maintain a pressure of Tonbar in the HHG target chamber.

The OPCPA laser system required for seeding FLASH2 has ego@pparameters with 2 mJ
pulse energy at a central wavelength of 760 nm, 10-15 fs plulsstion and a 100 kHz repetition
rate in 10 Hz bursts. A prototype version of the OPCPA setuptested and very promising
results could be achieved at 60 and 96 kHz repetition rates clirrent design of the fiber pump
amplifier installed at DESY shows excellent performancéhmrequired burst mode. Further
investigations are necessary in order to decide whetheinadibk or Innoslab amplifier will
be used as booster amplifier in the pump setup. These expgsirage ongoing and the two
stage OPA is already prepared in order to achieve all desaganpeters as soon as the design
pump pulse energy of 20 mJ can be generated. For a stabldgioperithe seed source, energy
fluctuations as well as pointing variations need to be mingdi Thus, the laser development
includes also various techniques to stabilize the lasgrawthich is directly imprinted into the
HHG radiation.

The injection scheme has been discussed and first suggestidrow the source can be in-
cluded in the beam line have been made. For a further, detdideussion about the concrete
injection mirror configuration, start-to-end simulationgh Genesis are necessary as well as
a full characterization of the harmonic beam generated duthl-gas QPM. The latter issue is
subject of detailed measurements planned at DESY as sobe &RCPA system delivers the
design parameters.

In conclusion, the achievements of both the new OPCPA ampdifid the novel dual-gas QPM
HHG scheme form the basis to enable seeding at FLASH2. Eathgmesents a major ad-
vance in its field. Thus, the laser amplifier as well as the H&lGet are of high interest for other
applications besides FEL seeding. The success of enhaaaogplete continuous spectrum
with hydrogen, as presented in the last chapter, demoesttia¢ high potential of the dual-gas
scheme for attosecond science. However, detailed simokatieed to support the findings and
3D-simulations are currently in preparation.

Whether direct seeding is feasible at FLASH2 will depend amous developments. Even if
the source finally delivers harmonic energies exceedingiieshot noise, especially for wave-
lengths around 10 nm, an adaptive injection mirror and aitadgal and transverse characteri-
zation of the electron beam are necessary in order to realteenally initiated micro-bunching.
The degree of longitudinal and transverse coupling betweéssirons and seed radiation will be
the bottle neck of the project. With an adequate contrastdet shot noise and seedx100),
the seeded FEL radiation can be expected to dominate the fpdtitram. Additionally, by en-
suring that the short trajectory is phase-matched on axigmthe HHG process, especially the
longitudinal coherence can be expected to be highly imgreeenpared to the SASE radiation.
Dual-gas QPM can help to combine a good coherence with andmacrenergy yield ensuring
a good contrast between SASE and seeded FEL radiation.

The seed source is important and the progress achievediwank holds promise for the seed-
ing project. However, it is just one part of a complicateddseg setup and many challenges
needs to be met before first seeded light will be observeceateiv FLASH2 FEL.
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