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Abstra
tThe Free ele
tron LASer in Hamburg (FLASH), operating in the Self-Ampli�ed Sponta-neous Emission (SASE) mode, is 
urrently the most intense femtose
ond light sour
e inthe eXtreme-UltraViolet (XUV) regime. However, the statisti
al nature of SASE leadsto intensity �u
tuations of the Free Ele
tron Laser (FEL) pulses. Moreover, the ele
-tron a

eleration pro
ess introdu
es arrival-time �u
tuations of the ele
tron bun
h at theundulator entran
e, whi
h leads to a temporal jitter with respe
t to the syn
hroniza-tion system. This jitter limits the resolution of 
orresponding pump-probe experiments.In order to redu
e these pulse-to-pulse �u
tuations, a seeding se
tion for the ele
tronbun
h has been installed in 2009/2010. Here, XUV seed pulses from a High-Harmoni
Generation (HHG) sour
e are overlapped in spa
e and time with the ele
tron bun
hesin new variable-gap undulators installed upstream the existing SASE undulator. Behindthe undulator se
tion, the seeded FEL radiation will be de�e
ted by a mirror into anexperimental 
ontainer for beam 
hara
terization. A fra
tion of the opti
al laser, used asthe driving laser for HHG, is also transported into the experimental 
ontainer, thus, tem-poral diagnosti
s like 
ross-
orrelations between the syn
hronized seeded FEL and opti
alpulses are possible. Emphasis of this work is the 
onstru
tion and 
hara
terization of theHHG sour
e.ReferatDer Freie-Elektronen LASer in Hamburg (FLASH) arbeit zur Zeit in einem Modus, derdie spontane Undulatorstrahlung selbst verstärkt (SASE). Die resultierende Strahlungliegt im extrem ultra-violetten (XUV) Spektralberei
h und ist die stärkste Li
htquelle indiesem Wellenlängenberei
h überhaupt. Das Verstärkungsprinzip SASE ist eine Methode,die das Anfangsraus
hen verstärkt und dadur
h intrinsis
h statistis
hen Fluktuationen inder Intensität und im Spektrum unterliegt. Zusätzli
h werden dur
h den Bes
hleuni-gungsprozess der Elektronen Ankunftzeit�uktuationen relativ zu einem Syn
hronisation-slaser am Undulatoreingang eingeführt, die si
h dur
h Ankunftzeit�uktuationen der resul-tierenden Li
htpulse bemerkbar ma
hen. Diese S
huss zu S
huss Fluktuationen reduzierendie zeitli
he Au�ösung von so genannten Pump-Probe Experimenten. Um diese Fluktu-ationen zu reduzieren, wurde 2009/2010 eine seeding-Sektion in FLASH (sFLASH) im-plemeniert. Hierbei werden Li
htpulse einer Hohe-Harmonis
hen Quelle (HHG) in Raumund Zeit mit den Elektronenpaketen überlagert und ans
hlieÿend in den sFLASH Un-dulatoren verstärkt. Na
h der Undulatorstre
ke wird die verstärkte Strahlung aus demFLASH-Tunnel in einen Experimentier
ontainer re�ektiert. Zusätzli
h wird ein Teil desfür die HHG Quelle benötigten Fundamentallasers direkt in den Experimentier
ontainergeführt, so dass zeitaufgelöste Kreuzkorrelationsexperimente mit dem Fundamental- undder verstärkten XUV- Laserstrahlung dur
hgeführt werden können. S
hwerpunkt dieserArbeit ist der Aufbau und die Charakterisierung der HHG Quelle.
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Introdu
tion 1
The free-ele
tron laser in Hamburg (FLASH) is a user fa
ility providing highly brilliantultrashort eXtreme UltraViolet (XUV) radiation to users. The established operatingmode SASE (Self-Ampli�ed Spontaneous Emission) shows shot-to-shot �u
tuations inthe spe
trum, the pulse pro�le, and the arrival time of the radiation. In 
ontrast, highharmoni
 radiation is 
omparably stable, but with pulse energies orders of magnitudelower than SASE. Seeding FLASH (sFLASH) with a high harmoni
 of an external laseris a method to 
ombine the advantages of high harmoni
 generation (HHG) and FELsin order to improve the performan
e of the fa
ility. In a �rst stage of sFLASH, the
21st harmoni
 of a titanium-sapphire (Ti:Sa) laser is used for seeding. Between 2009and 2010 the user operation of FLASH was stopped to implement the new 50 m longsFLASH se
tion. Here, the ele
tron bun
hes are overlapped with the XUV high harmoni
radiation in order to initiate the ampli�
ation pro
ess. The ampli�ed radiation enablesthen the possibility for time-dependent experiments without the la
k of errati
 �u
tuationsin the time and spe
tral domain and without arrival time �u
tuations between the XUVradiation and the external laser. This 
hapter introdu
es the main features of HHG andthe 
ommon Free-Ele
tron Laser (FEL) operation mode SASE. It further des
ribes theidea how to 
ombine the advantages of ea
h te
hnique. Finally, the stru
ture of this thesisis presented.1.1 High harmoni
 generationHHG is a method to generate XUV and x-ray radiation. Therefore, a femtose
ond laserpulse is fo
used into a noble gas target. The 
orresponding laser �eld bends the atomi
potential of the noble gas atoms. This deformation leads to an in
reased possibility of thevalen
e ele
trons to tunnel through the atomi
 barrier. The subsequent motion is thendetermined by the laser �eld. The ele
trons are a

elerated by the laser �eld and have asmall possibility to re
ombine with their parent ion. The gained energy is then emittedin terms of XUV or x-ray photons [Winterfeldt et al., 2008; Chang and Corkum, 2010℄.HHG is a 
oherent pro
ess where a fra
tion of the driving laser is 
onverted into oddmultiples of the fundamental frequen
y. The 
onversion e�
ien
y (CE) of this pro
esslimits the pulse energy of the harmoni
s to the nanojoule or sub-mir
ojoule regime. In thetime domain the high harmoni
 radiation 
onsists of a burst of attose
ond pulses [Papado-giannis et al., 1999; Dres
her et al., 2001; Hents
hel et al., 2001; Agostini, 2004℄ and enablesreal-time observation of atomi
-s
ale ele
tron dynami
s [Dres
her et al., 2002; Corkumand Krausz, 2007℄. The driving laser and the XUV radiation are syn
hronized intrinsi-
ally. Thus, the temporal resolution of pump-probe experiments with these pulses is only1
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e of di�erent light sour
es. Courtesy of S. S
hreiber, DESY.limited by their pulse duration. Due to the spe
tral and temporal stability high harmoni
sare the tool of 
hoi
e for monitoring atomi
-s
ale dynami
s [T.Pfeifer, 2006℄. Pump-probeexperiments [Uphues et al., 2008; Allison, 2010℄ and di�ra
tive imaging [Ravasio et al.,2009; Sandberg et al., 2007℄ for instan
e are some appli
ations of HHG.1.2 Self-ampli�ed spontaneous emissionThe most 
ommon operation mode of an FEL is Self-Ampli�ed Spontaneous Emission(SASE), produ
ing highly-brilliant radiation down to the XUV and x-ray regime. In
ontrast to syn
hrotrons the light pulses of an FEL have a mu
h higher brillian
e (�gure1.1) and are 
oherent. The pulse duration is in the femtose
ond regime and is mu
hshorter than the pi
ose
ond pulses delivered by syn
hrotrons. The pulse energy ex
eedsthose of HHG by up to �ve orders of magnitude.The radiation is suited for 
oherent x-ray di�ra
tion imaging [Chapman et al., 2006;Bogan et al., 2008℄, inline holography [Rosenhahn et al., 2009℄, Fourier- transform- holog-raphy [Boutet et al., 2008; Man
uso et al., 2010; Mar
hesini et al., 2008℄, 
oherent x-rayresonant magneti
 s
attering [Gutt et al., 2010℄ and time-resolved pump-probe experi-2



1.3 HHG vs. SASEments [Krikunova et al., 2011; Chapman et al., 2007; Barty et al., 2008℄.Unfortunately, the generation of the light pulses is based on a statisti
al pro
ess, leadingto errati
 �u
tuations of the pulse energy and the spe
tral and temporal domain [A
k-ermann et al., 2007℄. Moreover, the ele
tron a

eleration pro
ess introdu
es arrival time�u
tuations of the ele
tron bun
h at the undulator entran
e, whi
h leads to a temporaljitter with respe
t to external laser pulses. Thus, the resolution of time-dependent pump-probe experiments is redu
ed [Dres
her et al., 2010; Maltezopoulos et al., 2008; Azimaet al., 2007; Rad
li�e et al., 2007℄.1.3 HHG vs. SASEBoth, HHG and SASE are te
hniques to generate XUV radiation for time-resolved exper-iments. HHG is able to provide 
oherent radiation in the nanojoule regime. In 
ontrastthe pulse energy of FLASH is up to 300 µJ [S
hreiber, 2011b℄. Due to the sto
hasti
nature of SASE the radiation di�ers in its spe
trum and intensity on a shot-to-shot basis.These jitter sour
es are absent in HHG.In HHG the radiation 
onsists of odd multiples of the driving laser frequen
y. Thelowest produ
ed wavelength depends on the fundamental wavelength and the target whi
husually is a noble gas. It is further possible to shift and/ or broaden the spe
trum slightlyat the expense of the pulse energy. In an FEL the wavelength depends on the ele
tronenergy and on the K-parameter of the used undulators and 
an be 
hanged 
ontinuously.FLASH for instan
e 
an produ
e radiation with 4.1 nm < λ < 47 nm [S
hreiber et al.,2011; Tiedtke et al., 2009℄.The pulse length of the FEL radiation depends on the ele
tron bun
h and it is possibleto 
hange the pulse length of FLASH between 10 fs < ∆t < 200 fs (rms) [S
hreiber,2011b℄. In 
ontrast, the pulse length of the HHG related radiation is determined by thepulse length of the driving laser. Furthermore, the driving laser pulse length has a largeimpa
t on the CE. Thus, the pulse length of the harmoni
s is more or less �xed. Onthe other hand, the arrival time jitter of the radiation is only determined by the jitterof the driving laser. In 
ontrast to an FEL, where the a

eleration pro
ess introdu
esarrival time �u
tuations in the order of FWHM ≈ 80 fs (Full Width at Half Maximum)[S
hreiber, 2011b℄. Thus, the temporal jitter of an FEL is mu
h larger 
ompared to HHG.1.4 Seeded FELsSeeding an FEL is an alternative te
hnique to SASE, where the lasing pro
ess is initiatedby an external laser and not from spontaneous emission. The external laser introdu
esa density modulation of the ele
tron bun
h leading to 
oherent radiation. In this 
ase,only a fra
tion of the ele
tron bun
h is being modulated, thus the pulse length of the
orresponding radiation depends on the seed pulse length. In addition, the ampli�
ationpro
ess takes pla
e only within the pulse length. Hen
e, the arrival time �u
tuations of theele
tron bun
h has no impa
t on the 
orresponding radiation as long as the arrival-time3



1 Introdu
tionjitter is smaller than the width of the ele
tron bun
h.The wavelength of the radiation is determined by the seed, thus, it is an odd multipleof the HHG driving laser. The pulse energy of a seeded FEL should be 
omparable toSASE radiation in the mi
rojoule regime [Milt
hev et al., 2008℄.In summary, a seeded FEL 
ombines the advantages of the stability of HHG and thehigh power of SASE. Therefore, one is able to improve the time resolution of 
orrespondingexperiments and to enhan
e the energy resolution of wavelength-dependent experiments.So far FLASH is operated in the SASE mode. This thesis des
ribes the joint venturebetween the University of Hamburg and DESY, where the FLASH fa
ility is upgradedto a seeded FEL (sFLASH). It is meant to get further insights of the pe
uliarities of aseeded operation mode and is a �rst step towards a seeded user fa
ility (FLASH II).1.5 Thesis stru
tureThis thesis is separated into �ve 
hapters. The following 
hapter des
ribes the funda-mental physi
al 
on
epts of HHG and FEL theory ne
essary to understand this thesis.In 
hapter 3 the experimental environment, i.e. FLASH, sFLASH, and the 
onstru
tedharmoni
 sour
e are des
ribed. Chapter 4 is the main part of this thesis and des
ribesthe 
hara
terization of the harmoni
 sour
e and the a
hievements of the seeding experi-ment at FLASH. Chapter 5 
on
ludes and presents an outlook of sFLASH. Finally, theappendix 
ontains among te
hni
al details a manual how to set up the harmoni
 sour
e.

4



Fundamentals 2
This 
hapter is addressed to the fundamentals of this thesis. Primarily the theoreti
al
on
ept of HHG and FEL theory will be presented.2.1 Des
ription of laser pulsesThe behavior of laser pulses is based on opti
s and has been investigated thoroughly inthe past. A 
omprehensive des
ription 
an be found in [Saleh and Tei
h, 1991; He
htand Zaja
, 1997; Frank L. Pedrotti, 1987; L.Bergmann et al., 2004℄. This 
hapter onlya

ounts for the fundamentals and summarizes the ne
essary issues to understand thefollowing 
hapters.2.1.1 Geometri
al opti
sThe simplest way to des
ribe the behavior of light is in terms of geometri
al opti
s. Thetheory is based on a few postulates as des
ribed for instan
e in [Saleh and Tei
h, 1991℄.It is assumed that light travels in form of rays in a medium whi
h is des
ribed by therefra
tive index. The path of the rays is determined by Fermat's prin
iple: "Light raystravel along the path of least time". Based on these three prin
iples the propagation oflight rays is determined.For rays having a small angle ϑ to the opti
al axis of an opti
al element, their behavioris des
ribed by the paraxial approximation: sin(ϑ) ≈ ϑ. One 
onsequen
e is the imageequation for a thin lens or a spheri
al mirror:

1

b
+
1

g
=
1

f
, (2.1)where g is the distan
e from the obje
t to the lens, b is the distan
e from the lens to theimage, and f is the fo
al length of the lens. The equation 
an be employed to 
al
ulatethe position of an image depending on the distan
e of the obje
t to the fo
using opti
.The paraxial approximation la
ks on the fa
t that aberrations as for instan
e astigmatism
annot be des
ribed. Astigmatism is indu
ed, whenever the light rays have a large angle

ϑ to the opti
al axis of the fo
using element. In this 
ase, two line fo
i appear instead ofone point fo
us. The line fo
i in the sagittal and meridional plane are separated in spa
e:
fm = f · sin(ϑ)
fs = f · 1sin(ϑ) , (2.2)5



2 Fundamentalswhere fm, and fs are the e�e
tive fo
al lengths of the meridional and sagittal plane,respe
tively.In general, geometri
al opti
s is an idealized model and implies that λ → 0. It isnot possible to des
ribe e�e
ts like interferen
e or di�ra
tion. To a

ount for the wavenature of light the ele
tromagneti
 �eld theory has to be used. Some major results willbe presented within the next se
tion.2.1.2 Gauss opti
sLight 
an be des
ribed with the Maxwell equations and it is possible to dedu
e simplestatements by employing some assumptions. Firstly, the wave equation
∇2~E =

1

c2
∂2~E

∂t2
, (2.3)with ~E the ele
tri
 �eld, c the speed of light, and t the time is a dire
t 
onsequen
e of theMaxwell equations. For an ele
tromagneti
 wave

~E(~r, t) = E(~r)T(t)equation 2.3 
an be separated in spa
e and time and 
an be rewritten as:
(

∇2 + k2
)

E(~r) = 0, (2.4)
(

d2

dt2
+ω2

)

T(t) = 0, (2.5)with ω = kc,and k = 2π
λ
,where ω is the angular frequen
y, k is the wave ve
tor, and λ is the wavelength. Equation2.4 is known as the Helmholtz equation. Assuming an ele
tromagneti
 wave travelingalong the z-dire
tion with a slowly varying envelope (paraxial approximation), one solutionof equation 2.4 
orresponds to a Gaussian beam [Ja
kson, 1999℄ with

w(z) = w0

√

1+

[

z

zR

]2 (2.6)
R(z) = z

[

1+
(zR

z

)2
] (2.7)

ζ(z) = tan−1( z
zR

) (2.8)
w0 =

√

λzR

π
, (2.9)where w(z) is the beam width depending on the spatial 
oordinate z and zR the Rayleighlength. R(z) 
orresponds to the wavefront radius of 
urvature, ζ(z) represents the phase6
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Figure 2.1: Cal
ulated beam width for a Gaussian beam with λ = 38.1 nm, w0 = 40 µm,and zR = 132 mm.retardation of the beam relative to a uniform plane wave, and w0 is the minimal beamwidth at its waist depending on the wavelength λ and on the Rayleigh length zR. In �gure2.1 the 
al
ulated beam width w(z) is shown for a Gaussian beam with λ = 38.1 nmand w0 = 40 µm. In this 
ase the beam width w at position z is de�ned in terms ofthe intensity: the Gaussian beam has its peak intensity on axis for every position z. Thebeam radius w, however, is de�ned as the radial distan
e to the opti
al axis at whi
h theintensity is redu
ed to 1/e2 of its peak intensity. Also the Rayleigh length depends on thebeam waist and refers to the distan
e z at whi
h the fo
al spot area is twi
e as big as atits waist w(z = 0) = w0, i.e. the beam radius is √2w0. The intensity at that position is
I(z = ±zR) = 0.5 · I(z = 0).Depending on the 
ontext di�erent de�nitions of the beam waist are used. As explainedbefore w 
orresponds to the radius, where the intensity de
reases by a fa
tor of 1/e2. In
ontrast, the FWHM value of a beam is de�ned as the diameter of the beam at whi
hthe intensity drops down by a fa
tor of two. The rms width σ of a beam is de�ned as themean of the photon-distribution. In 
ase of a Gaussian beam the rms-width (root meansquare) is half as big as the w-radius (w = 2σ). The di�erent de�nitions of the Gaussianbeam widths are 
onne
ted as follows:
FWHM = 1.177w = 2.35σBesides, �gure 2.1 indi
ates that the beam width in
reases linearly in the near �eld.For z≫ zR equation 2.6 
an be rewritten as

w(z) =
w0

zR
· z

w(z) = tan(ϑ) · z (2.10)7



2 FundamentalsThe divergen
e, i.e. half opening angle of the 
one 
an be expressed by 
ombining equation2.9 and 2.10.
ϑ =

w0

zR
=

λ

πw0
, (2.11)with tan(ϑ) ≈ ϑ.The phase retardation ζ(z) of a Gaussian beam (equation 2.8) 
hanges its sign at theposition of the waist [Gouy, 1890℄. This e�e
t is known as the Guoy phase-shift ∆ζ = πbetween the near �eld on ea
h side of the fo
us.Stri
tly speaking, the above equations are only valid for a Gaussian TEM0 in x- and y-dire
tion, respe
tively. [Siegman, 1993℄ introdu
ed the beam quality fa
torM2 to extendthe above equations. The beam quality- or beam propagation- fa
tor is de�ned as �thetimes di�ra
tion limited (TDL) value for an arbitrary real beam 
ompared to a TEM0Gaussian beam". It is further shown that the above equation have to be modi�ed in away that λ → M2λ, where M2 ≥ 1 in order to des
ribe modes deviating from TEM0mode in x- and y- dire
tion. During this work the modi�ed beam width, as well as themodi�ed Rayleigh length is being used. The equations 2.6 and 2.9 
an be rewritten as

W(z) =W0

√

1+

(

z

zR

)2 (2.12)with zR =
πW2

0

M2λ
, (2.13)where W0 is the modi�ed beam waist. During this work laser pulses are assumed to beGaussian in the spatial and spe
tral domain, unless it is expli
itly noted to be di�erent.A detailed dedu
tion of Gaussian beam properties 
an be found in [Siegman, 1986℄. Laserrelated fundamentals are further dis
ussed in [Svelto, 1982; Rulliere, 1998℄.2.2 XUV opti
sThe XUV regime is in the range of 10 nm ≤ λ ≤ 120 nm. Unfortunately, there are noexisting materials having a high re�e
tivity within this regime. Most of the radiation isbeing absorbed within a penetration depth of less than 1 µm, leading to typi
al re�e
tivityof R ≤ 10−4 at normal in
iden
e [Jaeglé, 2006℄. A solution to over
ome this pe
uliarityare grazing in
iden
e mirrors, as well as normal in
iden
e multilayer mirrors. Grazingin
iden
e mirrors have a large bandwidth 
ompared to multilayer mirrors. As explainedin 
hapter 2.1.1 a fo
using opti
 employed at a grazing in
iden
e angle leads to an astig-matism, whi
h is usually not wanted. Thus, grazing in
iden
e mirrors are 
ommonly usedfor simple (non-imaging) re�e
tions. In 
ontrast, multilayer mirrors 
an be employed atangles around zero degree. Those mirrors 
onsist of a periodi
 thin layer stru
ture on topof the substrate, leading to 
onstru
tive interferen
e of the re�e
ted XUV radiation. Thea
hieved bandwidth is small 
ompared to the grazing in
iden
e mirrors, but the fo
usedbeam does not su�er from astigmatism. A more detailed des
ription of XUV opti
s 
an be8



2.3 High Harmoni
 Generationfound in [Jaeglé, 2006; Attwood, 2000℄. [Lawren
e Berkeley National Laboratory, 2011℄provides a web-interfa
e to 
al
ulate the re�e
tivity and transmission of various materials.A report on di�ra
tion gratings in the XUV regime whi
h are used in this thesis has beengiven by [S
hroedter, 2009℄ and basi
 grating theory 
an be found in [Palmer and Loewen,2005℄.2.3 High Harmoni
 GenerationHHG is a 
oherent nonlinear intera
tion of light and matter [Shen, 1984; Menzel, 2001℄:if a high intensity laser is fo
used into a gas target, the atoms emit light pulses of oddmultiples of the in
ident frequen
y [W.F.Drake, 2006; Jaeglé, 2006℄. The �rst observationof opti
al harmoni
s (se
ond harmoni
 generation) has been des
ribed in 1961 [Frankenet al., 1961℄ one year after the invention of the laser [Maiman, 1960℄. First experiments onlow-order harmoni
 generation in gas have been published in [New and Ward, 1967; Wardand New, 1969℄, whereas the �rst high-order harmoni
s have been observed in the late1980s [M
Pherson et al., 1987; M.Ferray et al., 1988℄. Early published results are reviewedin [Huillier et al., 1991; Gavrila, 1992℄. More re
ent reviews 
an be found in [Winterfeldtet al., 2008; Brabe
 and Krausz, 2000℄. In table 2.1 a sele
tion of harmoni
s generatedwith an 800 nm Ti:Sa laser are shown, where H21 will draw an in
reased attention duringthe following work.Table 2.1: Sele
ted harmoni
 orders in di�erent units.harmoni
 order λ (nm) Ephoton (eV)H01 800 1.55H09 88.9 13.95H11 72.7 17.05H13 61.5 20.15H19 42.1 29.45H21 38.1 32.55H23 34.8 35.65H61 13.1 94.542.3.1 Three-step modelA simple empiri
 model has been developed to des
ribe the pro
ess of HHG [Corkum,1993; Kulander et al., 1993℄. It is widely known as the simple man's model, the three-stepmodel, or in the 1990s as the �two-step quasi-
lassi
al approa
h� [L'Huillier et al., 1993℄.The model des
ribes how the bound ele
trons of the gas atoms tunnel through its atomi
barrier. In the se
ond step the ele
trons move 
lassi
ally and may return to the nu
leus.Those ele
trons that re
ombine to the ground state emit harmoni
s as illustrated in �gure2.2. Today the model is separated into three steps and is des
ribed as follows: 9



2 Fundamentals

(a) (b) (c)Figure 2.2: S
hemati
 representation of the three-step model: (a) represents the tunnelionization, (b) the a

eleration in the 
ontinuum, and (
) the re
ombination.First step: ionizationWhenever a laser is fo
used down to intensities in the order of 1015 W/
m2 the amplitudeof the 
orresponding ele
tri
 �eld approa
hes 109 V/
m. These �eld strengths ex
eed thatof an atomi
 Coulomb �eld, leading to a deformation of its atomi
 potential. Hen
e, thisdeformation in
reases the possibility for a bound ele
tron to tunnel through its atomi
barrier. Tunnel ionization has �rstly been des
ribed for hydrogen [Keldysh, 1665℄ andwas extended to a generalized theory for arbitrary atoms [Ammosov et al., 1986℄.In summary, the theory introdu
es the Keldysh parameter [Miyazaki and Takada, 1995℄:
γ =

√

Ip

2Up
,where Ip is the ionization potential of the gas and Up is the ponderomotive potential.The ponderomotive potential 
orresponds to the averaged energy of the ele
tron's quivermotion in an ele
tromagneti
 �eld and is dire
tly proportional to the wavelength squareof the driving laser. It is de�ned as

Up =
e2

2meǫ0cω2
I ∝ Iλ2,where e is the elementary parti
le 
harge, me the ele
tron mass, ǫ0 the va
uum permit-tivity, c the speed of light, ω the angular frequen
y, I the laser intensity, and λ is thewavelength of the laser. However, for γ > 1 the ionization takes pla
e in terms of multi-photon ionization [Lin, 2006℄ and for γ < 1 through tunneling. Multi-photon ionizationis a simultaneous absorption of several photons, leading to the ionization of the atom[Mainfray and Manus, 1991℄.The number of ele
trons Ne 
an be dedu
ed as in [Miyazaki and Takada, 1995℄ and isdes
ribed by the rate equation

dNe(t) = N(t)W(t, E)dt,10



2.3 High Harmoni
 Generationwhere N(t) is the time dependent neutral atom density andW(t, E) the tunnel ionizationrate. The ionization rate depends on the �eld strength E and leads to an ele
tron density[Ammosov et al., 1986℄
Ne(t) = N0

[

1− exp(− ∫ t

−∞

W(t, E)dt

)]

,where N0 is the neutral atom density at t = 0.Besides, ionization of the gaseous medium 
hanges the di�ra
tive index and may leadto self-fo
using of the driving laser whi
h itself has in�uen
e on the HHG pro
ess. HHGin a rapid ionizing medium has been des
ribed thoroughly in [Rae et al., 1994; Rae andBurnett, 1993a,b℄. However, laser �elds in the order of the atomi
 Coulomb �eld of
108 − 109 V/
m, ne
essary to drive the HHG pro
ess, are known as strong �elds wherethe 
lassi
al perturbation theory is not valid [Brabe
, 2008℄.Se
ond step: propagationAs soon as the ele
tron is ionized it is treated as a free-ele
tron and its subsequent traje
-tory is determined by the laser �eld. Depending on the phase of the laser �eld at the timeof the ionization the ele
trons gain di�erent energies before the ele
tri
 �eld 
hanges itsalgebrai
 sign. The sign 
hange 
auses the ele
tron to de
elerate and then to a

elerateba
k to the parent ion. The averaged kineti
 energy an ele
tron 
an gain in an os
illatorylaser �eld is [Gallagher, 1988; Krause et al., 1992℄:

〈

1

2
mev

2

〉

= Up
(

1+ 2 
os2(ωt0)) ,where v is the velo
ity and t0 is the ionization time. This equation indi
ates that theenergy an ele
tron 
an gain is between Up and 3Up. Classi
al simulations of the prop-agation have been published in [Corkum, 1993℄ and reveal a slight modi�
ation of thepreviously dedu
ed result. It is shown that the maximal energy an ele
tron 
an gain is
3.17Up. It is also shown that an ele
tron, whi
h gained the energy of 3.17Up has tunneledat ωt0 = 17◦or 197◦ of the driving laser. Thus, the maximal energy an ele
tron 
an gaino

urs twi
e a laser 
y
le. Here it is perspi
uous that for an ellipti
al polarization ofthe driving laser the ele
tron never returns to the parent ion. Thus, the CE of HHG isstrongly dependent on the ellipti
ity of the driving laser polarization [Budil et al., 1993;Dietri
h et al., 1994; S
hulze et al., 1998℄.Third step: re
ombinationSome of the free-ele
trons may re
ombine with their parent ion and emit a photon witha maximal energy of

Emax = 3.17Up + Ip, (2.14)where Ip is the ionization potential of the 
orresponding gas atoms. Equation 2.14 isknown as the 
uto� law and des
ribes the 
uto� behavior of the harmoni
 spe
trum11



2 Fundamentals[L'Huillier et al., 1993℄. The smallest possible wavelength in the harmoni
 spe
trumdepends on
• the wavelength of the driving laser,
• the intensity of the driving laser,
• and the ionization potential of the gaseous medium.The larger the wavelength, intensity, and ionization potential, the smaller gets the wave-length of the highest harmoni
 order.In summary, the three-step model is a quasi-
lassi
al model whi
h des
ribes the HHGpro
ess within three distin
t steps. A self-
ontained fully quantum me
hani
al des
riptionof the HHG pro
ess is given in [Lewenstein et al., 1994℄ and will be des
ribed in thefollowing se
tion.2.3.2 Quantum me
hani
al des
riptionThe quantum me
hani
al des
ription of the HHG pro
ess is based on the single a
tiveele
tron (SAE) approximation [Kulander and Res
igno, 1991℄ and is known as the strong�eld approximation (SFA) or as the Lewenstein model [Lewenstein et al., 1994℄. In theSAE approximation it is assumed that the bound state wave fun
tion evolves into a
ontinuum wave pa
ket. One part of the wave pa
ket will never return, whereat anotherpart will return to the ioni
 
ore. Here di�erent possibilities a probable. Either theele
tron s
atters o�, or 
hanges the dire
tion to gain energy, or overlaps with the boundstate, whi
h leads to a time dependent dipole moment and photo emission. The system
an be des
ribed with the 
orresponding time-dependent S
hrödinger (TDSE) equation

i	h ∂
∂t

|Ψ(~r, t)〉 =
[

−
	h2
2me

∇̂2 + V̂(~r) − ~E(t)x̂

]

|Ψ(~r, t)〉, (2.15)where V̂(~r) is the atomi
 potential operator, ~E(t) is the time-dependent laser �eld, and
x̂ is the dipole operator. However, the solution of equation 2.15 is a superposition ofbound, os
illating, and outgoing wave pa
kets. In order to solve the TDSE the followingapproximations have to be made:

• the system evolution depends only on the ground state |0〉. All other states do not
ontribute and 
an be negle
ted.
• depletion of the ground state 
an be negle
ted.
• the ele
tron in the 
ontinuum moves as a free-ele
tron in an ele
tri
 �eld, thus theatomi
 potential has no e�e
t and 
an be negle
ted.
• the laser �eld is assumed to be linearly polarized ~E(t) = (E(t) 
os(ωt), 0, 0)12



2.3 High Harmoni
 GenerationThe Fourier transform of the indu
ed dipole moment
ex(t) = 〈Ψ(x, t)|ex|Ψ(x, t)〉 (2.16)leads dire
tly to the harmoni
 spe
trum.The ansatz

|Ψ(x, t)〉 = eiIpt/	h(a(t)|0〉+ ∫

d3~q b(~q, t)|~q〉
)

, (2.17)where a(t) is the ground state amplitude and b(~q, t) is the amplitude of the 
ontinuumstates, leads to the solution of the TDSE. Be
ause the depletion of the ground state isnegle
ted, the amplitude of the ground state is set to a(t) ≈ 0, 
a(t) ≈ 0. Equation2.16 
an be evaluated by further 
hanging the variables to the 
anoni
al momentum
~p = ~q+ e~A(t)/c:

ex(t) = i

∫ t

0

dτ

(

2me	hπ
ν+ iτ

)3/2

× d∗x(~ps − e
~A(t)/c) · e−iS(~ps,t,τ)

× E(t− τ) 
os(ω(t− τ))dx(~ps − e~A(t− τ)/c) + c.c. (2.18)with ~ps = ~ps(t, τ) =

∫ t

t−τ

dt′ e~A(t′)/cτand S(~ps, t, τ) =

∫ t

τ

dt′′

(

(~ps − e~A(t
′′)/c2)2

2me

+ Ip

)

,where dx(~q) = 〈~q|ex|0〉 is the 
omponent of the dipole matrix element parallel to thepolarization for bound-free transitions, d∗x its 
omplex 
onjugate, S(~ps, t, τ) is the quasi-
lassi
al a
tion, ~ps the momentum at the stationary point of the quasi-
lassi
al momen-tum, and τ = t − t′ is the time the ele
tron is travelling in the 
ontinuum. Equation2.18 
an be interpreted in terms of the simple man's model: the bottom line 
ontains thematrix element for the transition between the bound state and the 
ontinuum, S(ps, t, τ)
orresponds to the propagation operator in the 
ontinuum, and d∗x 
orresponds to thetransition from the 
ontinuum ba
k into a bound state.A Fourier transformation of equation 2.18 
al
ulates the harmoni
 spe
trum. It 
anfurther be shown [Salieres et al., 2001℄ that the kth Fourier 
omponent 
orresponds to asum over the quantum orbits
exk =

∑

n

an exp(−iS(pn, tn, tτ)),i.e. the kth harmoni
 depends on interfering 
ontributions of di�erent traje
tories (Feyn-man's path integral). Finally, it should be pointed out that this model is also able toreprodu
e the 
uto� law of the simple man's model [Lewenstein et al., 1994℄. Equation2.14 has to be modi�ed:
Emax = 3.17Up + Ip · F(Up/Ip), (2.19)13



2 Fundamentalswhere the fa
tor F(Up/Ip) is a 
orre
tion term due to quantum tunneling and quantumdi�usion. F(Up/Ip) is equal to 1.3 for Ip ≪ Up and de
reases to 1 as Ip grows.HHG is a periodi
 pro
ess whi
h o

urs every half laser 
y
le. Moreover, one 
an observethat two ele
tron traje
tories ionized at di�erent phases of the laser �eld will result inidenti
al momenta at the time of re-
ollision [Lewenstein et al., 1995; Bal
ou et al., 1999;Milo²evi¢ and Be
ker, 2002; Liu et al., 2009℄. These two traje
tories are known as theshort and the long traje
tory 
orresponding to the time the ele
tron is traveling throughthe 
ontinuum. Sin
e the pro
ess takes pla
e every half period of the laser 
y
le T/2 theFourier transform is a dis
rete fun
tion with a separation 
orresponding to 1/(T/2) = 2f.That is why the spe
trum 
onsists only of odd multiple of the frequen
y of the drivinglaser [Winterfeldt et al., 2008℄. This symmetry 
an be avoided by adding the se
ondharmoni
 of the driving laser to the HHG pro
ess [Mauritsson et al., 2006℄.2.3.3 Phase mat
hingSo far only a single atom has been 
onsidered. However, HHG is a multi-parti
le pro-
ess and the 
olle
tive e�e
ts have to be taken into a

ount. For e�
ient HHG thephase-
onditions of the atoms have to be set that the 
orresponding radiation adds 
on-stru
tively. The wave-ve
tor mismat
h of the qth harmoni
 order 
an be written as
∆k = qk(ωf) − k(qωf), (2.20)where k represents the wave-ve
tor, q is the harmoni
 order, and ωf is the frequen
y ofthe driving laser. Equation 2.20 and the following is mainly taken from [T.Pfeifer, 2006℄.The wave-ve
tor k = k(ω) depends on its frequen
y. It 
an be written as

k(ω) = kvac(ω) + kdisp(ω) + kplasma(ω) + kgeom(ω), (2.21)where kvac(ω) = 2πω/c is the wave-ve
tor in free spa
e, kdisp(ω) is the 
ontributiondue to dispersion in a neutral medium, kplasma(ω) is due to dispersion in a plasma, and
kgeom(ω) is due to geometri
 dispersion. Constru
tive interferen
e o

urs, if the phase-mismat
h vanishes:

∆k = 0.The phase-mismat
h in free spa
e
∆kvac = q

ωf

c
−
qωf

c
= 0 (2.22)is zero, thus, only the dispersion due to neutral atoms, plasma, and geometri
al e�e
tshave to be 
onsidered. As the the refra
tive index of a medium depends on the wavelengththe phase-mismat
h due to dispersion in a neutral medium 
an be expressed as

∆kdisp(ωf) = (n(ωf) − n(qωf))
qωf

c
, (2.23)where n is the refra
tive index. This 
ontribution to the phase-mismat
h depends only onthe di�eren
e of the refra
tive indi
es. In 
ase of the 800 nm driving laser the refra
tive14



2.3 High Harmoni
 Generationindex is larger than one and smaller than one for the XUV radiation, thus, the wave-ve
tormismat
h is a positive value.As explained in the previous se
tion only a fra
tion of the ionized ele
trons re
ombineand emit harmoni
 radiation. The majority of the ele
trons remain ionized and lead to a
hange of the refra
tive index:
nplasma(ω) =

√

1−
(ωp

ω

)2with ωp =

√

e2Ne

ǫ0me

,where ωp is the plasma frequen
y. The 
orresponding plasma 
ontribution to the phase-mismat
h 
an be 
al
ulated:
∆kplasma(ω) = qkplasma(ωf) − kplasma(qωf) =

ω2
p(1− q

2)

2qcωf

(2.24)and is
∆kplasma(ω) < 0for q > 1.The last 
ontribution in equation 2.21 depends on the fo
using properties of the drivinglaser. As explained in 
hapter 2.1.2 the fo
used Gaussian beam 
ontains an additionalphase 
ontribution along the z-dire
tion whi
h is known as the Guoy phase (equation 2.8).The wave-ve
tor 
an be approximated for z << zR to

kgeom(z) =
dζ(z)

dz
≈ 1

zR
.Thus, the phase-mismat
h is:

∆kgeom = qkgeom(ωf) − kgeom(qωf) =
q − 1

zR
. (2.25)The total phase-mismat
h 
an be 
al
ulated by 
ombining equation 2.20 - 2.25:

∆ktot = (n(ωf) − n(qωf))
qωf

c︸ ︷︷ ︸
>0

+
ω2
p(1− q

2)

2qcωf︸ ︷︷ ︸
<0

+
q− 1

zR︸ ︷︷ ︸
>0

. (2.26)In order to a
hieve 
onstru
tive interferen
e the phase-mismat
h introdu
ed by free ele
-trons have to 
an
el out the mismat
h due to dispersion and geometri
al 
onsiderations.During this work only loose fo
using geometries are used and therefore the geometri
alpart of the phase-mismat
h 
an be negle
ted. Thus, the phase-mismat
h is only due tofree-ele
trons and dispersion in the neutral medium, i.e. argon. Note that HHG in hollowwaveguides introdu
es an additional term, whi
h is addressed to waveguide dispersion[Durfee et al., 1999℄. This term is absent during this work an 
annot be used to optimizethe phase-mat
hing 
onditions. 15



2 Fundamentals2.3.4 Properties of the harmoni
sIn �gure 2.3 a typi
al HHG spe
trum is plotted s
hemati
ally. The spe
trum 
an bedivided in three se
tions: the perturbative regime of the lower harmoni
s whi
h 
anbe treated with the lowest-order perturbation theory [Gavrila, 1992℄, the mid-harmoni
swhi
h form a plateau, and the highest harmoni
s in the 
uto�. The high-order harmoni
sof the plateau and the 
uto� regime are des
ribed in terms of the SFA, whi
h is not validfor lower orders. Here the atomi
 potential has an in�uen
e on the ele
tron's movement,thus the approximations made in the SFA are not ful�lled anymore (
hapter 2.3.2).
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Figure 2.3: S
hemati
 representation of a typi
al HHG spe
trum (odd orders shown ontop).As explained before, the harmoni
s are separated by 2ωf, where ωf is the frequen
y ofthe driving laser. The spe
tral bandwidth of ea
h harmoni
 depends on the intensity ofthe driving laser [He et al., 2009℄ and is larger, if the long ele
tron traje
tory is favored,thus for higher laser intensities. Moreover, destru
tive interferen
e between the long andthe short traje
tory may o

ur at high intensities [Xu et al., 2008; Brunetti et al., 2008;Zaïr et al., 2008℄. It is further possible to slightly shift the harmoni
s towards lowerwavelengths. As explained in 
hapter 2.3.1 the probability to ionize an atom depends onthe intensity of the driving laser. Thus, for high intensities the number of free-ele
tronsin
reases and the refra
tive index 
hanges (se
tion 2.3.3). This variation of the refra
tiveindex leads to a spe
tral blueshift of the driving laser and therefore to a blueshift ofthe harmoni
s [Wahlström et al., 1993℄. Detailed 
al
ulations 
an be found in [L'Huillieret al., 1992; Rae and Burnett, 1993a; Rae et al., 1994; Kan et al., 1995℄.The harmoni
s form a train of attose
ond pulses in the time domain [Paul et al., 2001;Antoine et al., 1996℄. In order to measure the attose
ond pulse stru
ture of the harmoni
s,the phase di�eren
e between two 
onse
utive harmoni
s is measured. This measurementis based on a 
ross-
orrelation te
hnique based on a two photon transition. The te
hniqueRABITT (Re
onstru
tion of Attose
ond harmoni
 Beating By Interferen
e of Two-photonTransitions) uses the fa
t that the driving laser frequen
y is exa
tly half of the frequen
yspa
ing between two 
onse
utive harmoni
s. If one fo
uses the harmoni
s and the driving16



2.4 Free Ele
tron Laserlaser into a gas, the spe
trum 
onsists of peaks 
orresponding to the harmoni
 orders. Ifin addition the driving laser overlaps in spa
e and time, sidebands appear whi
h dependon the relative phase of the 
onse
utive harmoni
s and the time-delay of the driving laser.In this way, the phase di�eren
e 
an be dedu
ed. In 
ombination with the harmoni
 am-plitude the temporal pro�le 
an be re
onstru
ted [Hents
hel et al., 2001; Paul et al., 2001;Kienberger et al., 2002℄. Moreover, the time-dependent frequen
y 
an be measured anddepends linearly on the harmoni
 order and on the 
hirp of the driving laser [Mauritssonet al., 2004; Norin et al., 2002℄.The 
oheren
e time has to be 
onsidered separately for the long and for the shorttraje
tory. The short traje
tory has a phase that does not vary mu
h with intensity,thus the emitted radiation has a long 
oheren
e time and is well 
ollimated [Lewensteinet al., 1995℄. In 
ontrast the phase of the long traje
tory 
hanges rapidly with the laserintensity [Gaarde et al., 1999℄, therefore, a shorter 
oheren
e time and a more divergentemission appears [Salières et al., 1995℄. The spatial 
oheren
e has been investigated bya series of a two-slit experiments. It has been shown that for moderate laser intensitiesthe harmoni
s have a high degree of spatial 
oheren
e. For high intensities the spatial
oheren
e is redu
ed, due to the time-dependent index of refra
tion [Ditmire et al., 1996;Bartels et al., 2002℄.2.4 Free Ele
tron LaserIn 1971 the prin
iple of an FEL has been proposed by [Madey, 1971℄. After the �rstobservation of magneti
 bremsstrahlung at 10.6 µm [Elias et al., 1976℄ the �rst FEL os
il-lator [Dea
on et al., 1977℄ went into operation. Today, almost 35 years later, a variety ofdi�erent FEL fa
ilities have been 
onstru
ted in order to provide high-brightness, 
oher-ent, ultrashort, and short wavelength radiation to the s
ienti�
 
ommunity. For exampleLCLS [Emma, 2009; Boutet and Williams, 2010℄, XFEL at Spring-8 [Shintake, 2010; Haraet al., 2010℄ and the European XFEL [S
hneidmiller and Yurkov, 2010℄ are able to produ
eFEL-radiation with a wavelength in the order of 0.1 nm, while other fa
ilities like FLASH(
hapter 3.1), SCSS at SPring-8 [Shintake, 2010℄, FERMI at Elettra [Allaria et al., 2010℄,and the SwissFEL [Garvey, 2010; Patterson et al., 2010℄ are operating in the VUV andthe soft X-ray regime.In 
ontrast to the syn
hrotron light sour
es, the FELs generate photon pulses with amu
h higher degree of 
oheren
e and a pulse length down to the femtose
ond range. TheHHG sour
es, on the other hand, are also 
apable to emit ultra-short 
oherent XUV-pulses, but with an energy in the nanojoules regime, while FELs typi
ally deliver mi
ro-or millijoule pulses. FLASH for instan
e is able to deliver pulses up to 300 µJ [Treus
hand Feldhaus, 2010℄, whereas LCLS has observed a pulse energy of 3 mJ [LCLS, 2011℄.Due to the phase and amplitude jitter of the a

elerating ele
tri
 �eld, the ele
tronbun
hes arrive at di�erent times at the undulator entran
e 
ompared to an external laser(arrival-time jitter). In the SASE operation mode, the FEL ampli�es the spontaneousradiation produ
ed in the beginning of the undulator se
tion. The sto
hasti
 nature ofthe SASE start-up pro
ess leads to spe
tral and intensity �u
tuations of the light pulses17



2 Fundamentalson a shot-to-shot basis (spe
tral and intensity jitter). Furthermore, the pulse shape andthe pulse length di�ers from shot to shot.This 
hapter is on the one hand dire
ted to the fundamentals asso
iated with the originsof shot-to-shot �u
tuations, and on the other hand to alternative operation modes of anFEL. Details on FEL related pro
esses 
an be found in [S
hreiber, 2010; S
hmüser et al.,2008; Huang and Kim, 2007; Saldin et al., 1999b℄.2.4.1 Ele
tron sour
e and a

elerationThe ele
trons are generated by a laser driven photo
athode and are subsequently a
-
elerated in a RF 
avity generating ele
tron bun
hes with a length in the pi
ose
ondregime. The te
hni
al solution as well as a detailed 
hara
terization is given in [Stephanet al., 2010; Fraser et al., 1986℄. However, the light pulses of the driving laser have atemporal shot-to-shot jitter relative to the syn
hronization system whi
h is transferred tothe ele
tron bun
hes. Additionally, the ele
trons experien
e temporal �u
tuations of theRF phase leading to a further arrival time jitter of the ele
tron bun
hes relative to thesyn
hronization system.In order to produ
e ultra-relativisti
 ele
tron bun
hes with a high peak 
urrent theele
trons are a

elerated downstream the super
ondu
ting RF a

elerating modules andare longitudinally 
ompressed using the bun
h 
ompressors realized as four dipole mag-neti
 
hi
anes. As in 
ase of the RF gun, depending on their longitudinal position theele
trons experien
e a di�erent RF phase during the a

eleration in the RF-modules. Thishas a twofold e�e
t - it indu
es a head-tail energy variation along the bun
h and it also
hanges the mean energy and 
orrespondingly the bun
h arrival time. Espe
ially the �rsta

elerating module where the bun
hes are a

elerated to almost the speed of light has adire
t in�uen
e on the arrival time relative to the syn
hronization system. In the bun
h
ompressor, depending on the momentum the ele
trons travel di�erent pathways: the tailele
trons with a lower momentum travel a shorter and the head ele
trons with a highermomentum travel a longer way. This leads to a longitudinal 
ompression of the ele
tronbun
h.Therefore, the arrival time �u
tuations of the ele
tron bun
hes are mainly introdu
edby the �rst a

eleration module as well as the bun
h 
ompressor. The timing �u
tuation
aused by the ele
tron gun is partly 
ompensated by the bun
h 
ompressor. A detaileddes
ription of the a

eleration pro
ess 
an be found in [Wiedemann, 2007℄. The 
orre-sponding arrival time �u
tuation of the ele
tron bun
hes as well as te
hniques to redu
ethose errati
 �u
tuations is des
ribed in [Löhl, 2009℄.2.4.2 Undulator radiationThe undulator is a periodi
 magneti
 stru
ture 
onsisting of dipole magnets with alter-nating polarity as illustrated in �gure 2.4. The following does only summarize the keyaspe
ts of undulators. Details 
an be found in [Hofmann, 2004℄ and [Duke, 2000℄. De-pending on the peak of the magneti
 �eld B0 and the undulator period λu the undulator18



2.4 Free Ele
tron Laser

x

y

z

u

Figure 2.4: S
hemati
 representation of an undulator: yellow is the sine-like traje
tory ofthe ele
tron and blue is the emitted radiation.
an be 
hara
terized with the undulator parameter
K =

eB0λu

2πmec
. (2.27)An ele
tron whi
h travels through the undulator is due to the Lorentz for
e moving on asine-like traje
tory and emits syn
hrotron radiation. The radiation emitted at di�erentpositions in the undulator interferes and is 
on
entrated in a narrow 
one with an openingangle of 1/γ, where γ = E

mec2
is the Lorentzian fa
tor. The fundamental wavelength ofthe undulator
λph =

λu

2γ2

(

1+
K2

2
+ γ2θ2

) (2.28)depends on the the undulator period λu, the energy of the ele
tron, the undulator param-eter, and the emission angle θ with respe
t to the beam axis. The on axis wavelength(θ = 0) 
an be 
hanged by tuning the ele
tron energy or the magneti
 �eld of the un-dulator. The ele
trons emit radiation independent of ea
h other, thus, the radiation isin
oherent for wavelengths smaller than the bun
h length and its power is proportional tothe number of ele
trons. The polarization of the radiation is perpendi
ular to the mag-neti
 �eld and the spe
tral width is inversely proportional to the number of undulatorperiods. 19



2 Fundamentals2.4.3 High-gain free-ele
tron laserIn the high-gain FELs, the initial 
urrent density in the ele
tron bun
h is periodi
allymodulated at the radiation wavelength, thus 
reating the so-
alled mi
robun
hes. Thismi
robun
h stru
ture leads to 
oherent radiation. As explained in se
tion 2.4.2 the ele
-trons move on a sine-like traje
tory. Assumed they are superimposed with an ele
tromag-neti
 wave they 
an gain or loose energy depending on the phase of the ele
tron os
illationrelative to the phase of the ele
tromagneti
 �eld. The energy transfer 
an be des
ribedwith the following equation:
dW
dt

= ~v · ~F
= −evx(t)Ex(t),

∝ 
os((kl + ku)z−ωlt+ ψ0) + 
os((kl − ku)z−ωlt+ ψ0) (2.29)
= 
os(ψ) + 
os(χ) (2.30)where dW is the transferred energy, t the time, ~F the Lorentzian for
e, ~v the velo
ity ofthe ele
tron (see �gure 2.4) and Ex is the magnitude of the ele
tri
 �eld in x dire
tion.

kl and ku are the wave number of the light wave and the undulator, respe
tively, z theposition in the undulator, ωl the angular frequen
y of the light wave, and ψ in equation2.30 is known as the ponderomotive phase. It has been shown [S
hmüser et al., 2008℄that a 
ontinuous energy transfer from the ele
tron to the light wave along the undulatoris present, if the ponderomotive phase is 
onstant. Furthermore, the 
ondition for asustained energy transfer to the ele
tromagneti
 wave yields the same light wavelength asthe on axis wavelength of an undulator (equation 2.28 on axis, i.e. θ = 0). The phase ofthe ele
tromagneti
 wave is then shifted by π every half 
y
le of the os
illatory movementof the ele
trons. The energy transfer from the ele
trons to the light leads to a redu
tionof the ele
tron momentum. The smaller the ele
tron momentum, the smaller is the radiusof the traje
tory (p = eB0r). This leads to a 
urrent density modulation of the ele
tronbun
h. [S
hmüser et al., 2008℄ showed also that this pro
ess is self-sustained and leadsto a substru
ture of the ele
tron bun
h. This substru
ture are longitudinal mi
robun
heswith a distan
e of λph to ea
h other. The ele
trons in a mi
robun
h emit 
oherent lightand its power is proportional to N2
e. A detailed des
ription of the self-modulation pro
essis published in [Kondratenko and Saldin, 1980℄.However, the prin
iple to generate 
oherent radiation works only if the ele
tron bun
hgets density modulated, whi
h is usually realized with an ele
tromagneti
 wave. Assumeda seed is present, the phase spa
e motion of the ele
trons within an ele
tromagneti
 �eld
an be des
ribed by the pendulum equations, i.e the time derivative of an ele
tron'sponderomotive phase and the 
hange of the relative energy deviation. In addition, theinhomogeneous wave equation for the ele
tri
 �eld of the light wave and the evolution ofa mi
robun
h stru
ture 
oupled with longitudinal spa
e 
harge for
es 
an be des
ribedmathemati
ally. These equations 
an be solved analyti
ally only for some simple 
asese.g. assuming a homogeneous 
harge density and very long ele
tron bun
hes as well asnegle
ting the betatron os
illations and the di�ra
tion of the EM-wave. However in mostof the 
ases of pra
ti
al interest numeri
al simulations have to be used. For the simulation20



2.4 Free Ele
tron Laserdi�erent tools like GENISIS [Rei
he, 1999℄, GINGER [Fawley, 2004℄, and FAST [Saldinet al., 1999a℄ are available. In �gure 2.5 a GENISIS simulation of the mi
robun
hingpro
ess performed by Sven Rei
he is shown.
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)Figure 2.5: GENISIS simulation of the mi
robun
hing pro
ess. The plots show the devel-opment of the mi
robun
h stru
ture with respe
t to the transverse and longi-tudinal 
oordinates in the bun
h. The distan
e of the mi
robun
hes is equalto the radiated wavelength. 2.5(a): initial distribution of the ele
tron bun
h.2.5(b): developing mi
robun
h stru
ture. 2.5(
): fully developed mi
robun
hstru
ture at the end of the undulator. (Courtesy of Sven Rei
he, PSI)In order to solve the pendulum equations analyti
ally the following approximations haveto be made: the dependen
e of the bun
h 
harge density as well as the ele
tromagneti
�eld on the transverse plane is negle
ted (one-dimensional model). The ele
tron bun
h isassumed to be very long, i.e. the e�e
ts of the tail and head of the bun
h 
an be negle
ted.Further, the 
harge distribution is assumed to be homogeneous and the modulation of the
urrent density is assumed to be small. These assumptions lead to the so-
alled third-orderequation and 
an be solved analyti
ally.It is further possible to dedu
e a number of properties, des
ribing the FEL pro
ess. Thetypi
al emitted FEL radiation as a fun
tion of the undulator length is shown in �gure2.6. During the �rst few meters the ele
tron bun
h has an initial 
urrent density. Assoon as the ele
tron bun
h be
omes modulated and the mi
robun
h stru
ture developsthe emitted FEL pulse energy in
reases exponentially. The power of the light wave 
anbe des
ribed with the following equation:
P(z) ∝ exp(z/Lg)with Lg ∝

(

λu
K2

)1/3
,where P(z) is the power of the light wave and Lg is the gain length whi
h in
reases for lowerwavelengths [S
hmüser et al., 2008℄. After approximately 12 m the mi
robun
h stru
tureis fully developed and saturation sets in. No further ampli�
ation of the emitted radiationis possible.2.4.4 FEL operation modesIn the previous se
tion the FEL-ampli�
ation of an ele
tromagneti
 wave has been dis-
ussed in general. Depending on the origin of the radiation one 
an distinguish several21



2 Fundamentals

Figure 2.6: The exponential growth of the FEL pulse energy as a fun
tion of the lengthtraveled in the undulator. After a few gain lengths the exponential growthand the mi
robun
hing starts. The 
ir
les 
orrespond to measurements of theTESLA Test Fa
ility [Ayvazyan et al., 2002℄. The progressing mi
robun
hingis indi
ated s
hemati
ally. The graphi
 is taken from [S
hmüser et al., 2008℄with kind permission of Springer S
ien
e and Business Media.FEL-operation modes, whi
h will be dis
ussed in this 
hapter.Self-ampli�ed spontaneous emission (SASE)The most 
ommon operation mode of an FEL is SASE, whi
h has been observed for the�rst time in the XUV regime at the TESLA test fa
ility in Hamburg at DESY [Andruszkowet al., 2000℄. This operation mode does not need an external laser seed, it rather usesthe spontaneous undulator radiation as a seed to initiate the ampli�
ation pro
ess: theele
tron bun
h 
onsists of randomly distributed ele
trons. This distribution leads to awhite noise spe
trum within the �rst part of the undulator. The spe
tral 
omponent whi
his within the FEL bandwidth will a
t as the seed for the following ampli�
ation pro
ess.However, SASE is based on a sto
hasti
 pro
ess, whi
h leads to �u
tuating properties ofthe FEL radiation on a shot-to-shot basis. The spe
trum and the pulse pro�le is subje
tto errati
 �u
tuations. Moreover, the pulse energy and the pulse length varies from shotto shot. Nevertheless, it is possible to des
ribe the resulting radiation in a statisti
al way.In [Saldin et al., 1998℄ a detailed study of statisti
al properties of the radiation from aSASE FEL is given.Seeding s
hemesDi�erent seeding s
hemes have been proposed, in order to redu
e these errati
 �u
tuationsof the FEL radiation. The following is primarily addressed to dire
t seeding with anexternal laser although a brief summary of other seeding s
hemes is given. A generaloverview has been published in [Galayda et al., 2010; Shaftan et al., 2004℄.22



2.4 Free Ele
tron LaserDire
t seeding with an external laserSeeding an FEL with an external laser has been prosed in [Garzella et al., 2004℄. Theidea is to initiate the ampli�
ation pro
ess of a high-gain FEL with an external seed, inorder to suppress the errati
 �u
tuations of the SASE radiation. As explained in 
hapter2.3 HHG is a feasible method to generate VUV to XUV radiation with a high degree oftemporal and spatial 
oheren
e and is therefore an eligible 
andidate.Di�erent simulations have been published [Milt
hev et al., 2008; M
Neil et al., 2007a℄showing that seeding with an external laser leads to FEL radiation with improved tempo-ral 
oheren
e and spe
tral brightness. The shot-to-shot stability may 
learly be enhan
edand the pulse width is determined by the pulse width of the seed. The simulations showfurther that the ampli�
ation pro
ess �washes out� the attose
ond pulse-train stru
tureof the harmoni
s and sele
tively ampli�es a spe
i�
 harmoni
, whi
h is determined bythe FEL bandwidth. It is ne
essary to ensure that the seed overlaps with the ele
tronbun
h in spa
e, time, wavelength, and polarization in order to initiate the seeding pro
essbefore the SASE signal develops. Therefore, the seed energy threshold depends on thewavelength [Togashi et al., 2011℄ and is assumed to be in the nanojoule range for photonenergies smaller than 100 eV. Moreover, the ampli�
ation pro
ess takes pla
e within thepulse length of the seed, hen
e the arrival time jitter of the ele
trons 
aused by the a
-
eleration pro
ess has no in�uen
e on the yielded FEL radiation as long as the temporaljitter does not ex
eed the ele
tron bun
h length.So far di�erent seeding experiments have been performed. The �rst observation of aseeded FEL has been reported at the Deep Ultra-Violet FEL, where the third harmoni
from 
rystals λseed = 266 nm led to a large ampli�
ation [DiMauro et al., 2003℄. In Japanthe SPring-8 Compa
t SASE Sour
e (SCSS) test a

elerator has been seeded with a high-harmoni
. Here su

essful seeding has been reported for λseed = 160 nm and λseed =

61.2 nm [Lambert et al., 2008; Togashi et al., 2011℄. At SPARC a seeding experiment isongoing, where �rst results have been a
hieved at λseed = 260 nm [Giannessi et al., 2008;T
herbako� et al., 2006℄ and Max Lab is preparing a seeding experiment as published in[�uti¢ et al., 2010; Thorin et al., 2007℄.It has been shown [Lambert et al., 2008; Togashi et al., 2011℄ that the intensity of theseeded FEL radiation is enhan
ed 
ompared to the SASE operation mode, although theratio between the SASE and seeding asso
iated signal drops down for smaller wavelengths.In addition it has been shown that the spiky stru
ture of the spe
trum in 
ase of SASEis drasti
ally redu
ed by seeding the FEL.Alternative seeding s
hemesHigh-gain harmoni
 generation (HGHG) is a di�erent s
heme of seeding an FEL [Doyuranet al., 2004; Yu et al., 2000; M
Neil et al., 2007b℄. In this 
ase, a seed laser modulatesthe ele
tron bun
h in a �rst undulator (modulator). A following dispersive se
tion trans-fers the energy modulation into a density modulation and a se
ond undulator (radiator)radiates higher harmoni
s of the seed laser. In a se
ond step the radiation passes amono
hromator and afterwards modulates an unmodulated part of the ele
tron bun
h in23



2 Fundamentalsa se
ond modulator. The ele
tron bun
h travels then through another dispersive se
tionand another radiator, whi
h is tuned to higher harmoni
s. In [Yu et al., 2003; Wang et al.,2006; �uti¢ et al., 2011℄ �rst results have been published. This s
heme 
an also be used toestablish a temporal overlap between the ele
tron bun
h and the seed laser as publishedin [Tarkeshian et al., 2010℄.Re
ently, �e
ho-enabled harmoni
 generation� has been proposed [Stupakov, 2010; Xi-ang et al., 2010℄. Here a long wavelength laser modulates the ele
tron bun
h to a shortwavelength mi
robun
hing: the ele
tron bun
h is modulated by a laser with a wave num-ber k1 in a �rst modulator. It travels then trough a dispersive se
tion and is subsequentlymodulated by a se
ond laser with k2 in a se
ond modulator. After passing a se
ond dis-persive se
tion the e
ho signal o

urs at the wave number kE = nk1 +mk2, where n and
m are integer numbers [Xiang et al., 2010℄.
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Experimental environment 3
The experimental environment of the sFLASH experiment will be presented within this
hapter. At the beginning a rough overview of the FLASH fa
ility is given followed by a
loser look on the sFLASH related se
tions. In a detailed manner the HHG sour
e andits dedi
ated diagnosti
s are being presented.3.1 seeded Free ele
tron LASer in Hamburg (sFLASH)sFLASH is an experiment at the FLASH fa
ility at DESY, Hamburg. It is a joint venturebetween the University of Hamburg and DESY (Helmholtz-Gemeins
haft) to further in-
rease the performan
e of FLASH 1. After a brief des
ription of the latest status the goalof this experiment is being presented.

Figure 3.1: Free ele
tron LASer Hamburg at DESY (
ourtesy of S. S
hreiber, [DESY,2011℄).1The proje
t is supported by BMBF under 
ontra
t No. 05 ES7GU1. 25



3 Experimental environment3.1.1 FLASH fa
ilityFigure 3.1 shows a photograph of the FLASH fa
ility at DESY, Hamburg. FLASH isa free ele
tron laser fa
ility in Hamburg providing highly brilliant VUV, XUV, and softx-rays to users [Tiedtke et al., 2009; S
hneider, 2010℄.
315 m

laser

RF gun

FEL 
experiments

sFLASH SASE

undulators

linear accelerator

Figure 3.2: S
hemati
 representation of FLASH (
ourtesy of S. S
hreiber, [DESY, 2011℄)In �gure 3.2 a s
hemati
 representation of the FLASH fa
ility is given: the ele
tronsare produ
ed with a laser driven ele
tron gun (1.3 GHz 
opper 
avity, 3.9 MW RF power,Cs2Te photo 
athode, 262 nm [S
hreiber, 2011a℄) and are subsequently a

elerated withinthe super
ondu
ting a

eleration modules (seven a

elerating modules ea
h with eight
9-
ell super
ondu
ting 
avities operated at 1.3 GHz, [S
hneider, 2010; S
hreiber, 2011a℄)up to a �nal parti
le energy of 1.25 GeV [DESY, 2010℄. FLASH is operated with a
10 Hz repetition rate of ma
ro-bun
hes. Ea
h ma
ro-bun
h (bun
h-train) 
an 
onsistof up to 800 mir
o-bun
hes. The separation of the ele
tron bun
hes within a train 
anbe set to (1, 2, 10, 100) µs [Tiedtke et al., 2009℄. After the ele
trons are a

eleratedthey travel through the undulator se
tion (six undulator modules with a �xed gap of
12 mm, permanent NdFeB magnets, peak �eld B = 0.48 T, K = 1.23, period λu =

27.3 mm, gain length Lgain = (2.5± 0.3) m at 13 nm) in order to produ
e highly brilliantradiation. The ele
trons are dumped and the radiation is sent to the FLASH hall for userexperiments. So far, the operation mode of FLASH is SASE and the 
urrent availablefundamental wavelength ranges from 47 nm down to 4.1 nm [S
hreiber et al., 2010℄. Thelight pulses are 
hara
terized with pulse lengths down to 30 femtose
onds [Frühling et al.,2009; Mitzner et al., 2009℄ and a peak brillian
e of 1029 − 1030 photons s−1 mrad−2 mm−2

0.1% bandwidth−1 [Treus
h and Feldhaus, 2010℄. At saturation the FEL pulses 
onsist ofa de
isive transverse TEM00 mode and several tens of longitudinal modes [Saldin et al.,1999b, 2010, 2008a,b℄. In table 3.1 a summary of the pulse properties at FLASH isgiven, where the quoted values either 
orrespond to measurements of the pulse-to-pulsestatisti
s or to 
al
ulations based on the spe
tral width. Due to the statisti
al natureof SASE, intensity �u
tuations of the FEL pulses o

ur. The spe
tral and the temporalpulse pro�les are subje
t to errati
 �u
tuations [A
kermann et al., 2007℄. Moreover, theele
tron a

eleration pro
ess introdu
es arrival time �u
tuations of the ele
tron bun
h atthe undulator entran
e [Löhl, 2009; S
hulz et al., 2008℄, whi
h leads to a temporal jitterwith respe
t to external laser pulses (table 3.1). The origin of this jitter is mainly due tothe �rst a

eleration module as well as the bun
h 
ompressors (
hapter 2.4) and limits theresolution of 
orresponding pump-probe experiments [Dres
her et al., 2010; Maltezopoulos26



3.1 seeded Free ele
tron LASer in Hamburg (sFLASH)Table 3.1: Performan
e of FLASHproperty value 
omment/ 
itationwavelength (47− 4.1) nm fundamental mode[Tiedtke et al., 2009℄[S
hreiber et al., 2010℄average pulse energy (10− 300) µJ [Treus
h and Feldhaus, 2010℄[S
hreiber, 2011b℄bandwidth ∆λph/λph (FWHM) (0.7− 1)% [Treus
h and Feldhaus, 2010℄pulse duration in general (FWHM) (70− 10) fs derived from statisti
s/spe
tra[Treus
h and Feldhaus, 2010℄
(200− 10)fs use of 3rd harmoni
 module[S
hreiber, 2011b℄measured pulse duration (FWHM) (29± 5) fs at 23.9 nm[Mitzner et al., 2009℄
(35± 7) fs at 13.5 nm[Frühling et al., 2009℄temporal 
oheren
e length (FWHM) 12 fs at 23.9 nm[Mitzner et al., 2008℄
8.1 fs at 33.2 nm[S
hlotter et al., 2010℄peak power 1− 5 GW [Treus
h and Feldhaus, 2010℄peak spe
tral brillian
e 1029 − 1030 photons s−1 mrad−2 mm−2

0.1% bandwidth−1[Robinson et al., 2010℄intensity jitter (rms) 18% [A
kermann et al., 2007℄timing jitter (rms) ≈ 80 fs [S
hreiber, 2011b℄
et al., 2008; Azima et al., 2007℄. These shot-to-shot �u
tuations 
an be measured with ax-ray / laser 
ross-
orrelator and redu
e the temporal resolution to the pulse duration ofthe opti
al laser [Krikunova et al., 2009℄.The timing jitter of the ele
tron bun
h is redu
ed by enabling beam based feedba
ksystems [Koprek et al., 2010℄. In addition, an opti
al syn
hronization system is employed[S
hulz, 2011℄, as well as an LLRF (Low Level Radio Frequen
y) upgrade of the Lina
,whi
h is able to redu
e the arrival time jitter to ≤ 80 fs [S
hreiber, 2011b℄. In 
ontrast thespe
tral and intensity �u
tuations are due to the statisti
al nature of SASE and 
annotbe redu
ed any further. As explained in 
hapter 2.4.4 seeding an FEL is a promising wayto over
ome all stated limitations. 27



3 Experimental environment3.1.2 sFLASHDuring a shutdown from September 2009 to February 2010 the sFLASH se
tion has beeninstalled. Here in addition to the existing fa
ility variable gap undulators, as well asdedi
ated diagnosti
s and two experimental 
ontainers have been built up in order to seedFLASH with an external laser. To this end, XUV seed pulses from a HHG sour
e will beoverlapped in spa
e and time with the ele
tron bun
hes. In this 
ase the ampli�
ationpro
ess takes pla
e within the seed pulse length leading to a radiation without temporaljitter, lower intensity- and spe
tral �u
tuations, and full 
ontrol over the pulse length(
hapter 2.4.4). This seeding s
heme will be explained in detail within this 
hapter andis illustrated in �gure 3.3.
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hemati
 sket
h of the sFLASH experiment. (Courtesy of S.Khan, DELTA,Te
hnis
he Universität Dortmund)The illustration shows the whole FLASH fa
ility within the upper part, where theele
trons are generated at position 0 m and travel in dire
tion of the FLASH experimentalhall on the right hand side. The lower part of the pi
ture 
orresponds to a more detailedrepresentation of the sFLASH se
tion between position 150 m and 200 m. Here the laser-lab for HHG, the sFLASH part of the FLASH tunnel, and the experimental 
ontainer areshown s
hemati
ally. In addition two photon beamlines are drawn in red and blue. Theblue line 
orresponds to the seed and the seeded XUV radiation. In a �rst stage the 21stharmoni
 of an 800 nm driving laser is used to seed FLASH. In parallel a seeding option28



3.1 seeded Free ele
tron LASer in Hamburg (sFLASH)of the 61st harmoni
 (13 nm) has been prepared. The red line 
orresponds to a fra
tionof the 800 nm driving laser, whi
h is transfered to the experimental hut
h of the sFLASHse
tion [Rehders, 2011℄ for �rst timing experiments.The following will des
ribe the sFLASH related se
tions, i.e. the laser system, the har-moni
 sour
e, the inje
tion beamline, the undulator se
tion, the sFLASH diagnosti
s, andthe experimental hut
h. The laser system, the harmoni
 sour
e, and the 
orresponding
hara
terization is the main part of this phd thesis. Also 
ontributions to the developmentof XUV diagnosti
s within the inje
tion beamline have been performed and are des
ribedin 
hapter 3.2 and 
hapter 4. The inje
tion beamline in general, i.e. the transport of theXUV seed to the ele
tron va
uum is des
ribed in [Bödewadt, 2011℄. The FEL asso
iatedworks, i.e. the 
hara
terization of the undulators [Tis
her et al., 2010; Delsim-Hashemiet al., 2009℄, the six dimensional overlap of the XUV seed and the ele
tron bun
hes [Böde-wadt, 2011; Tarkeshian, 2011℄, simulations regarding the seeding pro
ess [Bödewadt, 2011;Tarkeshian, 2011; Milt
hev et al., 2008℄, and the diagnosti
s for the seeded FEL radiation[Curbis et al., 2010, 2009℄ are mainly des
ribed in [Bödewadt, 2011; Tarkeshian, 2011℄.Laser laboratoryThe HHG se
tion is lo
ated at position 150 m adja
ent to the FLASH tunnel. Here thedriving laser and its diagnosti
s are set up. Furthermore, the generation and 
hara
ter-ization of high-order harmoni
s is being performed. Be
ause the HHG sour
e and itsdiagnosti
s is the main part of this thesis, a thorough des
ription of the system is givenseparately in 
hapter 3.2 and 
hapter 4.Inje
tion beamlineThe in-
oupling se
tion transfers the seed to the ele
tron va
uum. After approximatelyeight meters an UHV 
hamber with a 13.9◦ grazing in
iden
e mirror has been installedto de�e
t the XUV radiation to the level of the ele
tron beam as shown in �gure 3.4. Inaddition a XUV photodiode has been set up in order to measure absolute photon energiesof the XUV radiation. In this 
ase the radiation has not yet passed any XUV opti
, hen
eno un
ertainties regarding the re�e
tivity of the mirrors is transfered to the dedu
tion ofthe XUV pulse energy. However, in order to overlap the ele
tron bun
h with an in
reasedXUV seed �ux, the XUV radiation needs to be fo
used into the undulator se
tion (
hapter2.4.4). For this reason a se
ond 
hamber has been installed. Here the XUV radiation isfo
used in terms of a normal in
iden
e XUV multilayer in 
ombination with three 14.1◦grazing in
iden
e mirrors whi
h maximize the total re�e
tivity. The multilayer mirrorsare mounted on a remote 
ontrolled wheel in order to 
hoose a fo
al length and a 
oatingfor the di�erent wavelengths. The wheel is equipped with S
Si and MoSi normal in
iden
emultilayer mirrors with a fo
al length of f = (6.25, 7.00, 8.50) m. Besides, also all thegrazing in
iden
e mirrors 
an be 
hanged remote 
ontrolled to either B4C or MoB4C inorder to steer the 21st or the 61st harmoni
, respe
tively. A detailed des
ription of theinje
tion beamline 
an be found in [Bödewadt et al., 2010; Bödewadt, 2011℄. 29



3 Experimental environment
5 m

FLASH tunnel

HHG driving

laser

HHG

source

XUV

photodiode

XUV focusing

mirrors

mirror

chamber

to experimental

hutch

Figure 3.4: Cross se
tion of the FLASH tunnel and the adja
ent laser laboratory. TheHHG sour
e is lo
ated in a pit under the �oor of the laboratory. The NIRdriving laser is drawn in red and the XUV seed in blue.Undulator se
tionThe undulator se
tion 
onsists of three 2 m (PETRA III type, 31.4 mm period, B =

1 T) and one 4 m long (PETRA II type, 33 mm period, B = 1.07 T) variable gapundulator [Delsim-Hashemi et al., 2009℄, where the va
uum 
hamber within the undulatorsis based on XFEL developments [Altarelli et al., 2006; Tis
her et al., 2010℄. The 700mm long interse
tions between the undulators 
ontain a quadrupole magnet, a phaseshifter, and diagnosti
 devi
es to a
hieve a transverse overlap, whi
h is mandatory forthe ampli�
ation pro
ess [Milt
hev et al., 2008℄. In addition two ORS (Opti
al Repli
aSynthesizer) undulators [Khan et al., 2008℄ are within the sFLASH se
tion, whi
h 
an beused to realize a temporal overlap of the seed and the ele
tron bun
h [Tarkeshian et al.,2010℄.Overlap and diagnosti
sSeeding requires a stable six dimensional overlap {x, y, x ′, y ′, t, λ} between the seed andthe ele
tron bun
h as explained in 
hapter 2.4.4. To a
hieve and to 
ontrol the seedingpro
ess a number of diagnosti
 devi
es have been set up inside the a

elerator tunnel.For the transverse overlap eight beam position monitors [Baboi et al., 2007℄, eight op-ti
al transition radiation s
reens [Bödewadt et al., 2010; Honkavaara et al., 2003℄, andfour wire s
anner [Hass et al., 2011℄ are in use. The temporal overlap is a
hieved bymeasuring simultaneously the undulator radiation and the residual 800 nm driving laser[Tarkeshian et al., 2010℄. A 
oarse overlap in the nanose
onds regime is a
hieved with aphoto multiplier or a photo diode. Then a streak 
amera is used to adjust the timing on30



3.1 seeded Free ele
tron LASer in Hamburg (sFLASH)a pi
ose
ond times
ale (0.6 ps). For a more a

urate overlap the existing ORS undulatorsystem 
an be used [Khan et al., 2008℄. Here the residual 800 nm driving laser is fo
usedinto the �rst undulator (modulator) and produ
es an energy modulation of the ele
tronbun
h. The se
ond undulator (radiator), whi
h is tuned to the fundamental or se
ondharmoni
 of the driving laser emits 
oherent radiation as soon as the temporal overlap isa
hieved. In addition the os
illator of the driving laser is lo
ked to the opti
al syn
hro-nization system using a two-
olor opti
al 
ross-
orrelator [S
hulz et al., 2008℄. Moreover,a feedba
k system to stabilize the temporal drift of the laser ampli�er has been developed[Rehders, 2011℄. On
e the temporal overlap is established, the feedba
k system is enabledto retain the temporal overlap regardless of the temporal drift of the ampli�er. A detaileddes
ription of the temporal overlap 
an be found in [Tarkeshian et al., 2010℄. For theoverlap of the wavelength, i.e. mat
hing of the undulator radiation to the wavelengthof the seed, a spe
trometer has been installed in the FLASH tunnel. The gaps of theundulators are su

essively tuned until the spontaneous radiation equals the wavelengthof the seed [Curbis et al., 2010℄. In order to measure and to evaluate the seeding signal anintensity monitor with three MCPs (Multi-Channel Plate) and a gold mesh is available[Curbis et al., 2009℄. The 
on
ept is adopted from [Bittner et al., 2007℄ and works asfollows: the FEL radiation is s
attered at the gold mesh and the three 
alibrated MCPsmeasure the 
orresponding signal. The devi
e is 
apable to measure six to seven ordersof magnitude in photon �ux, thus it is possible to sample the gain 
urve of the seedingpro
ess.Experimental hut
h and external beamlineAt last, an experimental 
ontainer has been built up next to the FLASH tunnel at position
200 m in �gure 3.3. On the one hand a photon beamline from the tunnel to the 
ontainerhas been set up, in order to further 
hara
terize the seeded radiation. A XUV auto-
orrelator for instan
e 
ould be installed to 
hara
terize the timing stru
ture of the XUVpulse. On the other hand a fra
tion of the driving laser is separated within the laserlab and is sent dire
tly to the experimental 
ontainer. This enables the possibility toperform two-
olor pump-probe experiments with laser pulses originating from the samesour
e. Hen
e, the timing jitter is absent whi
h 
an be measured with an XUV / NIR
ross-
orrelaor [Maltezopoulos et al., 2008℄.Parallel operationsFLASH is supposed to work in parallel to the SASE operation without 
onstraining theusers in the experimental hall. Sin
e the SASE undulators, whi
h are lo
ated after thesFLASH se
tion have a �xed gap, the radiating wavelength depends only on the energyof the ele
trons. In 
ontrast, the wavelength of the sFLASH undulators 
an be adjustedby tuning the ele
tron energy and the gap. In [Milt
hev et al., 2009℄ a simulation ispresented, showing that for a seed of λseed = 38 nm sFLASH is able to run in parallel toSASE as long as 10 nm≤ λSASE ≤ 46 nm. 70% of the requested wavelengths in 2010/201131



3 Experimental environmentmat
h the requirements, hen
e in prin
iple a parasiti
 seeding mode is possible [DESY,2011℄.3.2 High Harmoni
 GenerationThis 
hapter is addressed to the HHG setup. The laser system as well as the HHG sour
eand its diagnosti
s will be explained in detail. Espe
ially the boundary 
onditions, whi
hlimit the freedom of 
onstru
tion are elu
idated.3.2.1 The laser systemFor HHG an intense laser pulse is needed. This se
tion summarizes the laser system usedfor sFLASH. In �gure 3.5 a s
hemati
 sket
h of the laser system is shown. It 
onsists of alaser os
illator [Menzel, 2001; Rulliere, 1998℄ and an ampli�er, whi
h is based on 
hirpedpulse ampli�
ation (CPA) [Stri
kland and Mourou, 1985; Svelto, 1982℄. The laser os
il-
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Figure 3.5: S
hemati
 sket
h of the laser system, whi
h 
onsist of a laser os
illator and a
hirped pulse ampli�er.lator itself 
onsists of a CW Coherent Verdi (532 nm), pumping a passive self fo
usingmode-lo
ked os
illator [Chen and Wang, 1991; Brabe
 et al., 1992℄ (FEMTOSOURCE
ompa
t os
illator, 80 MHz, 4.2 nJ) [Spielmann et al., 1994℄. It produ
es a single TEM00mode with a bandwidth of 56 nm at a 
entral wavelength of 800 nm. In order to 
ompen-sate drifts of the os
illator, a phase lo
k loop (PLL) is employed to adjust the 
avity, i.e.the time of 
ir
ulation. Here pulse to pulse drifts are being re
ognized to a
tuate the PLLand to 
ir
umvent those drifts [Kroupa, 2003; Best, 2003℄. The following CPA system32



3.2 High Harmoni
 Generation(Hidra, Coherent) �rst stret
hes the laser pulses to approximately 400 ps with re�e
tinggratings [Palmer and Loewen, 2005℄ and then ampli�es them with a regenerative- [Murrayand Lowdermilk, 1980℄ and a multipass ampli�er [Lowdermilk and Murray, 1980℄. In both
ases a titanium sapphire Ti3+:Al2O3 
rystal is pumped with a Nd:YAG laser (InnoLasSpitlight 600) operating at a 
entral wavelength of 532 nm, a pulse energy of 800 mJ, and
7 ns pulse length. The regenerative ampli�er is 
hara
terized with a bandwidth of 45 nmand has an output of 5 mJ at a spe
i�ed 
entral wavelength of 790 nm. The employedPo
kel 
ells release ten pulses per se
ond, whi
h are subsequently ampli�ed within �veroundtrips through the multipass ampli�er to approximately 48 mJ at a 
entral wave-length of approximately 810 nm. At last those pulses need to be re-
ompressed in orderto a
hieve high intensities for HHG.For the re-
ompression a standard re�e
ting grating 
ompressor and an additional trans-missive grating 
ompressor are used. Due to the fa
t, that high energy ultra short laserpulses do intera
t with air and this nonlinear intera
tion [Shen, 1984℄ destroys the tem-poral pro�le of those laser pulses an additional transmissive UHV grating 
ompressor hasbeen designed. To this end, the re�e
tive 
ompressor is used to pre-
ompress the laserpulses to a few hundred femtose
onds. Additionally, the laser beam is expanded with ateles
ope and is then transported approximately 7 m in air to the HHG va
uum system.Eventually, the laser pulses are 
ompressed by the transmissive grating 
ompressor to �nal
33 fs. A transportation of the pre-
ompressed laser without expanding the beam waistalso introdu
ed �lamentation [Kasparian and Wolf, 2008℄ and inhibited e�
ient HHG. Analternative to the realized two 
ompressor setup would be to set up the re�e
tive grating
ompressor within the va
uum system. Due to the la
k of spa
e (following 
hapter) thisoption would redu
e the �exibility of further developments, hen
e it has not been followedso far. The transmissive grating 
ompressor is without prior pre-
ompression not able toredu
e the pulse length down to 33 fs, thus the only option is the two 
ompressor setup.As already mentioned a fra
tion of about 5% of the un
ompressed laser is send throughan external beamline to the sFLASH related experimental hut
h. Here a third 
ompressorredu
es the pulse width of the 800 nm driving laser to approximately 33 fs [Rehders, 2011℄.In 
ombination with the seeded FEL radiation time dependent experiments, as for instan
etwo-
olor pump-probe experiments are possible without the la
k of a timing jitter.3.2.2 High harmoni
 generation sour
eThis se
tion is dire
ted to the HHG seeding sour
e, whi
h is designed and 
onstru
ted inthe framework of this thesis. Due to radiation 
on
erns asso
iated to the dire
t 
onne
tionbetween FLASH and the HHG sour
e, the sour
e has been set up in an approximately
2 m x 1.5 m x 1.1 m pit below the �oor of the laser lab whi
h leads to severe boundary
onditions for the nominal size of the sour
e. It will be shown that this limited degreeof freedom leads to limitations of the harmoni
 sour
e. In �gure 3.6 a CAD model ofthe HHG sour
e and the pit is shown. In addition to the pit one horizontal and threeverti
al holes have been drilled to extend the possible fo
us geometries for HHG. Thoseboreholes have a diameter of 250 mm and are abbreviated as trunks within the following33



3 Experimental environment
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differential pumpingFigure 3.6: CAD model of the HHG sour
e in the pit. The pit is drawn s
hemati
allyand is lo
ated underneath the ground �oor of the HHG laser lab. Three turbopumps are mounted below the va
uum 
hambers. The three trunks 
ontaina mirror 
hamber to realize di�erent fo
us geometries for HHG. A pi
ture ofthe pit is shown in the appendix (�gure D.1).work. The distan
e of the �rst trunk to the pit, as well as the distan
e between twotrunks are 
hosen to be one meter, in order to realize di�erent loose fo
using geometriesof f = (1.5, 2.5, 3.0, 3.5, 5.0, and 7.0) m for HHG.In addition to the in
onvenient pit, a HHG sour
e needs to be set up in va
uum,be
ause XUV radiation is absorbed in air [Jaeglé, 2006℄. Furthermore, the seeding sour
eis 
onne
ted to the ele
tron va
uum, whi
h has high requirements. As a 
onsequen
e, theHHG sour
e for sFLASH has higher va
uum requirements 
ompared to ordinary HHGsour
es. In order to ensure stable va
uum 
onditions the gas load of the harmoni
 targethas to be redu
ed as mu
h as possible. On the other hand di�erential pumping has to beemployed. To guarantee a pressure of 10−8 mbar at the entran
e of the inje
tion beamlinewhile the HHG target 
hamber is operated with a pressure up to 10−3 mbar a simulation ofthe va
uum system has been programmed. The program itself 
al
ulates the pressure atthe beginning of the inje
tion beamline for a pressure of 10−3 mbar within the HHG target
hamber and is based on basi
 va
uum physi
s [Jousten, 2006℄. The variables within this
ode are the pumping power of ea
h di�erential pumping stage and the diameter of theapertures in between the pumping stages. It turned out that for a 500 l/s turbo pumpunderneath the target 
hamber, a 300 l/s and 70 l/s turbo pump underneath the se
ondand third pumping stage, respe
tively 
an ensure a pressure of 10−8 mbar at the entran
eof the inje
tion beamline for 
orresponding iris diameters of d1 = 2 mm between the�rst and se
ond, d2 = 5 mm between the se
ond and third di�erential pumping stage,34



3.2 High Harmoni
 Generationand d3 = 10 mm between the last di�erential pumping stage and the inje
tion beamline.The simulation a

ounts for redu
ed e�e
tive pumping, due to the so
ket and breadboardbetween the pump and the 
hambers. It further 
overs argon and neon as the noble gasof 
hoi
e for HHG. It does not a

ount for any sorption or leakage, but this is negligiblein pra
tise. A se
ond 
onsequen
e of the fa
t that a HHG sour
e has to be set up inva
uum, although it is just a te
hni
al issue: all opto-me
hani
s are ne
essarily remote
ontrolled. Note, the pressure within the HHG target 
hamber is not equivalent to theHHG target pressure, nor to the HHG ba
king pressure of the gas valve.
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trunksFigure 3.7: Rendered CAD model of the HHG sour
e. The �rst 
hamber is the target
hamber used for HHG. The se
ond and third 
hamber (se
ond di�erentialpumping stage) is used for diagnosti
s, and the last 
hamber (third di�erentialpumping stage) 
an be used to steer the XUV radiation to further diagnosti
s.All di�erential pumping stages are separated with an adjustable aperture asshown in the upper left 
orner.In �gure 3.7 a more detailed CAD model of the HHG sour
e is displayed. The �rststage is used for the 
onversion of the driving laser to XUV radiation. The se
ond stageis used for an on-line diagnosti
 devi
e of the XUV radiation. Within the third stage amovable mirror is set up whi
h 
an be used to send the XUV radiation either to FLASHor out of the pit and ba
k to the opti
al table for further diagnosti
s. The diagnosti
s35



3 Experimental environmentof the HHG sour
e will be explained in 
hapter 3.3. In 
ase the mirror is moved out ofthe laser beam, the XUV radiation is send to the inje
tion beamline. To ensure the highva
uum 
onditions of FLASH di�erent valves separate di�erential pumping stages. Everyunexpe
ted va
uum event is dete
ted by the pressure gauges and for
e the valves to 
lose.
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driving laserFigure 3.8: Rendered CAD model of the opti
al setup for HHG in the target 
hamber:the driving laser enters the va
uum and passes the UHV 
ompressor. Then itis fo
used into the gas target and high harmoni
s are generated. At last, theXUV radiation travels to FLASH or to the diagnosti
s.Figure 3.8 shows a rendered CAD model of the opti
al setup in the 
onstru
ted target
hamber. It further shows the beamline of the driving laser: after entering the va
uum
hamber the driving laser passes the UHV 
ompressor in order to 
ompress the pulsewidth down to approximately 33 fs. Then the driver is fo
used down into the gas target.As mentioned before only a few loose fo
using geometries 
an be set up: the trunks,i.e. the mirror 
hambers of ea
h trunk have a distan
e of approximately 1.5, 2.5, and
3.5 meters to the 
enter of the translation stage in �gure 3.8. As a 
onsequen
e only a36



3.2 High Harmoni
 Generationfo
using mirror with a fo
al length of 1.5, 2.5, or 3.5 meters 
an be installed in the mirror
hamber of the trunk, respe
tively. For a larger fo
al length of 3.0, 5.0, or 7.0 meters thefo
using opti
 has to be installed in the target 
hamber. However, the driving laser hitsthe opti
 with a small angle to its normal, thus an astigmati
 fo
us is expe
ted [He
htand Zaja
, 1997; Frank L. Pedrotti, 1987℄.High harmoni
 generation targetDuring this work di�erent gas targets have been employed. Due to the high va
uumrequirements and the low repetition rate of the driving laser (10 Hz) a pulsed gas valve asintrodu
ed in [Flettner et al., 2001℄ was the starting point. In 
ase the gas load ex
eedsa 
ertain threshold within the last va
uum 
hamber in front of the inje
tion beamlinea fast shutter 
loses, in order to keep the ele
tron va
uum of FLASH unspoiled. Inaddition to this free-propagating gas valve di�erent pulsed gas targets have been usedto enhan
e the CE. The intera
tion length has been in
reased by means of a longer gastarget. The me
hani
al workshop manufa
tured 
hannels with a re
tangular shape indi�erent widths and lengths, whi
h 
an be atta
hed to the gas valve. During this workthose 
hannels are abbreviated with the following notation � length x width�, where width
orresponds to the edge length of the square pro�le perpendi
ular to the laser path andwhere length 
orresponds to the size of the 
hannel in laser dire
tion. During this work alot of targets have been testet. Only a sele
tion of those targets gained signi�
an
e andwill be presented in 
hapter 4. Regardless of the spe
i�
 geometry, the target is mountedon three translation stages plus an additional rotation stage in order to align the targetto the laser path. This alignment is 
ru
ial for the optimization pro
edure of HHG andhas to be done on a daily basis.In [Pirri et al., 2008℄ di�erent geometries have been evaluated. It is shown that the CE
an be in
reased with an array of holes in a gas-�lled metal tube and that the e�e
t 
an beattributed to quasi phase mat
hing (QPM). Within this work the most promising targetof [Pirri et al., 2008℄ has been manufa
tured and tested. Here the target is abbreviatedas QPM 
hannel.At last, a preliminary QPM target developed by Willner et al. has been tested [Willner,2011℄. In �gure 3.9 the 
hanged setup is illustrated. It is shown that the beam path ofthe driving laser has to be 
hanged. On the one hand the fo
using opti
 (f = 3 m)has to be pla
ed at a di�erent position in order to remain the fo
us at the 
enter of thetranslation stage. In this 
ase the mirror in front of the translation stage was 
ut in orderto let the driving laser pass to the gas target. This di�erent position 
auses an in
reasedastigmatism of the fo
us, due to the larger angle of the driving laser relative to the normalof the fo
using mirror. On the other hand this assembly leads to an astigmatism free fo
usin 
ase the fo
using mirror is lo
ated in a trunk. The fo
ussing opti
 is then re�e
tedwith an angle around zero degree relative to its normal, thus the astigmatism does noto

ur.In order to employ two-
olor HHG a BBO (Beta Barium Borate) 
rystal is pla
ed
lose to the fo
us of the driving laser. Independent of the spe
i�
 target geometry the37
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Figure 3.9: Rendered CAD model of the opti
al setup in the HHG target 
hamber: in
omparison to �gure 3.8 the target is ex
hanged to the QPM target. Addi-tionally the fo
using opti
 is lo
ated at a di�erent position and the drivinglaser is folded several times in order to remain the fo
us at the 
enter of thetranslation stage.
possible BBO position is limited. During this work, the BBO has been set up betweenthe �mirror with hole� and the translation stage of �gure 3.9. Note that the polarizationof the se
ond harmoni
 is rotated by 90◦ relative to the fundamental wavelength. Thishas to be 
ompensated by a wave plate in order to remain the polarization un
hangedin the undulator se
tion. During this work only preliminary tests of two-
olor HHG andQPM HHG have been 
arried out. The tight s
hedule of FLASH and the 
orrespondingsFLASH shifts have restri
ted the developments. It was ne
essary to ensure a safelyoperating HHG sour
e during the dedi
ated seeding shifts, hen
e a further developmentof the sour
e in terms of two-
olor HHG as well as QPM was not possible so far.38



3.3 Diagnosti
s3.3 Diagnosti
sThis 
hapter is addressed to the diagnosti
s of the high harmoni
s and the driving laser.The devi
es used for the optimization and subsequent 
hara
terization are presented.3.3.1 Chara
terization of the driving laserFor the optimization and 
hara
terization of the driving laser a number of 
ommer
iallyavailable devi
es have been employed. The near- and far- �eld beam pro�le of the drivinglaser is measured parasiti
ally after the pre-
ompressor. In addition, the fo
us of the driv-ing laser at the gas valve has been optimized by tuning the UHV 
ompressor. Therefore,the gas target has to be removed and a CCD (Charged-Coupled Devi
e) 
amera has tobe pla
ed in to the fo
us. Thus, the optimization of the fo
us of the fundamental laser
annot be done parasiti
ally. For the measurement of the wavefront and the aberrationerrors a 
ommer
ial S
ha
k-Hartmann sensor has been used at di�erent positions of thebeamline. The temporal pro�le of the laser pulse 
an be measured with a 
ommer
ialGrenouille FROG (Frequen
y-Resolved Opti
al Gating), as well as a 
ross 
orrelator,whi
h has been 
onstru
ted in the framework of a diploma thesis [S
hulz, 2010℄. At last,a photodiode has been employed in order to measure the timing of the laser relative to thegas valve. Te
hni
al details asso
iated to the mentioned devi
es 
an be found in appendixC.3.3.2 XUV opti
sFor the 
hara
terization of the XUV radiation a diagnosti
 bran
h has been built up nextto the pit and on the opti
al table of the driving laser. As mentioned before a movabletriplet mirror has been implemented within the last 
hamber in front of the inje
tionbeamline, in order to steer the radiation to the diagnosti
 se
tion. The mirror or ratherall mirrors between the generation of XUV radiation and the 
orresponding diagnosti
devi
e have to be 
hosen expli
itly to the wavelength range of the investigated harmoni
s.During this work the aim of the diagnosti
 bran
h is to 
hara
terize the 21st harmoni
of the 800 nm driving laser, i.e. 38 nm or 32 eV. In order to maximize the transmissionthe number of mirrors has to be redu
ed as mu
h as possible and the re�e
tivity of ea
hmirror has to be as high as possible for the 21st harmoni
. In addition, the �rst XUVmirror is approximately 1.5 m after the fo
us of the driving laser. Hen
e, due to loosefo
using HHG the material needs to survive high laser intensities. Note that the damagethreshold depends on the material and its environment, i.e. the gas and the gas pressure[Nguyen et al., 2011℄. However, depending on the angle of the aimed re�e
tion eithergrazing in
iden
e or multilayer mirrors 
an be employed [Jaeglé, 2006℄. For a re�e
tion of
90 degree we de
ided to use three 
onse
utive B4C grazing in
iden
e mirrors. The highre�e
tivity of the 21st harmoni
 and the high damage threshold led to this de
ision.In �gure 3.10 the re�e
tivity of one B4C mirror is plotted for a varying photon energyand a varying angle. The measured re�e
tivity �ts to the expe
ted values and is almost
onstant for photon energies around 32 eV and a �xed angle of in
iden
e (ϑ = 15◦),39
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(b)Figure 3.10: Re�e
tivity of B4C for p- and s- polarized light. The dots in �gure 3.10(a)
orrespond to measurements of the PTB [Physikalis
h-Te
hnis
he Bunde-sanstalt, 2011℄ with s-polarized light, whereas the remaining data is takenfrom [Lawren
e Berkeley National Laboratory, 2011℄. Figure 3.10(a) showsthe re�e
tivity dependent on the photon energy and �gure 3.10(b) shows theangle dependent re�e
tivity.although the range is limited to values greater than 30 eV. A more 
omprehensive dataset is unfortunately not available. In 
ontrast to the dependen
e on the photon energy, there�e
tivity drops down mu
h faster for a varying angle of in
iden
e as plotted in �gure3.10(b). Therefore, the re�e
tivity of B4C is assumed to be (78 ± 5)% for s-polarizedand (69 ± 5)% for p-polarized light in 
ase of the 21st harmoni
. Note that in 
ase of s-polarized light the total re�e
tivity of three 
onse
utive 15◦ B4C grazing in
iden
e mirrorsis 47%. In 
ontrast to 20% for one 45◦ de�e
ting B4C mirror [Lawren
e Berkeley NationalLaboratory, 2011℄.However, the polarization of the harmoni
s follows the atomi
 dipole dire
tion, whi
his dire
tly related to the driving laser polarization [Lewenstein et al., 1994℄. For seedingpurposes the polarization of the harmoni
s within the sFLASH-undulators has to behorizontally oriented. In addition the pre-
ompressor and the UHV 
ompressor of thedriving laser is designed for horizontally polarized light. Thus, the polarization of thedriving laser is 
hosen to be horizontally oriented. A detailed investigation of the inje
tionbeamline on the polarization is given in [Bödewadt, 2011℄.In �gure 3.11 a CAD image of the triplet mirror system is shown. The mirror mountis designed to re�e
t XUV radiation by 90◦, i.e. three times 15◦ grazing in
iden
e anglein order to a
hieve the highest possible re�e
tivity. A further boundary 
ondition for thedesign of the mirror system is the la
k of spa
e in the pit or likewise the la
k of spa
ewithin the 
orresponding va
uum 
hamber. On the one hand the mirror system has to bepla
ed and adjusted to the XUV laser pro�le, it further needs the possibility to be movedout of the laser beam, it needs to be adjustable in order to align the XUV radiation to thediagnosti
 bran
h, and it needs to �t into a 250 mm x 200 mm sized va
uum 
hamber,40
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s
to diagnostic

to FLASH

pos1 pos3pos2Figure 3.11: Rendered CAD model of the triplet mirror system. The laser radiation iseither re�e
ted three times 15◦ grazing in
iden
e to the diagnosti
 se
tion orsent to FLASH (position 3). Depending on the desired wavelength two di�er-ent multilayer 
oatings are available. Position 1 
orresponds to a 
oating ofB4C and position 2 to Mo for λseed = 38 nm and λseed = 13 nm, respe
tively.where 250 mm is the diameter and 200 mm is the height of the 
hamber. The threemirrors are me
hani
ally adjusted to ea
h other and the whole system 
an be moved orrotated.For a re�e
tion of zero degree the highest re�e
tivity is realized with multilayer mirrors[Jaeglé, 2006℄. In �gure 3.12 the re�e
tivity of the used S
Si multilayer is plotted. In
ontrast to the grazing in
iden
e mirrors, the re�e
tivity depends strongly on the photonenergy: the shape of the 
urve has a maximum and a steep drop o� at approximately
2 eV higher and lower energies. The lo
ation of the peak itself depends on the Γ pa-rameter, whi
h 
orresponds to the thi
kness ratio between the top layer and the periodthi
kness and is optimized for the 21st harmoni
. Unfortunately, the absolute value ofthe re�e
tivity varies in di�erent referen
es as shown in �gure 3.12: IMD [Windt, 1998℄is a software, whi
h 
al
ulates the re�e
tivity depending on the material, angle, photonenergy, Γ parameter, and di�usion thi
kness of the multilayer based on the Henke table.CXRO [Lawren
e Berkeley National Laboratory, 2011℄ provides a web interfa
e also basedon the Henke tables to 
al
ulate the re�e
tivity as in IMD. Unfortunately, the absolutere�e
tivity varies by almost a fa
tor of two. The origin of this un
ertainty is un
lear. In[Uspenskii et al., 1998℄ an investigation of S
Si multilayer mirrors is presented. It is shownthat for a 
omparable mirror and wavelength the 
al
ulated re�e
tivity is 71%, in 
ontrastto the measured re�e
tivity of 40%. Surprisingly those two values mat
h exa
tly to thevalues 
al
ulated with IMD and CXRO. Nevertheless, the re�e
tivity of the multilayer isassumed to be (50 ± 20)%. This un
ertainty has a dire
t impa
t on the 
al
ulation ofabsolute photon energies and 
annot be redu
ed any further. 41
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Figure 3.12: Re�e
tivity of S
Si multilayer 
al
ulated with IMD and CXROIn addition the fundamental laser as well as stray light has to be blo
ked in orderto 
al
ulate absolute energies. The following se
tion des
ribes the separation and theresulting un
ertainties.3.3.3 Separation of XUV radiationBesides the multilayer mirrors, whi
h are a band-pass �lter for higher and lower harmoni
sthan H21 as shown in �gure 3.12, di�erent metal �lters, as well as stray light aperturesare employed. In �gure 3.13 the transfer beamline to the diagnosti
 bran
h in
luding theposition of the metal �lters and the stray light apertures are illustrated. The stray lightapertures have a diameter of 7 mm in order to blo
k stray light of the driving laser. Thedriving laser has a larger divergen
e 
ompared to high-order harmoni
s [He et al., 2009℄,hen
e it is possible to spatially blo
k the driving laser as well as low-order harmoni
swithout blo
king H21.The transmission of the employed metal �lters is illustrated in �gure 3.14. For a photonenergy of 15 to 20 eV the transmission through a 200 nm thi
k aluminum rises from zeroto approximately 60%. Then the 
urve shows a plateau up to 40 eV whi
h 
orrespondsroughly to the 26th harmoni
. The transmission of aluminum depends further on thelevel of oxidation. As shown in �gure 3.14(b) the thi
kness of the Al2O3 layer is a 
ru
ialparameter. The transmission of H21 is plotted for a variable thi
kness of the oxide layer.It is shown that for an oxide layer of 10 nm the transmission drops from ≈ 60% to
≈ 30%. The level of oxidation depends further on the time the �lter is exposed to air.Note that some groups [Kim et al., 2005℄ expe
t a thi
kness of 2 · 25 nm and thereforea lower transmission. In �gure 3.14(b) the transmission of 32.5 eV through a 200 nmthi
k aluminum �lter with variable Al2O3 thi
kness is plotted. It is shown that for anoverestimation of the oxide layer an error of more than 100% may o

ur. In [Powellet al., 1990; Campbell et al., 1999; Varjú et al., 2005; Strohmeiner, 1990℄ investigations42
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Figure 3.13: Rendered CAD model of the HHG diagnosti
. Two triplet mirror systems areemployed in order to a
hieve the highest possible transmission of the XUVradiation.on aluminum oxide thi
knesses have been performed. It turns out that aluminum sets upa passivation layer. Hen
e, an estimated thi
kness of 2 · 6 nm seems to be reasonable anddoes 
ertainly not overestimate the oxide thi
kness.In �gure 3.14(a) also the transmission of a 200 nm thi
k titanium �lter is plotted.Titanium has an absorption edge at 32.6 eV [CXRO, 2009℄, i.e. the 21st harmoni
. Thisfa
t will be used to 
alibrate the spe
trometer and is presented in 
hapter 4.2.3.3.4 Chara
terization of XUV radiationThis se
tion is addressed to the diagnosti
s of the HHG setup. To 
hara
terize the har-moni
s a spe
trometer, a XUV-CCD, an ele
tron multiplier, and a XUV photodiode havebeen employed. All devi
es are being explained within this se
tion.On-line XUV dete
tor - HHmeterIn order to measure the HHG pro
ess quantitatively and parasiti
ally to the seeding exper-iment an ele
tron multiplier 
an be used. Dire
tly after the generation of the harmoni
sa Hamamatsu RS2362 has been set up within the se
ond di�erential pumping stage (see�gure 3.13). As long as high harmoni
s are generated, the residual gas is ionized and thegenerated ions are dete
ted. A negative voltage is applied to the anode of the ele
tronmultiplier whi
h 
auses the ions to a

elerate. The 
orresponding signal is then ampli�ed43
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(b)Figure 3.14: Cal
ulated transmission of the used �lters as in [Lawren
e Berkeley NationalLaboratory, 2011℄. Figure 3.14(a) shows the total aluminum transmissionwith and without 10 nm oxidation layer on ea
h side of the �lter. Thetitanium transmission is multiplied with a fa
tor of 5. Figure 3.14(b) showsthe transmission of H21 through a 200 nm thi
k aluminum �lter dependenton the thi
knesses of the Al2O3 layer.and 
onsists of 
ontributions whi
h 
an be attributed to ions with various masses. Thesignal is displayed on a s
ope and 
an be used to measure relative 
hanges of the HHGpro
ess. On the one hand the signal depends on the amount of generated harmoni
s. Onthe other hand the signal depends on the pressure of the residual gas. The pressure ofthe residual gas itself depends on the gas load and the time the system has been ventedthe last time. In other words: the signal di�ers on a daily basis and the devi
e has to be
alibrated on a daily basis in order to measure absolute photon numbers. It is further dis-advantageous that not only the 21st, but all harmoni
s with orders ≥ 11 are 
ontributingto the signal. An advantage is that this devi
e 
an be used parasiti
ally to the seedingexperiment. Moreover, no opti
s are between the generation and the dete
tion of theharmoni
s, thus the un
ertainty of the re�e
tivity does not 
ontribute to the 
al
ulatednumber of photons. The 
al
ulated number depends on the partial 
ross se
tion and thenumber of argon atoms. The 
ross se
tion of argon has been published in [Be
ker andShirley, 1996℄ and is shown in table 3.2, where only the 3p sub-shell of argon is 
onsideredto 
ontribute to the ionization pro
ess. The details to the dedu
tion of absolute photonnumbers will be given in 
hapter 4.3.2.XUV diodeIn addition to the HHmeter a XUV photodiode (International Radiation Dete
tors, In
.)has been installed within the inje
tion beamline. In 
ontrast to the HHmeter this devi
e
annot be used in parallel to the seeding experiment. It is still advantageous that thedevi
e 
an be used without any opti
s. As in the 
ase of the HHmeter the photodiode44
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sTable 3.2: Partial 
ross se
tion σ for the 3p sub-shell of argon. The data is taken from[Be
ker and Shirley, 1996℄.harmoni
 order σ (Mb)H11 32.7H13 35.2H15 35.8H17 31.3H19 22.1H21 13.9H23 7.8H25 4.2H27 1.9H29 0.9is aligned in a dire
t line of HHG. The position is lo
ated eight meters after the gastarget (�gure 3.4). Three di�erential pumping stages, i.e. three apertures are betweenthe generation and the dete
tion of the harmoni
s. To ensure that the driving laser is
ompletely blo
ked, in addition to the aluminum 
oating of the diode a 200 nm thi
kaluminum �lter has been installed within the inje
tion beamline [Bödewadt, 2011℄. Thedete
ted signal is ampli�ed with a PA100 ampli�er (International Radiation Dete
tors,In
) and visualized on a fast s
ope. The details to the dedu
tion of absolute photonnumbers will be given in 
hapter 4.3.2.Spe
trometerA more detailed 
hara
terization of the harmoni
s is due to the la
k of spa
e not possible,neither within the pit nor the inje
tion beamline. As shown in �gure 3.13 a transferbeamline has been built up to further 
hara
terize the harmoni
s. The diagnosti
 bran
h
onsists of a spe
trometer as well as a near- and far- �eld monitor of the 21st harmoni
 andis illustrated in �gure 3.15. The idea is to investigate either the spe
tral, or the spatialproperties of the harmoni
. In 
ase of the far- �eld monitor an image of the harmoni
beam waist 
an be investigated. On the one hand, the distan
e between HHG and thefo
using opti
 (fH21 = 1.5 m) is approximately 5 m. On the other hand, the distan
ebetween HHG and the fo
using opti
 (f = (6.25, 7.00, 8.50) m) of the inje
tion beamlineis approximately 12 m. Thus, the image in the diagnosti
 se
tion 
orresponds to a down-s
aled image of the beam waist in the undulator. In 
ase of the near-�eld monitor thedivergen
e of H21 
an be measured.The spe
trometer is 
onstru
ted on a ø = 400 mm sized breadboard and 
onsists of aa grazing in
iden
e fo
using mirror (f = 500 mm, < 1 Å surfa
e roughness, fused sili
asuperpolished), a grating (Au 
oating, 4◦ blazing angle, 1200 grooves per mm), a multi-
hannel plate, a �uores
en
e s
reen, and a CCD. The CCD is not in
luded in �gure 3.1545
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Figure 3.15: Rendered CAD model of the diagnosti
 bran
h. The spe
trometer 
onsistsof a fo
using mirror, a grating, a multi-
hannel plate, and a �uores
en
es
reen. The grating is motorized and is rotatable in order to s
an through thedi�erent harmoni
 orders. The fo
using mirror is mounted on a translationstage and 
an be moved out of the beam path to measure the near- or far-�eldbeam pro�le of H21.and has been set up in front of the va
uum 
hamber, in order to image the spe
tra ofthe �uores
en
e s
reen. The design of the spe
trometer is mainly based on [S
hroedter,2009℄: the harmoni
s are fo
used with a spheri
al grazing in
iden
e (15◦) mirror in orderto a
hieve an astigmati
 fo
us of the harmoni
 
omb. Right after the fo
using mirror(115 mm distan
e) the harmoni
s pass a grating and get spatially separated, whi
h 
anbe des
ribed with the grating equation:
nλ = d(sin(β)± sin(β ′)), (3.1)where n des
ribes the order, λ the wavelength, d = 190 mm the distan
e between thegrating and the MCP, β the angle of in
iden
e, and β ′ the emergent angle. Due to thelarge angle (75◦) between the normal of the fo
using grazing in
iden
e mirror and theharmoni
s, the position of the fo
us in x and y dire
tion is separated. In 
ombination46
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swith the grating the harmoni
s appear as line fo
i at the �uores
en
e s
reen and 
anbe re
orded with the CCD 
amera in front of the 
hamber. More details about gratingtheory 
an be found for instan
e in [Palmer and Loewen, 2005℄.The main purpose of the spe
trometer is to image the spe
trum around 32 eV withoutany overlapping of the harmoni
 peaks. The resolution of the spe
trometer depends onthe fo
using opti
 and d. The larger the distan
e between the grating and the positionwhere the harmoni
s are fo
used in y-dire
tion, the more the harmoni
s are separated asdes
ribed by equation 3.1. In addition, the harmoni
s are fo
used on the Rowland 
ir
leand are blurred before and after that position. In order to have a fo
used beam withinthe 
hamber and a resolution high enough to dissolve all appearing harmoni
s a ZEMAXsimulation has been performed.

Figure 3.16: Simulation of di�erent spe
trometer 
on�gurations. (a) 
orresponds to d =

75 mm, where (b)-(d) 
orrespond to d = 190 mm.ZEMAX is a software whi
h 
an be used for a number of appli
ations as for instan
elaser beam propagation [ZEMAX LLC, 2011℄. In �gure 3.16 di�erent 
on�gurations ofthe spe
trometer are shown. ZEMAX 
al
ulates for a fo
using opti
 of f = 500 mmthat the optimal position of the MCP is 75 mm after the grating. The harmoni
s areseparated and fo
used in one dire
tion. Be
ause ea
h harmoni
 has a 
ertain bandwidththe distan
e between two 
onse
utive harmoni
s should be in
reased in terms of a larger
d. In that 
ase, the harmoni
s are not fo
used anymore and blurring 
auses the harmoni
sto overlap, as shown in �gure 3.16(b). To 
ir
umvent this overlap the fo
using opti
 hasto be de
entered (3.16(
)): the mirror is moved o� axis and only a fra
tion of the lightpasses the mirror. The resulting e�e
t is the same as introdu
ing a slit in front of themirror.In �gure 3.17 the in�uen
e of di�erent slits on the spe
trum is shown: the smaller theslit, the narrower be
omes the individual harmoni
 and the more the harmoni
s be
omeseparated from ea
h other. However, the disadvantage of de
entering the fo
using opti
or introdu
ing a slit is that the amount of light is redu
ed, but the relative position of theharmoni
s remain the same, though. A better solution would be to ex
hange the available47
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Figure 3.17: Simulation of di�erent slits in front of the spe
trometer. (a) 
orresponds tothe 
ase without a slit. (b) 
orresponds to a 1 mm slit, in 
ontrast to (
) and(d) whi
h 
orrespond to a 0.5 mm and 0.2 mm slit, respe
tively.opti
 to a fo
al length of f = 625 mm (�gure 3.16(d)). Then the Rowland 
ir
le is lo
atedat d = 190 and no de
entering is needed. So far, the opti
 has not been ex
hanged,be
ause the brightness of the harmoni
s is good enough to evaluate the re
orded spe
tra.However, regardless of the alignment the spe
trum is modulated with the transmissionof the beamline, i.e. the wavelength dependent re�e
tivity of the XUV opti
s (mirrorsand grating) as well as the wavelength dependent transmission through the aluminum�lter.XUV CCDIn addition to the spe
trometer a near- and far-�eld monitor for the 21st harmoni
 hasbeen set up. Figure 3.15 shows that the fo
using mirror of the spe
trometer is mountedon a translation stage. After moving this mirror out of the beam the harmoni
s travel tothe near- and far-�eld swit
h. Here, either a fo
using or a plane mirror 
an be sele
ted.In order to a
hieve a fo
al spot with a minimal degree of astigmatism a multilayer asdes
ribed in se
tion 3.3.2 is used in 
ombination with an angle of in
iden
e around zerodegree. Due to the la
k of spa
e the harmoni
s are then folded and travel to a XUV-CCD,whi
h is mounted on a 400 mm long manipulator (not shown) for fo
us-s
ans.The results shown in 
hapter 4 are a
quired with a ba
k-illuminated CCD (PIXIS-XO:2048B). The CCD 
hip has a resolution of 2048 pixel × 512 pixel, where the pixelsize is 13.5 µm. In order to 
al
ulate absolute photon numbers of the sour
e the totaltransmission of the beamline to the XUV-CCD has to be known. Due to the redu
edbandwidth of the multilayers only the 21st harmoni
 is transmitted to the XUV-CCD.48



3.3 Diagnosti
sThe estimated transmission fa
tor for H21 is
Ttot = T 3B4C,s−pol · T 3B4C,p−pol · T 2ScSi · TAl (3.2)

= 0.014± 0.008,where TB4C,s−pol = 0.78 ± 0.05, TB4C,p−pol = 0.69 ± 0.05, TScSi = 0.55 ± 0.15, and TAl =
0.24 ± 0.06 (2 · 6 nm Al2O3). The radiation is re�e
ted by 90◦ at ea
h triplet systemand 
hanges the polarization from p- to s-polarized light. In addition two multilayermirrors re�e
t at approximately zero degree, hen
e the re�e
tivity does not depend on thepolarisation. The last fa
tor of the transmission equals the transmission of the aluminum�lter. The huge un
ertainty is mainly due to the re�e
tivity of the used multilayer, as wellas the transmission through the aluminum �lter as explained in se
tion 3.3.2 and 3.3.3.
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Experimental results 4
This 
hapter 
on
erns with the results on HHG, as well as the investigation, and opti-mization of the driving laser. Afterwards, the 
alibration of the spe
trometer is des
ribedfollowed by a detailed investigation of the high harmoni
 sour
e. At the end, the seedingexperiment sFLASH is des
ribed and preliminary results are shown.4.1 Fundamental laserThe driving laser is the basis of HHG. In order to a
hieve e�
ient HHG a thoroughoptimization of the laser performan
e has to be established. This se
tion is addressed tothe 
hara
teristi
s of the used driving laser.4.1.1 Laser pulse durationThe pulse length of the driving laser is a 
ru
ial parameter for HHG [Zhou et al., 1996℄.To ensure a pulse length of spe
i�ed 35 fs the spe
trum of the laser os
illator as well as aFROG (Frequen
y Resolved Opti
al Gating) measurement [Trebino and Kane, 1993; Kaneand Trebino, 1993a,b℄ after the UHV grating 
ompressor have been performed. In �gure4.1 the measured os
illator spe
trum and the pulse length of the driving laser are shown.The solid lines in �gure 4.1 
orrespond to Gauss �ts and the dotted lines to measureddata. In �gure 4.1(a) the spe
trum of the laser os
illator shows a spe
tral bandwidth of
σλ = (13.8± 0.1) nm for a 
entral wavelength of λcentral = (811.3± 0.1) nm. Due to theFourier limit of a Gaussian pulse [Saleh and Tei
h, 1991℄ the pulse length of the drivinglaser is not shorter than

σt ≥
1

4πσν
= (12.7± 0.3) fs,where σν is the rms value of the frequen
y bandwidth. In �gure 4.1(b) the FROG mea-surement shows a pulse width of σt = (14.0± 0.1) fs, whi
h 
orresponds to

tFWHM = (32.9± 0.2) fs,that is 10% longer than the Fourier-limited Gaussian pulse. It also shows that the am-pli�
ation pro
ess has a negligible impa
t on the spe
trum and the 
orresponding pulselength.4.1.2 Laser beam pro�le and intensityHHG depends strongly on the quality of the driving laser. In order to ensure optimal
onditions not only the pulse length as des
ribed in the previous se
tion, but also the fo
us51
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(b)Figure 4.1: Figure 4.1(a) shows the spe
trum of the os
illator with a 
entral wavelengthof λcentral = (811.3 ± 0.1) nm and a bandwidth of σλ = (13.8 ± 0.1) nm.Figure 4.1(b) shows the pulse length of the driving laser after the UHV grating
ompressor.and the beam quality fa
tor M2 are investigated. In �gure 4.2 fo
us s
ans of the driving
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(b)Figure 4.2: Measured beam pro�le of the driving laser, where the laser travels from leftto right. Figure 4.2(a): fNIR = 1500 mm, �gure 4.2(b): fNIR = 3000 mmlaser with fNIR = 1500 mm and fNIR = 3000 mm are plotted. The dire
t 
omparisonshows that a larger fo
al length leads to a larger beam waist, and a smaller divergen
e.Furthermore, in 
ase of fNIR = 1500 mm no astigmatism is found, where in 
ase of
fNIR = 3000 mm the beam �rst fo
uses in y-dire
tion and 24 millimeters behind in x-dire
tion. In 
ase of fNIR = 3000mm the laser hits the fo
using opti
 with an angle α ≈ 5◦whi
h 
auses the astigmatism. For fNIR = 1500 mm the angle is approximately α ≈ 0◦ asexplained in 
hapter 3.2.2 and the astigmatism is absent or at least not resolvable. Note52



4.1 Fundamental laserthat the position of the beam waist is di�erent, but that is due to a slightly di�erentsetup.In order to �t the measured data to equation 2.12 the se
ond moment as des
ribed in[Reng and B.Eppi
h, 1992℄ with p = 2∧ q = 0, or p = 0∧ q = 2 is 
al
ulated
µpq =

∑
x

∑
y(x− x)

p(y− y)qI(x, y)

M00

,with x =
M10

M00

,

y =
M01

M00

,and Mij =
∑

x

∑

y

xiyjI(x, y),where I(x, y) is the pixel value at (x, y). In addition,
W = 2σ = 2

√
µpq
an be 
al
ulated and a beam waist �t 
an be applied. In 
ase of the fNIR = 3000 mmgeometry the �t leads to:

M2
x = 1.12± 0.02 M2

y = 1.87± 0.05
W0,x = (173± 2) µm W0,y = (186± 4) µm
z0,x = (73± 2) mm z0,y = (97± 2) mm,where the x-dire
tion 
orresponds to µ20 and the y-dire
tion to µ02. z0,x and z0,y 
orre-spond to the fo
us position in x- and y-dire
tion, respe
tively. The position z = 0 is setto the beginning of the translation stage. In 
ase of the fNIR = 1500 mm geometry the �tleads to:
M2

x = 1.11± 0.05 M2
y = 1.62± 0.08

W0,x = (107± 4) µm W0,y = (97± 6) µm
z0,x = (62± 2) mm z0,y = (62± 2) mmBased on those quantities the Rayleigh length 
an be 
al
ulated with equation 2.13:

zR,x(f = 3000mm) = (105± 4) mm
zR,y(f = 3000mm) = (73± 5) mm,as well as
zR,x(f = 1500mm) = (41± 5) mm
zR,y(f = 1500mm) = (23± 4) mm.For HHG the intensity of the driving laser is a 
ru
ial parameter. On the one hand theintensity 
an be adjusted by simply moving the gas target through the fo
us of the driving53
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Figure 4.3: Beam size and energy of the driving laser (after the UHV 
ompressor) for
fNIR = 3000 mm at fo
us position z = 100 mm as shown in �gure 4.2(b).laser. On the other hand the intensity depends on the beam diameter at the fo
using opti
and 
an be adjusted by 
hanging the diameter of the iris in front of the fo
using mirror.Here the near �eld beam pro�le has a beam diameter of FWHM = 13 mm. In �gure 4.3the fo
al spot size and the pulse energy of the driving laser is plotted for fNIR = 3000 mmand di�erent diameters of the iris. Here, the spot size de
reases for a larger diameter,thus the intensity be
omes higher. Additionally, the pulse energy in
reases for a largeriris whi
h in
reases the intensity at the fo
us even more.For a re
tangular pulse the intensity is de�ned as

I =
E

A · ∆t (4.1)where E is the pulse energy, A the spot size, and ∆t the pulse width. For fNIR = 3000mm, z = 100 mm, and ∆tFWHM = (32.9± 0.2) fs the a
hieved intensity depends only onthe diameter of the iris and 
an be approximated with equation 4.1. For a diameter of 10mm the spatially averaged intensity �I be
omes�I(d = 10 mm) = (1.9± 0.4) · 1014 W/
m2with E = (8.7± 0.8) mJand A = (1.4± 0.3) · 105 µm2,where the area A is 
al
ulated in terms of the W radius. In 
ontrast to a diameter of 24mm: �I(d = 24 mm) = (6.1± 2.2) · 1014 W/
m2with E = (22.1± 1.3) mJand A = (1.1± 0.4) · 105 µm254



4.1 Fundamental laserFor fNIR = 1500 mm the beam waist is approximately 1.8 times smaller. Hen
e, themaximal intensity is a fa
tor of approximately 3.2 times bigger, i.e. a maximal value of
≈ 2.0 · 1015 W/
m2 in 
ase of 24 mm diameter of the iris.4.1.3 PolarizationFor the measurement of the polarization two polarizers and a photodiode have beenemployed. Polarizer P has a �xed re�e
tivity of > 99.8% for the s-polarized light andtransmits almost only the p-polarized light. Polarizer A (analyzer) is mounted on arotatable mount, but its quality is unknown and worse than polarizer P1. The degree ofthe polarization R is de�ned as the ratio of the intensity of the polarized portion to thetotal intensity [Born and Wolf, 1980; Collett, 1992℄:

R =
Imin

Imax
,where Imin is the polarized portion and Imax is the total intensity. The analyzer is not aperfe
t polarizer and transmits independent of its orientation a fra
tion of the p-polarizedlight. In order to determine this portion the 
ontrast ratio of the analyzer is measuredafter the light has passed the �rst high-quality polarizer and leads to a 
ontrast ratio of

Rerr = (1.00± 0.04) · 10−3with Imax,err = (4.7± 0.1) · 10−7mV· sand Imin,err = (4.7± 0.1) · 10−10mV· s.Note that for a perfe
t polarizer Imin = 0 and the 
orresponding 
ontrast ratio is also zero(R = 0). Finally, the polarization degree of the laser 
an be determined by removing thehigh-quality polarizer and measuring the 
ontrast ratio of the analyzer RA.
Plaser = RA − Rerrwith RA =

Imin,A

Imax,A
.With

RA = (2.7± 0.1) · 10−3
Imax,A = (4.7± 0.1) · 10−7mV· s
Imin,A = (1.23± 0.04) · 10−9mV· sthe polarization degree of the driving laser is

Plaser = (1.6± 0.1) · 10−3.The polarization is a 
ru
ial parameter [Dietri
h et al., 1994℄ and may spoil the HHGpro
ess or at least redu
es the HHG CE. The 
al
ulated result 
orresponds to 99.8%p-polarized light whi
h is a su�
ient degree of polarization for HHG. 55



4 Experimental results4.1.4 WavefrontIn order to measure the wavefront of the driving laser a Sha
k-Hartmann sensor hasbeen employed [Hartmann, 1900; Sha
k and Platt, 1971℄. The measured wavefront 
anbe evolved in Zerni
ke polynomials whi
h lead dire
tly to the aberrations. M. S
hulzinvestigated the wavefront dire
tly after the laser os
illator [S
hulz, 2010℄. It turned out,that the fundamental seed is 
hara
terized with a defo
us, as well as a small astigmatism.The defo
us leads to a larger beam waist, as well as a shift of the fo
us relative to thenominal fo
us position. The astigmatism 
auses a spatial separation of the fo
us in x-and y-dire
tion. As shown in �gure 4.2(a) the astigmatism 
an not be resolved, thusit is negle
table. During this work the measurement has been performed after the laserampli�er. The results are 
omparable to those published in [S
hulz, 2010℄. It shows, thatthe ampli�er has a negligible impa
t on the wavefront aberrations. Details 
an be foundin [S
hulz, 2010℄.4.2 Calibration of the spe
trometerFor the 
alibration of the spe
trometer three di�erent methods have been employed. Thefastest and online available method uses an aluminum �lter to identify the 11th harmoni
.The se
ond approa
h minimizes the deviation between the expe
ted and the measuredspe
trum. The last and most a

urate method uses the fa
t that the high harmoni
spe
trum 
an be spe
trally shifted by 
hanging the pulse length of the driving laser. Thisspe
tral shift in 
ombination with a titanium �lter allows an absolute 
alibration of thespe
trometer. All three methods will be explained within this 
hapter.4.2.1 Online 
alibrationThe transmission of an aluminum �lter is shown in �gure 3.14(a). The lowest transmittingorder is the 11th harmoni
, i.e. 17 eV. Thus, the �rst appearing peak is the 11th harmoni
.This method is fast, but not pre
ise. It implies that the 11th harmoni
 is generated andre�e
ted su�
iently by the grazing in
iden
e triplet mirrors. Furthermore, the spe
tralposition of ea
h harmoni
 order is expe
ted to be �xed. Any variation of the fundamentalfrequen
y 
annot be dete
ted with this method.4.2.2 Quasi online 
alibrationFirst, the CCD 
amera with obje
tive whi
h images the �uores
en
e s
reen after theMCP has to be 
alibrated, i.e. the distan
e of two given pixels has to be determined and
onverted in millimeters by imaging a referen
e obje
t, e.g. millimeter paper. Then, there
orded spe
tra are binned in dire
tion of the unfo
used beam. The distan
es betweenone arbitrary and all other appearing peaks are measured. Then, those distan
es are 
al-
ulated theoreti
ally with equation 3.1. The resulting distan
es depend on the wavelengthof that arbitrarily 
hosen peak and the angle between the in
oming beam and the grating.Those two free parameters are 
hanged until the di�eren
es between the measured and56



4.2 Calibration of the spe
trometertheoreti
al 
al
ulated distan
es of the peaks rea
h an absolute minimum. Then the twoparameters are set and the 
alibrated spe
trum 
an be 
al
ulated with equation 3.1. Themethod implies that the 
entral wavelength of the driving laser does not 
hange on a dailybasis, whi
h is ful�lled in pra
ti
e. It also implies that the harmoni
s are being generatedwithout any spe
tral shift, whi
h is not ne
essarily the 
ase. The following se
tion willshow the impa
t of a spe
tral shift on the wavelength.4.2.3 Absolute 
alibrationThis method is an extension of the quasi online 
alibration. In addition to the previ-ously des
ribed pro
edure the transmission through a titanium �lter is measured. Thetransmission itself
T(ω) =

ITi(ω)

I0(ω)depends on the frequen
y of the radiation, where ITi(ω) and I0(ω) are the re
ordedintensities with and without a titanium �lter, respe
tively. In �gure 3.14(a) the theoreti
altransmission 
urve of a 200 nm thi
k titanium �lter is plotted whi
h has a sharp edge at
32.6 eV [CXRO, 2009℄.Be
ause the spe
tral position of the 21st harmoni
 (≈ 32.5 eV) depends on the funda-mental laser pulse length as shown in [Zhou et al., 1996℄ it is possible to spe
trally shiftH21 over the absorption edge of the titanium �lter and to sample the transmission 
urveas shown in �gure 4.4.
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(b)Figure 4.4: Figure 4.4(a) shows the spe
tral shift of the 21st harmoni
 depending on thepulse length of the driving laser without a titanium foil, where the x-axis 
orre-sponds to the horizontal CCD position. Figure 4.4(b) shows the transmissionof H21 through a titanium foil for di�erent spe
tral shifts of H21.The laser pulse duration has been 
hanged by introdu
ing a 
hirp, i.e. a time depen-den
e of the instantaneous laser frequen
y. Here the grating of the �rst pulse 
ompressoris moved, a 
hirp is introdu
ed, and the pulse length of the driving laser gets longer. In57



4 Experimental results�gure 4.4(a) it is shown that for a blueshift of approximately 20 pixel the intensity dropsmore than 20%. The impa
t of this statement will be dis
ussed at the end of this se
tion.It is possible to shift the 21st harmoni
 beyond the absorption edge of the titanium �lterand to sample the transmission 
urve. The measured transmission of the 21st harmoni
 isplotted in �gure 4.4(b) for a 200 nm thi
k titanium �lter. The shown errors depend on thestatisti
al errors of ITi(ω) and I0(ω) and are 
al
ulated in terms of error propagation. Itis shown, that the error-bars be
ome bigger for a redshift of H21 
ompared to a blueshift.This is due to the asymmetri
 dependen
e of the H21 signal on the spe
tral shift as alsoindi
ated with the arrows in �gure 4.4(a). An explanation will be given a bit later. Theplot 4.4(b) shows qualitatively a similar behavior as the theory in �gure 3.14(a). Theabsolute di�eren
e is most likely due to stray light. In 
on
lusion, the absorption edge of
32.6 eV has to be between values of 0 and −40 in �gure 4.4(b) (shaded area). This regionfrom 0 to −40 for the absorption edge of 32.6 eV 
an be used as the error of this method.In �gure 4.5 two spe
tra for a spe
tral position of −20 and −40 are shown. Be
ause thetwo peaks of the 21st harmoni
 di�er by 7 pixels, 32.6 eV has to mat
h a pixel numberof 830± 7 pixels in the re
orded image.
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(b)Figure 4.5: Spe
tra for two di�erent spe
tral positions of the harmoni
 
omb. Figure4.5(a) 
orresponds to a spe
trum with a spe
tral shift of (−20) and �gure4.5(b) to a shift of (−40). The solid line 
orresponds to a Gauss �t with a
entral position of xc = 830 and xc = 837, respe
tively.This boundary 
ondition redu
es the optimization pro
edure des
ribed within the quasionline 
alibration by one degree of freedom and leads to the 
alibrated spe
trum shownin �gure 4.6 with a 
entral wavelength of
Ecentral,H21 = 32.7 eV± 0.2 eVIn general it is possible to blueshift the 21st harmoni
 by 0.5 eV but the asso
iated yielddrops down to less than 80%. Smaller 
hanges in the order of +0.3 eV lead to a loss ofroughly 10% and would therefore be tolerable. Compared to the width of the Gauss �t58



4.3 High Harmoni
 Generation
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Figure 4.6: Calibrated and optimized spe
trum with a 
entral wavelength of the 21st har-moni
 Ecentral,H21 = (32.7±0.2) eV. The bla
k and 
ontinuous line 
orrespondsto a Gauss �t of the 21st harmoni
 and the red line 
orresponds to the re�e
-tivity of the used multilayer.of σH21 = 0.7 eV (shown in �gure 4.6) it is possible to blueshift the 21st harmoni
 byalmost 50% of its width. A redshift of the harmoni
s is also possible, but the resultingyield is lower. This 
an be explained with an in
rease of the total phase mismat
h.In 
ontrast, the phase mismat
h introdu
ed by a blueshift does 
ompensate the phasemismat
h 
aused by free ele
trons. Therefore it is not feasible to tune the harmoni
s tosmaller wavelengths. The red 
urve in �gure 4.6 
orresponds to the re�e
tivity of theused multilayer as explained in 
hapter 3.3.2. Although the exa
t position of the peakin the re�e
tivity is not known exa
tly the plot shows that the bandwidth of the usedmultilayer is bigger than the bandwidth of the 21st harmoni
. The absolute 
alibrationof the spe
trometer is restri
ted to an absolute 
alibration of the 21st harmoni
. For anentire 
alibration a se
ond referen
e point, i.e. a se
ond absorption edge for instan
e hasto be used to 
alibrate the whole spe
trum.4.3 High Harmoni
 GenerationThis se
tion is addressed to the results 
on
erning the HHG sour
e. The properties ofthe 21st harmoni
 with regard to the seeding experiment are examined. The �rst se
tionspe
i�es the beam propagation properties as well as the energy of the 21st harmoni
. Thenthe in�uen
e of the driving laser on the spe
trum is analyzed. At the end, a summaryon wavefront investigations and further te
hniques like QPM as well as two 
olor HHG isgiven. In all 
ases, unless it is stated expli
itly, the noble gas of 
hoi
e is argon. 59



4 Experimental results4.3.1 XUV beam propagation
(a)
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(
)Figure 4.7: H21 near �eld beam pro�le for a driving laser with fNIR = 1500 mm. Theyellow line (narrow dire
tion) represents the data in �gure 4.7(b) and the redline represents the data in �gure 4.7(
).In order to determine the divergen
e of the 21st harmoni
 two di�erent methods havebeen employed. First, a geometri
al opti
s (
hapter 2.1.1) method is used. In �gure 4.7the near �eld beam pro�le of H21 a
quired with the XUV CCD, as well as line s
ansin two orthogonal dire
tions are shown (fNIR = 1500 mm). The CCD 
amera is lo
atedat the position labeled as �dete
tor� (see �gure 3.15). The 
aptured pro�le shows anasymmetri
 behavior and therefore two di�erent divergen
es. In the following se
tionsthose two dire
tions are being abbreviated as the narrow and the wide dire
tion and
orrespond to the yellow and red line in �gure 4.7(a), respe
tively. Furthermore, in both
ases a �t for a Gauss fun
tion
Φ(x) = a · exp[−0.5(x− x0)2/σ2]has been performed whi
h leads to a beam radius of σnarrow = (1217±18)µm and σwide =

(3437± 71)µm, respe
tively. The sharp drop o� in 4.7(
) is due to the limited size of theCCD dete
tor. However, to determine the divergen
e ϑ the distan
e z between the gasjet for HHG and the dete
tor has to be known:tan(ϑ) = W

z
=
2σ

z
≈ ϑ. (4.2)60



4.3 High Harmoni
 GenerationIn 
ase of fNIR = 1500 mm the distan
e is z = (6968± 50) mm, thus a divergen
e of
ϑnarrow = (0.34± 0.01) mrad
ϑwide = (0.78± 0.01) mrad
an be 
al
ulated, where ϑ is half of the opening angle and the given errors 
orrespondto a 95% 
on�den
e bound.
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)Figure 4.8: H21 near �eld beam pro�le for a driving laser with fNIR = 3000 mm. Theyellow line (narrow dire
tion) represents the data in �gure 4.8(b) and the redline (wide dire
tion) represents the data in �gure 4.8(
).In �gure 4.8 the H21 pro�le is shown for a driving laser with a fo
al length of fNIR = 3000mm. The dire
t 
omparison of �gure 4.8(a) with �gure 4.7(a) shows that for a larger fo
allength the divergen
e be
omes larger, too. The spot size is that big that the stray lightapertures blo
k not only the fundamental laser, but the 21st harmoni
 as well. Be
ausea larger fo
al length of the driving laser leads to a smaller divergen
e of the driving laserthis behavior was not expe
ted. However, the applied line s
ans lead to a beam size of
σnarrow = (2203±39)µm and σwide = (3954±243)µm. In the 
ase of fNIR = 3000 mm thedistan
es, espe
ially z are slightly di�erent as explained in 
hapter 3.2.2. For a distan
eof z = (7025± 50) mm the divergen
e 
an be 
al
ulated with equation 4.2:

ϑnarrow = (0.56± 0.01) mrad
ϑwide = (0.84± 0.03) mrad 61



4 Experimental resultsAdditionally, Gauss opti
s as explained in 
hapter 2.1.2 
an be used to determine thebeam quality fa
torM2. Here, the 21st harmoni
 is assumed to be Gaussian, and a fo
uss
an is applied. In �gure 4.9 a fo
us s
an for a fo
al length of fH21 = 1.5 m and fNIR = 3.0m is shown for the x and y-dire
tion of the beam. For ea
h position of the s
an at least
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(b) Image of the beam pro�leat position 500 mm.Figure 4.9: Fo
us s
an of H21 a
quired in the diagnosti
 se
tion of the HHG setup.
50 images have been re
orded and the se
ond moment in x- and y-dire
tion µ20 and µ02,respe
tively has been 
al
ulated as explained in 
hapter 4.1.2. An image of the beamwaist is shown in �gure 4.9(b). It 
an be seen that the dimension is 
omparable to theresolution of the CCD and the width of the pro�le 
orresponds to 2 − 3 pixels. For thex-dire
tion the waist of the beam is visible and a beam waist �t as explained in 
hapter2.1.2 
an be applied. For a wavelength of λ = 38.1 nm and equation 2.6 the �t does not
onverge, hen
e the beam does not behave like a Fourier-limited Gaussian beam. 4.9(a)represents a beam waist �t with the position of the waist z0 = (505± 17) mm , and thebeam waist W0,image = (18 ± 1) µm for M2λ = (3.5 ± 0.2) nm, whi
h 
orresponds to an
M2 ≈ 0.1 for λ = 38.1 nm. AnM2 < 1 is physi
ally not feasible [Siegman, 1993℄, thus theparaxial approa
h is not ful�lled and the Gaussian beam waist �t is not valid. In 
ontrastto [Siegman, 1993℄ it is shown in [Luo and Wang, 2010℄ that the beam quality fa
tor 
anbe smaller than one for 86.5% power 
ontent (1/e2-radius) of the beam and that the M2formalism is no longer suitable.However, the triplet mirrors and the diagnosti
 swit
h in between the harmoni
 sour
eand the dete
tor are mounted and adjusted with a s
rew from its ba
kside. Most likelythis 
auses the beam to defo
us. This e�e
t has been studied lately by Dres
her at al.and was not expe
ted at the time the mounts were designed and manufa
tured. Notethat this e�e
t has been 
on�rmed for a 
opy of the used triplet mounts. The used tripletmounts themselves have to be investigated during the next shutdown. In 
ase of the62



4.3 High Harmoni
 GenerationCCD two triplet mirrors and one diagnosti
 swit
h, i.e. seven mirrors are used to steerthe beam to the dete
tor. Ea
h of those mirrors introdu
es (most likely) an additionaldivergen
e, thus the 
al
ulated divergen
es are an upper limit. On the one hand anabsolute measurement of the divergen
e is due to the mirror mounts not possible. Onthe other hand it is possible to dete
t relative 
hanges of the divergen
e. In table 4.1 aTable 4.1: Divergen
e of H21 for fNIR = 1.5 m and fNIR = 3.0 m
fNIR divergen
e
1500 mm ϑnarrow < 0.34 mrad

ϑwide < 0.78 mrad
3000 mm ϑnarrow < 0.56 mradsummary of the measured divergen
es is given. Errors 
annot be estimated, be
ause thea
tual in�uen
e of the mirror mounts di�ers and 
ould not be determined. It 
an be seen,that the HHG fo
us geometry of fNIR = 1500 mm leads to a lower divergen
e 
omparedto the fNIR = 3000 mm geometry. In 
ase of fNIR = 3000 mm a proper determination ofthe wide divergen
e ϑwide is due to the limited size of the CCD not possible. However,for seeding purposes it is desirable to a
hieve the highest possible �ux of the harmoni
s.Therefore, the harmoni
 yield has to be measured, in order to dedu
e the appropriatefo
al length (next 
hapter). An ex
hange of those mirror mounts is desirable, but verytime 
onsuming. So far, sFLASH has been in the 
ommissioning phase and a longer �shutdown� of the HHG sour
e and its diagnosti
s to ex
hange those mirror mounts was notavailable.However, �gure 4.9 shows the position and the beam waist itself. Both 
an only roughlybe estimated as
W0,image = (18± 0.1) µm
zW0

= (505± 17) mmIt is further possible to dedu
e the size of the sour
e WHHG, i.e. the beam radius at theposition of the gas target, the size of the the beam waist W0, whi
h is usually di�erentthanWHHG and known as the virtual sour
e, and the position of the virtual sour
e, i.e. theposition of the beam waist zW0
. With a distan
e from the gas jet to the fo
using mirror(fH21 = 1500 mm) in the diagnosti
 se
tion of gjet = (5110 ± 50) mm and a distan
e of

zimage = (2294± 50) mm those quantities 
an be dedu
ed with equation 2.1:
WHHG = (40± 2) µm (4.3)
W0 = (34± 2) µm
zW0

= (2211± 179) mm 63



4 Experimental resultswhere zW0

orresponds to a position of the waist (in laser propagation dire
tion) behindthe position of the gas jet. A 
al
ulation of the divergen
e is not possible, be
ause theapproa
h of a Gaussian beam is not valid and the introdu
ed distortion of the beam pro�le
annot be estimated. In [Frumker et al., 2011℄ it is shown that the position of the harmoni
beam waist, i.e. the virtual sour
e position depends on the harmoni
 order and may belo
ated in front and behind the gas jet. The dedu
ed distan
e of zW0

= (2211± 179) mmis 
omparably large 
ompared to [Frumker et al., 2011℄. This 
ould be explained with theused triplet mirror mounts and the additionally introdu
ed wavefront distortion.4.3.2 Harmoni
 energy and 
onversion e�
ien
yTo optimize the yield of HHG the phase mat
hing 
onditions have to be optimized. Inorder to optimize the 21st order, either the spe
trometer, the XUV CCD, and the HHmeter
an be used. In 
ase of the spe
trometer the signal of H21 is integrated and representsthe energy of the 21st harmoni
 in arbitrary units. In 
ase of the CCD 
amera, theXUV photodiode, and the HHmeter absolute energies 
an be measured. To ensure anoptimized harmoni
 yield within ea
h of the following investigations all parameters havebeen optimized iteratively. The main parameters to optimize the yield are the position ofthe gas target relative to the fo
us of the driving laser, the ba
king pressure and timing ofthe gas nozzle, and the intensity of the fundamental driving laser as des
ribed in [Hergottet al., 2002; Kazamias et al., 2003a,b; Kim et al., 2004; Tamaki et al., 2000℄. The resultswill be shown and explained within this 
hapter.Target positionIn �gure 4.10 the H21 energy for di�erent gas target positions relative to the fo
us of thedriving laser is plotted, where the fo
us of the driving laser 
orresponds to position zero.The data has been a
quired with the XUV CCD for fNIR = 3000 mm of the driving laser.In front and behind the fo
us the intensity and the spot size of the driving laser is di�erent.The plot shows a steep enhan
ement of the yield with an absolute maximum at 60 mmin front of the laser fo
us. Then the yield drops down until a smaller relative maximumof the yield appears 10 mm behind the fo
us. This behavior is in agreement with [Belliniet al., 2001℄ and 
an be explained as follows: the highest laser intensity is lo
ated at thefo
us of the driving laser. At this position ionization be
omes dominant and ele
tronsare present as explained in 
hapter 2.3.1, whi
h leads to a phase mismat
h. Furthermore,the Guoy phase 
hanges its algebrai
 sign and the phase mismat
h leads to depletion.Therefore it is expe
ted to a
hieve a maximum on ea
h side of the fundamental laserfo
us. For seeding purposes the H21 energy needs to be as high as possible. Therefore,the target is positioned ≈ 60 mm in front of the fo
us.Target pressurePressure s
ans are mandatory to optimize the HHG yield and have to be performed forea
h target geometry. In �gure 4.11 pressure s
ans are presented for a 20 mm long argon64
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Figure 4.10: H21 yield dependent on the position of the gas target relative to the fo
us ofthe driving laser (fNIR = 3000 mm). Here, the ba
king pressure of argon isset to 1800 mbar.
hannel (fNIR = 1500mm). The target pressure depends on the ba
king pressure, the timedelay between the gas valve trigger and the fundamental laser, and the opening period ofthe valve.In �gure 4.11(a) and 4.11(b) the yield of the 21st harmoni
 is shown for di�erent ba
kingpressures and a 
onstant opening period of nominal 200 µs. The yield has been measuredwith the spe
trometer and the pressure within the target has been set by 
hanging thetrigger of the gas valve relative to the driving laser, thus di�erent times in �gure 4.11
orrespond to di�erent pressures within the target.For ba
king pressures between 500 mbar to 960 mbar the yield �rst in
reases up to amaximum followed by a drop down within approximately 200 µs, whi
h 
an be explainedas follows: the gas valve opens and the pressure within the target starts to raise untilthe valve 
loses again and the pressure de
reases, thus the harmoni
 yield de
reases too.For ba
king pressures larger than 1000 mbar the pressure 
urve shows two maxima whi
h
an be explained as follows: �rst, the gas valve opens and the pressure within the targetstarts to raise as in 
ase of lower ba
king pressures. At a 
ertain time, depending onthe ba
king pressure, the target pressure ex
eeds its optimal value for the best phasemat
hing 
onditions, thus the harmoni
 yield starts to de
rease until the valve 
losesagain. Here the phase mismat
h is due to free-ele
trons as explained in 
hapter 2.3.3. Assoon as the valve 
loses and the pressure de
reases the phase mat
hing 
onditions be
omebetter again until the best phase mat
hing 
onditions are a
hieved (se
ond maximum).At this se
ond maximum the valve remains 
losed and the pressure further de
reases tozero, thus the harmoni
 yield drops down to zero, too. In �gure 4.11(a) the 
urves show adi�erent starting point, whi
h is not the 
ase in �gure 4.11(b). The explanation is that thegas valve shows �u
tuations in time the nozzle is supposed to open. For higher ba
king65



4 Experimental resultspressures these �u
tuations disappear.
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)Figure 4.11: Pressure dependent yield of H21 for fNIR = 1500 mm. Figure 4.11(a) and4.11(b) show the time dependen
e for di�erent ba
king pressures for an open-ing period of t = 200 µs of the valve, where �gure 4.11(
) shows the timedependen
e for di�erent opening periods and a 
onstant ba
king pressure
p = 635 mbar of the gas valve. In all 
ases the harmoni
 energy is measuredfor di�erent time delays between the gas- and the laser-pulse. Ea
h series ofmeasurement is then 
omposed of those individual measurements.For va
uum te
hni
al reasons the gas load must not ex
eed a 
ertain threshold. Thepressure of the last va
uum 
hamber in the pit has to be below 1 · 10−6 mbar, otherwisea valve in front of the ele
tron va
uum 
loses. Therefore the opening period of the gasvalve has to be redu
ed as mu
h as possible. In �gure 4.11(
) the H21 yield is shown fordi�erent opening times of the gas valve and for a 
onstant ba
king pressure. The maximalyield is independent of the pulse width of the gas valve. However, the de
rease of the yieldin between the two o

urring peaks be
omes stronger for longer gas pulses and the timeinterval between the two respe
tive peaks be
omes larger. The reason is that for longergas pulses the pressure ex
eeds the optimal 
ondition further than in 
ase of shorter gas66



4.3 High Harmoni
 Generationpulses and a longer time is needed to redu
e the pressure within the target to the optimalvalue again. The smallest opening period of the nozzle is 200 µs. A further de
rease ofthe opening period is therefore not possible.Fundamental laser intensity
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Figure 4.12: H21 yield dependent on the driving laser intensity (fNIR = 1500 mm).Another 
ru
ial parameter for the H21 yield is the intensity of the driving laser. Theintensity is adjusted by 
hanging the diameter of the iris in front of the fo
using mirror.Figure 4.12 shows the H21 yield for di�erent diameters of the used iris, a
quired withthe XUV CCD. After a steep slope the highest yield is a
hieved at ≈ 11 mm. Then ade
rease of the yield appears until an iris diameter of ≈ 21 mm. E�
ient HHG o

urs ata 
ertain intensity as explained in 
hapter 2.3. For higher intensities the phase mismat
hbe
omes larger and the yield drops down. Be
ause the beam diameter is limited by thesmallest used opti
 of 25.4 mm a further in
rease of the iris diameter is not meaningful.The obtained plateau between 21 mm and 25 mm is due to a fundamental laser diameterof 21 mm.In 
ontrast to the method des
ribed above it is also possible to 
hange the intensity by
hanging the pulse energy in front of the iris by tuning the ampli�er. The higher the pulseenergy in front of the iris, the smaller is the optimal diameter of the iris to a
hieve thesame intensity. For seeding purposes it is favorable to have a high photon �ux, rather thanjust a high CE, thus the harmoni
 energy should be 
on
entrated in a 
one as small aspossible. In addition a long Rayleigh length of the harmoni
s is favorable. For a small iristhe beam waist of the driving laser be
omes larger, the Rayleigh length be
omes larger,and the divergen
e gets smaller 
ompared to a larger iris. Assumed that the propertiesof the driving laser are to some extent transferred to the harmoni
s, a smaller iris in
ombination with a high pulse energy seems to be the optimal operation mode for seeding67



4 Experimental resultspurposes. A further dis
ussion on the optimal HHG operation mode for seeding purposes
an be found in 
hapter 4.4.Target lengthThe target length is another parameter whi
h has an impa
t on the harmoni
 yield.During this work di�erent targets, i.e. a free propagating gas jet, as well as gas 
hannelsof di�erent lengths and diameters have been investigated to in
rease the total harmoni
yield. In �gure 4.13 the yield for di�erent target geometries is plotted (details of the
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Figure 4.13: Yield of di�erent target geometries and di�erent fo
al lengths of the drivinglaser.targets 
an be found in 
hapter 3.2.2). The free propagating gas jet has the smallestyield. This 
an be explained in terms of the intera
tion length. The intera
tion regionis on the one hand de�ned by the spot size of the laser and on the other hand by thegas pro�le. In 
ase of the free propagating jet the limiting fa
tor is the gas pro�le. In
ollaboration with A. Willner and F. Tavella the gas pro�le of the free propagating jet hasbeen investigated in terms of an interferometri
 measurement of the gas density [Benattaret al., 1979; Ditmire and Smith, 1998; Yu et al., 2004℄. The result is shown in �gure 4.14.It turned out that for a ba
king pressure of p(Ar) = 6 bar the gas density drops downfrom 3 · 1019 
m−3 to 1 · 1019 
m−3 within 400 µm axial distan
e to the exit of the nozzle.Thus, the e�e
tive intera
tion length is too small to a
hieve a high CE.Aside from the QPM target, all the di�erent argon 
hannels, independent of the fo
allength a
hieve similar pulse energies, although the spe
i�
 optimal settings for HHGhad to be 
hanged. In 
ase of the 20x1 argon 
hannel, the ba
king pressure was set toapproximately 3100 mbar for the fNIR = 3000 mm geometry, whereat for a fo
us geometryof fNIR = 1500 mm the pressure had to be redu
ed to approximately 1000 mbar. This
an be explained as follows: for a smaller fo
al length the intensity at the position of the68
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Figure 4.14: Measured target density of the gas valve, where Z 
orresponds to the radialand Y to the axial distan
e to the nozzle. The dashed lines 
orrespond tothe nominal diameter of the nozzle.gas valve in
reases, thus the number of free ele
trons in
reases as well. In order to avoida phase mismat
h introdu
ed by free ele
trons, either the intensity or the target pressurehas to be redu
ed. This explanation 
an be applied to the 
ase of fNIR = 1500 mm andthe two argon 
hannels 20x1 and 50x2 as well. A longer target length, i.e. a longer argon
hannel leads to a higher ionization rate (in 
ase all other parameters are kept 
onstant).To avoid a phase mismat
h the intensity has to be redu
ed again. For the 50x2 geometry,the highest CE was a
hieved by redu
ing the diameter of the iris and keeping the gaspressure 
onstant. In [He et al., 2009℄ the H21 yield as a fun
tion of the target lengthis experimentally investigated. It turned out that for a similar laser system the optimaltarget length is also 20 mm.In [Pirri et al., 2008℄ it is presented that an array of gas jets enhan
es the yield ofspe
i�
 harmoni
s. The QPM enhan
ement depends on the harmoni
 order and on theperiodi
ity of the gas jets. Based on the presented results a simple array of argon jets hasbeen designed as explained in 
hapter 3.2.2. Unfortunately, it was not possible to furtherenhan
e the CE as shown in �gure 4.13 as well.As explained before, a high CE is desirable, but not su�
ient. For seeding purposesa rather high �ux is ne
essary. Thus, the most promising setup is the 
ase of f = 1500mm in 
ombination with the 50x2 target to provide a seed with a small divergen
e in
ombination with the highest a
hieved energy, as well as a low gas load. 69



4 Experimental resultsXUV-CCDFor the determination of absolute photon numbers a XUV CCD 
amera is installed inthe diagnosti
 se
tion as explained in 
hapter 3.3.4. To 
al
ulate the absolute photonnumber at the position of the gas target some assumptions have to be made. Firstly,the re�e
tivity of the used XUV opti
s has only been measured for the grazing in
iden
emirrors. Two triplet systems, i.e. six grazing in
iden
e and two multilayer mirrors areemployed to steer the beam to the CCD. Furthermore, the theoreti
al re�e
tivity of themultilayer mirrors as published in [Lawren
e Berkeley National Laboratory, 2011℄ is notin agreement with 
al
ulations based on IMD [Windt, 1998℄. Additionally, the drivinglaser has damaged the �rst mirror of the �rst triplet system, due to the high intensity. In�gure 4.15 the damage of the triplet is imaged with the zeroth order in the spe
trometer

(a) (b)Figure 4.15: The damage of the triplet is imaged with the zeroth order in the spe
trometerfor di�erent positions of the �rst triplet mirror system.for di�erent triplet positions. [Nguyen et al., 2011; Allison, 2010℄ reported that the XUVre�e
tivity de
reases in time. It is assumed that this abatement is due to oxide growth or
arbon 
ontamination. Se
ondly, the transmission of the used aluminum �lter depends onthe aluminum oxide layer whi
h 
an only be estimated (
hapter 3.3.3). At last, the straylight apertures 
lip a small part of the harmoni
s. All these e�e
ts enlarge the un
ertaintyof the dedu
ed pulse energy. However, a lower limit 
an be 
al
ulated and an appropriateerror 
an be estimated. A transmission T = 0.014 ± 0.008 of the beamline to the CCDis estimated in 
hapter 3.3.2. The stray light apertures and the limited size of the CCD
hip redu
e the energy for fNIR = 3000 mm by another estimated 30% as illustrated in�gure 4.8(a). Hen
e, the total transmission is assumed to be
Ttot = 0.010± 0.005In 
ombination with the quantum e�
ien
y of the CCD 
hip a lower limit of the generatedH21 energy 
an be 
al
ulated. The damage of the triplet is not 
onsidered.
EH21 > (0.23± 0.12) nJ70



4.3 High Harmoni
 GenerationXUV diodeIn order to measure absolute photon numbers besides the XUV-CCD 
amera, a XUVphotodiode has been employed (
hapter 3.3.4), too. In 
ooperation with J. Bödewadtthe diode has been set up and 
ommissioned. Here the dete
ted signal is ampli�ed andvisualized on a fast s
ope. Details regarding the te
hni
al performan
e and the writtensoftware environment 
an be found in apendix C.Based on the fa
t that
Udiode = RIdiodethe 
harge Qdiode 
an be 
al
ulated. Udiode(t) is the voltage, R the resistan
e, and Idiode(t)the 
urrent.

Qdiode =

∫

Idiode(t)dt =
1

R

∫

Udiode(t)dt = Nee (4.4)where Ne is the number of ele
trons obtained at the diode and e the elementary 
harge.The number of photons at ea
h harmoni
 order Nq 
an be 
al
ulated with the equation
Ne =

∑

q

ηqtqNq, (4.5)where ηq is the quantum e�
ien
y of the diode and tq the transmission 
oe�
ient of thealuminum �lter [He et al., 2009℄. All harmoni
 orders smaller than 11 are being suppressedby the aluminum �lter (�gure 3.14(a)). Additionally, the pulse energy of ea
h harmoni
order q ≥ 9 is assumed to be the same (plateau).
Eq = Nqhνq = E = 
onst, (4.6)where h is Plan
k's 
onstant and νq the harmoni
 frequen
y. The average pulse energyof ea
h harmoni
 order 
an be 
al
ulated with equation 4.4, 4.5, and 4.6:

E =
Qdiodeh

e
∑

q
ηqtq
νq

.The transmission 
oe�
ients tq of the 200 nm aluminum �lter depend on the thi
kness ofthe Al2O3 layer on both sides and is as in 
ase of the XUV-CCD assumed to be 2 · 6 nm(
hapter 3.3.3). Thus, the 
orresponding 
al
ulated energy leads to a lower lower limit:
E21 > (1.4± 0.4) nJ.Here, the optimal 
onditions for maximal H21 energy as explained in the beginning ofthis 
hapter have been set up prior to the measurement. The given error 
orresponds tothe statisti
al error of the measurement and is 
al
ulated in terms of error propagation.In 
hapter 4.3.3 will be shown that the shape of the spe
trum is 
hanged by tuning theHHG pro
ess to the maximum yield of H21. Therefore, the approa
h of equation 4.6 isstri
tly speaking not valid and the pulse energy of H21 is larger than 1.4 nJ. 71



4 Experimental resultsA di�erent approa
h to 
al
ulate the H21 energy without assuming an energy plateauis assuming a plateau of the generated photon numbers. Here, the signal of ea
h harmoni
order 
onsists of the same number of photons. The quantum e�
ien
y of the diode isknown for all harmoni
 orders. In 
ombination with an assumed average transmission of
TAl = tq = 30%±15% through the aluminium �lter the 
ontribution of the 21st harmoni

an be 
al
ulated. Employing equation 4.4 and 4.5 the total number of photons, i.e. theenergy of H21 is then 
al
ulated to

EH21 > (2.4± 1.2) nJ.This result is roughly twi
e as big as the previous analysis, although the only di�eren
esare, that an energy-plateau of the harmoni
 spe
trum is not taken into a

ount as well asan assumed average transmission of all 
ontributing harmoni
 orders. A detailed analysisof the harmoni
 spe
trum in argon and similarly a justi�
ation that the spe
trum 
an betuned to the 21st harmoni
 will be performed in 
hapter 4.3.3. It will be shown that it ispossible to 
hange the shape of the spe
trum to a maximal yield in the 21st harmoni
 andsmaller yields for higher and lower harmoni
s. Furthermore, the re�e
tivity of the B4Ctriplet mirrors varies slowly with the wavelength (
hapter 3.3.2), thus a de
onvolution ofthe spe
trum is not ne
essary. In addition, the aluminum transmission of 30% is an upperlimit, due to the unknown aluminum-oxide layer.HHmeterWith the HHmeter a third method to determine absolute photon numbers is employed. Inprin
iple the harmoni
s ionize the residual gas and the 
orresponding ions are measuredas explained in 
hapter 3.3.4. In �gure 4.16(a) a typi
al signal is shown. The peaks
orrespond to the ionized residual gas and the amplitude depends on the a

ording partialpressure, thus the signal di�ers from day-to-day. Hen
e, this method is not appli
ableon a daily basis. In �gure 4.16(b) the arrival time of ions as a fun
tion of the mass isplotted. The plot shows that the a
quired peaks in �gure 4.16(a) 
orrespond to hydrogen,helium, nitrogen/oxygen, and argon. The arrival time t itself depends on the voltage andthe distan
e x of the harmoni
s to the dete
tor [Ja
kson, 1999℄:
Q ·U =

1

2
m

(

dx

dt

)2

Q · E = m · awith E =
U

d
,where Q is the 
harge, U the voltage, m the mass, dx
dt

the velo
ity, E the ele
tri
 �eld, athe a

eleration, and d the distan
e. The ratio between a single photon event Sspe andthe full signal Ssignal 
orresponds to the number of events, i.e. the the generated ions infront of the dete
tor. To measure Sspe, the intensity of the fundamental laser is redu
edto an argon signal whi
h is slightly greater than noise. If the signal of a single photon72
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(b)Figure 4.16: HHG signal dete
ted with the HHmeter. Figure 4.16(a) 
orresponds to thesignal 
aused by ionized hydrogen, helium, nitrogen/oxygen, and argon. Fig-ure 4.16(b) shows the arrival time of ions as a fun
tion of the mass. Thebla
k dots 
orrespond to hydrogen, helium, nitrogen, and argon.event is smaller than noise, it was not possible to 
on�rm the involvement of only onephoton. Thus, this method again gives a lower limit of the H21 energy.
Nions ≥

∫
Ssignaldt∫
SspedtOn the other hand the number of ions is proportional to the number of photons Nph

Nions = ζAr ·Nph, (4.7)where ζAr is the probability of a photon to ionize the residual argon gas. ζAr itself dependson the argon 
ross se
tion σ of the 
orresponding photon energy and the number of argonatoms NAr within the intera
tion volume:
ζAr =

AAr

A0
=
NAr · σ
A0

, (4.8)where A0 is the spot size of the harmoni
s at the HHmeter. The number of argon atoms
an be 
al
ulated with the ideal gas law [Feynman, 1963℄:
NAr =

pV0

kBT
=
plA0

kBT
, (4.9)where p is the pressure, V0 the intera
tion volume, l the length of the intera
tion vol-ume, kB Boltzmann's 
onstant, and T the temperature. The number of photons 
an be
al
ulated with equation 4.7, 4.8, and 4.9:

Nph =
kBT

σpl
·Nions 73



4 Experimental resultsIn order to dedu
e the number of photons within the 21st harmoni
 out of the totalnumber of harmoni
 photons an energy-plateau is assumed and 
an be des
ribed withequation 4.6. The total number of photons Ntot 
an further be des
ribed as
Ntot =

∑

q

Nq with q ∈ 11, 13, 15 . . . 29, (4.10)where q is the 
ontributing harmoni
 order. The approa
hes 4.6 and 4.10 lead to a total
ross se
tion σtot
σtot =

∑

q

cqσq with q ∈ 11, 13, 15 . . . 29,with cq =
1

∑
i
λi
λq

with i ∈ 11, 13, 15 . . . 29and σq the argon 
ross se
tion for the qth harmoni
 order. The number of photons withinthe 21st harmoni
 
an then be 
al
ulated:
Nph,H21 = c21

kBT

σtotpl
·Nions (4.11)The un
ertainty of the result depends mainly on the un
ertainty of Sspe, i.e. the signalof a one photon event. The resulting error of Nions has been determined to be ∆Nions ≤

15% ·Nions and leads to
EH21

> (0.51± 0.08) nJ,where the error is 
al
ulated in terms of error propagation. The quoted energy is still alower limit, be
ause the number of photons within ea
h harmoni
 is not modulated withthe spe
trum. As explained in the previous se
tion an energy-plateau of the harmoni
s hasbeen assumed, although the spe
trum is tuned in a way that the 21st harmoni
 be
omesfavored (
hapter 4.3.3). In order to 
al
ulate the number of photons without assumingan energy-plateau, an average argon 
ross se
tion of the harmoni
s has to be 
al
ulated:	σ =

∑
q σq

10
= 18.6 Mb with q ∈ 11, 13, 15, . . .29.Equation 4.11 
an then be simpli�ed to:

Nph,H21 =
kBT	σpl ·Nions

σ21∑
q σq

with q ∈ 11, 13, 15, . . .29where σq is taken from table 3.2. The 
orresponding energy of H21 is 
al
ulated to:
EH21

> (14.9± 2.2) nJ,and is a fa
tor of 30 larger. The di�eren
e shows that the assumption of a plateau hasa major impa
t on the 
al
ulated energy. The following 
hapter 4.3.3 will show that74



4.3 High Harmoni
 Generationthe optimization pro
edure will 
ause a spe
trum without the typi
al plataeu, thus theequation 4.6 is not valid. Besides, both methods do not employ an aluminum �lter infront of the dete
tor, thus also harmoni
s with q < 11 as well as the driving laser might
ontribute to the ionization pro
ess. Unfortunately 
ross se
tions for photon energies
≤ 16 eV are not available [Be
ker and Shirley, 1996℄. The use of an aluminum �lterin front of the HHmeter is due to the high driving laser intensity and the low damagethreshold of the �lter not possible.The ele
tron binding energy of argon in [CXRO, 2009℄ for the 3p subshell is E3p ≈ 15.8eV, whereat the energy of H21 photons is EH21

= 32.5 eV. In order to investigate thesensitivity on the residual gas, helium with a binding energy of E1s = 24.6 eV [CXRO,2009℄ has been provided to the va
uum 
hamber. In �gure 4.17 the single-shot 
orrelation
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Figure 4.17: Correlation of the harmoni
 generation signal dete
ted with the HHmeterbetween argon and helium.between the argon- and helium HHmeter signal is shown for di�erent z-positions of thegas target relative to the laser fo
us, i.e. di�erent phase mat
hing 
onditions for di�erentharmoni
s. It is shown that the signal of argon 
orrelates with the signal of helium, thusthe HHmeter signal does not depend on the type of the residual gas.The CCD, the photodiode, and the HHmeter have been employed to measure the en-ergy of the 21st harmoni
 and are summarized in table 4.2. The employed methods areindependent of ea
h other and it has been shown that di�erent reasonable assumptionslead to a huge di�eren
e in the resulting H21 energy. Nevertheless, the 
al
ulated energyis a lower limit and in the order of a few nanojoules. The used energy of the driving laser
orresponds to approximately 10 mJ and a CE of 2 · 10−7 is 
al
ulated for a pulse energyof 2 nJ and a transmission of 30% through the aluminum �lter.4.3.3 Harmoni
 spe
trum - plateau and 
uto�The in�uen
e of several parameters on the HHG spe
trum will be shown in this 
hapter.Figure 4.18 shows a typi
al single shot spe
trum of harmoni
s generated in argon. Thehorizontally separated verti
al lines represent odd multiple of the frequen
y of the driving75



4 Experimental resultsTable 4.2: Energy of H21 determined with di�erent methods and di�erent dete
torsdete
tor method un
ertainty energyXUV CCD H21 sele
ted by multilayer beamline transm.,Al2O3 thi
kness,damage triplet,stray light iris, > (0.23± 0.12) nJXUV diode energy plateau Al2O3 thi
kness > (1.4± 0.4) nJXUV diode without energy plateau Al2O3 thi
kness > (2.4± 1.2) nJHHmeter energy plateau 
ontrib. harmoni
s > (0.5± 0.1) nJHHmeter without energy plateau 
ontrib. harmoni
s > (15± 2) nJlaser. A

ording to se
tion 4.2 a spe
trum 
an be dedu
ed by binning the pixel valuesin the verti
al dire
tion. Note that the harmoni
s are slightly tilted. As a 
onsequen
e,binning the pixel values leads to a broadening of the individual harmoni
s. A properdetermination of the harmoni
 bandwidth is therefore not possible. Although it is notpossible to 
al
ulate absolute photon numbers the relative magnitude of ea
h harmoni

an be determined.
13 15 17 19 21 23 25 27 29 31

Figure 4.18: Singleshot HHG spe
trum (harmoni
 order marked on top).A number of parameters have an in�uen
e on the phase mat
hing 
onditions as ex-plained in 
hapter 2.3.3. Therefore, the harmoni
 sour
e is set up in a way that the yieldof the 21st harmoni
 is maximized regardless of the other harmoni
 orders. That is, whyall of the following plots show spe
tra with a maximal yield of the 21st order, i.e. 32.5eV or 38.1 nm. In addition all spe
tra are modulated with the transmission of the XUVbeamline, i.e. the wavelength dependent re�e
tivity of the XUV opti
s between the gen-eration and measurement of the harmoni
s (
hapter 3.3.2). Another modulation of thespe
trum is the wavelength dependent reabsorption as explained in 
hapter 3.3.4, hen
ethe typi
al plateau of the HHG spe
trum is absent in the following spe
tra.In �gure 4.19 the in�uen
e of the NIR fo
al length on the spe
trum is shown. In both
ases the harmoni
s are generated in a free propagating gas jet of argon with a ba
kingpressure of 6.7 bar. However, the re
orded spe
tra show a di�erent shape of the harmoni

omb and a di�erent 
uto�. A

ording to equation 2.14 the 
uto� depends on the driving76
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(b)Figure 4.19: High harmoni
 generation spe
tra without an aluminum �lter for fNIR = 750mm in �gure 4.19(a) and fNIR = 3000 mm in �gure 4.19(b)laser intensity at the target position. As the laser intensity in
reases with a de
reasingfo
al length the 
uto� in �gure 4.19(b) has to be at lower energies 
ompared to �gure4.19(a).
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31(b)Figure 4.20: HHG spe
tra with fNIR = 3000 mm and a pulse length of a few hundredfemtose
onds in �gure 4.20(a) and 35 fs in �gure 4.20(b).Figure 4.20 shows the e�e
t of di�erent NIR pulse lengths with a 
onstant fo
al lengthof fNIR = 3000 mm and a aluminum �lter in front of the spe
trometer. On the one handa shorter pulse length of the driving laser leads to a higher intensity used for HHG, i.e.an extended 
uto� behavior of the spe
trum. On the other hand the yield, thus the CE
an be enhan
ed with shorter driving laser pulses. Note, both spe
tra are normalized,but the signal-to-noise ratio is mu
h better in �gure 4.20(b).The bandwidth of ea
h harmoni
 depends on the intensity of the driving laser as ex-plained for example in [He et al., 2009℄. In addition to this spe
tral broadening the phase77



4 Experimental resultsmat
hing 
onditions for the long traje
tory of the HHG pro
ess be
ome more favorableand interferen
e fringes within one harmoni
 emerge [Xu et al., 2008; Brunetti et al., 2008;Zaïr et al., 2008℄. The double-peak stru
ture observed in H13 and in H15 of �gure 4.19(a)
an be explained in terms of destru
tive interferen
e between the long and short quantumpath. In �gure 4.19(b) those fringes do not o

ur in H15 and are only slighly pronoun
edin H13, due to the lower intensity of the driving laser. The short traje
tory is predominantat moderate laser intensities [Salières et al., 1998℄ and leads to harmoni
s with a lowerdivergen
e 
ompared to the long traje
tory [He et al., 2009℄. On the other hand the yieldof the harmoni
s depends on the laser intensity. In 
hapter 4.3.2 it is shown that e�
ientgeneration of the 21st harmoni
 is only a
hieved for a small parameter range, i.e. drivinglaser intensity, target position, target pressure, and target length.
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Figure 4.21: Optimized HHG spe
trum for fNIR = 1500 mm and fNIR = 3000 mm. Theintensities are normalized to the H21 signal.The two spe
tra in �gure 4.21 are generated in a 20 mm argon 
hannel and 
orrespondto a fo
al length of fNIR = 1500 mm and fNIR = 3000 mm. The driving laser intensity,target position, target pressure, and target length are optimized to the maximal yield ofH21. In 
ase of fNIR = 1500mm the iris is redu
ed to 11mm diameter, the target is lo
ated
33 mm in front of the fo
us (�gure 4.2(a)), and the target ba
king pressure was set to
1000 mbar. In 
ase of fNIR = 3000 mm the iris was 
ompletely opened, the target positionwas lo
ated at z = 150 mm (�gure 4.2(b)) whi
h 
orresponds to a distan
e of ∆z = 77 mmto the fo
us in x- and ∆z = 53 mm in y-dire
tion, and the target ba
king pressure was setto 3100 mbar. The 
orresponding intensities are approximately I3000 = 3.4 · 1014 W/
m2and I1500 = 2.4 · 1014 W/
m2 for f = 3000 mm and f = 1500 mm, respe
tively. This alsoexplains the earlier 
uto� in 
ase of fNIR = 1500 mm 
ompared to the fNIR = 3000 mmfo
us geometry.Note that for both fo
us geometries the target intensity and the nominal f/# numberare 
omparable (f/#3000 = 143, f/#1500 = 136). Thus, the target 
onditions for HHG are78



4.3 High Harmoni
 Generation
omparable and it is reasonable that the absolut yield of the 21st is the same in both 
ases.It is further shown that for a smaller fo
al length the phase mat
hing 
onditions 
annotbe ful�lled as good as for a larger fo
al length in all orders, simultaneously. However, bothspe
tra show narrow harmoni
 peaks without a double peak stru
ture, hen
e the shorttraje
tory is dominant. Thus, this operation mode is optimal for seeding appli
ations.4.3.4 WavefrontThe wavefront of the 21st harmoni
, as well as the impa
t of the wavefront on seedinghas been investigated in [Hipp, 2010℄. The wavefront sensor was 
onstru
ted a

ording tothe Hartmann prin
iple [Hartmann, 1900; Sha
k and Platt, 1971℄ and was set up in thediagnosti
 se
tion of the HHG laser lab (
hapter 3.3). The images have been a
quiredusing a XUV CCD with an exposure time of 1 s, i.e. the determined wavefront 
orrespondsto an average of ten H21 laser pulses. Note that two multilayer mirrors are employed,thus only the 21st harmoni
 is transmitted to the wavefront sensor. For the analysisthe measured wavefront has been �tted to the fundamental mode of a Gaussian pulse
hara
terized as follows
W0 = 23.3 µm
zR = 45 mm,where W0 is the beam waist of the virtual sour
e and zR is the Rayleigh length. Basedon these results the beam quality fa
tor M2 as well as the beam size w at the gas targethave been 
al
ulated. The analysis leads to 11.6 ≤ M2 ≤ 30 and a beam size of Wx =

(849 ± 80) µm, Wy = (660 ± 80) µm at the position of the gas target. Unfortunatelythis 
annot be true, be
ause the laser has a diameter of less than 300µm as des
ribedin se
tion 4.1.2. Thus, this work again su�ers from the mirror mounts as explained inse
tion 4.3.1.4.3.5 StabilityThe shot-to-shot stability of HHG depends mainly on the stability of the driving laser,due to the nonlinear nature of the HHG pro
ess. During this work the stability of thepulse energy has been investigated. It turned out that for a stability of σNIR ≈ 5% (rms),whi
h is a fairly good value for a 10 Hz laser system, a stability of σH21 ≈ 25% (rms)
an be a
hieved. In 
ase of σNIR ≥ 8% (rms) the harmoni
 sour
e 
annot be optimizedsu�
iently, due to the huge shot-to-shot �u
tuations of the 
orresponding signal. Hen
e,the laser has to be tuned 
arefully to σNIR ≤ 5% (rms). On a long term the harmoni
sour
e looses approximately 10% output power in the 21st harmoni
 after 24 operatinghours. This is due to laser drifts and 
an be 
ompensated by readjusting the sour
e.4.3.6 Quasi phase mat
hingDue to the tight 
ommissioning s
hedule of sFLASH further developments of the HHGsour
e la
k of time. That is why advan
ed te
hniques to in
rease the CE 
ould not be79



4 Experimental resultsinvestigated thoroughly. Nevertheless, QPM is a promising way to in
rease the CE. Itis based on the well known prin
iple in nonlinear opti
s [Armstrong et al., 1962; Fejeret al., 1992℄. In literature di�erent methods of QPM HHG have been proposed [Paulet al., 2003; Zhang et al., 2007; Seres et al., 2007℄. In order to develop a HHG sour
efor FLASH II, Arik Willner and Franz Tavella are working on QPM targets. A �rstdesign of a QPM target has been realized and was implemented into the target 
hamberof the sFLASH HHG sour
e. The QPM target 
onsists of alternating gas targets of argonand hydrogen in order to 
ompensate the phase mismat
h introdu
ed by only one gastarget. The su

essive sour
es are tuned in a way that the 
orresponding harmoni
s add
onstru
tively. A detailed des
ription of the development and a detailed des
ription ofthe results 
an be found in [Willner, 2011℄, a s
hemati
 representation, however, is shownin �gure 4.22.
Ar Ar Ar ArH2

H2 H2

NIR

QPM target

Figure 4.22: S
hemati
 representation of QPM: the target 
onsists of alternating argonand hydrogen gas jets. Hydrogen is employed to reverse the dispersion intro-du
ed by argon.In �gure 4.23 the QPM e�e
t of hydrogen on HHG is shown. The plotted data
orrespond to single-shot harmoni
 intensities generated with and without hydrogen(fNIR = 3000 mm, p(argon) = 5400 mbar, p(hydrogen) = 2000 mbar). It is 
learlyvisible that hydrogen in
reases the harmoni
 intensity, although there are many shotswhere an in
rease of the harmoni
 intensity is not realized. The quasi phase mat
hedtarget has been developed for a kilohertz laser system and was not intended to work ina pulsed mode as used in this work. Thus, the optimal QPM 
onditions 
ould not beestablished, but an in
rease of the CE due to the QPM e�e
t has still been observed for
10% of the series of measurement. In our 
ase the total e�
ien
y yields to an energyof a few pi
ojoule in the 21st harmoni
. The highly e�
ient regime of QPM 
annot berealized with the used target, be
ause the needed target pressure in 
ombination withthe available driving laser intensity 
annot be established. The resulting gas load ex
eeds80
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Figure 4.23: E�e
t of hydrogen on quasi phase mat
hed HHGthe given thresholds for an operation with FLASH as explained in 
hapter 3.2.2 and theba
king pressure had to be redu
ed in order to keep the va
uum 
onditions ful�lled.In 
on
lusion a QPM target seems to be a possible method to further in
rease theharmoni
 yield, although the available target does not work for sFLASH. The target hasto be developed espe
ially for a 10 Hz laser system in 
ombination with the ultra-highva
uum 
onditions of FLASH.4.3.7 Two 
olor high harmoni
 generationAn alternative approa
h to QPM HHG is two 
olor HHG. As in 
ase of QPM HHG onlya qui
k experiment has been performed. In �gure 4.24 a s
hemati
 representation of
BBO Arf=1500 mm

800 nm
800 nm

+
400 nm

HHGFigure 4.24: S
hemati
 illustration of two 
olor HHGthe realized two 
olor HHG setup is shown. The experiment has been realized with the81



4 Experimental results
fNIR = 1500 mm geometry and the beta barium borate (BBO) 
rystal was positioned atthe z-position z = 295 mm in �gure 4.2(a). The BBO (type I, 10x10x0.1 mm3) is used togenerate the se
ond harmoni
 of 800 nm, in order to in
rease the CE as shown in [Kimet al., 2005; Lambert et al., 2009; G.Lambert et al., 2010℄.
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Figure 4.25: Two 
olor HHG spe
tra where the numbers 
orrespond to the harmoni
 orderof the driving laser. Blue numbers 
orrespond to a 400 nm and red numbersto a 800 nm driving laser. Here, the H21 energy is in the pi
ojoule regime.In �gure 4.25 a re
orded spe
trum with a driving wavelength of λ1 = 800 nm and
λ2 = 400 nm is shown. The harmoni
 peaks have a distan
e of 1.5 eV to ea
h otherand 
orrespond to the odd and even harmoni
s of the 800 nm = 1.5 eV driving laser.The generation of even harmoni
s is explained with a symmetry break of HHG due tothe se
ond 
olor [Lambert et al., 2009℄. The early 
uto� in the spe
trum is due to aninsu�
ient intensity of both driving laser wavelengths. The possible position of the BBOis limited, thus the tunability, i.e. the amount of the se
ond harmoni
 is limited aswell. In order to a
hieve an enhan
ement of the 21st harmoni
 the possibility to tunethe intensity of the se
ond harmoni
 needs to be available [Popruzhenko et al., 2010; Lanet al., 2010℄. Lately the wavelength dependen
e of HHG has been investigated [Fal
ao-Filho et al., 2009; Ishikawa et al., 2009; Fal
ao-Filho et al., 2010℄. It turned out thatthe wavelength of the driving laser has a huge impa
t on the e�
ien
y. In 
ase of the
21st harmoni
 an in
rease of up to one order of magnitude 
an be a
hieved for a drivingwavelength of 400 nm instead of 800 nm [Fal
ao-Filho et al., 2010℄. As in 
ase of QPMHHG the boundary 
onditions of the sFLASH sour
e are too mu
h restri
ting. Furtherdevelopments are ne
essary to a
hieve an absolute enhan
ement of the 21st harmoni
 interms of lower driving laser wavelengths or two 
olor HHG.82



4.4 Seeding FLASH4.4 Seeding FLASHThis se
tion is addressed to the 
ommissioning of sFLASH and summarizes the intera
tionof all sFLASH se
tions. The s-FLASH team has shown that all se
tions, i.e. the lasersystem, HHG, XUV beam transport, overlap of the XUV radiation and the ele
tron beam,the sFLASH undulators, and the sFLASH diagnosti
s work as expe
ted.For a seeded operation of FLASH the laser system and the harmoni
 sour
e have to beset up properly. So far, the best 
on�guration of the high harmoni
 sour
e is the following:the driving laser (FWHM = 13 mm) is fo
used 33 mm behind the target with fNIR = 1.5m. In addition the pulse energy of maximal 22.1 mJ is redu
ed in terms of an iris with 11mm aperture. The harmoni
 target is 50 mm long and operated with a ba
king pressureof approximately 1000 mbar, in order to a
hieve the highest CE in 
ombination with thelowest gas load. The spe
trum shows narrow harmoni
s without interferen
e fringes, thusthe short traje
tory with the smallest divergen
e and the highest spatial and temporal
oheren
e is sele
ted. Moreover, a lower limit of a few nanojoule has been measured forthe 21st harmoni
.
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Figure 4.26: HHG spe
trum a
quired in the FLASH tunnel. Courtesy of F. Curbis, LundUniversity.In parallel SASE has to be established with the sFLASH undulators. Furthermore,the 
entral wavelength needs to mat
h to the 
entral wavelength of H21. This is doneby adjusting the gaps of the undulators. Here the tunnel spe
trometer is employed toensure the overlap. In �gure 4.26 the HHG spe
trum a
quired in the FLASH tunnel isshown with a peak intenstity at the 21st harmoni
. Note that between the generationand the dete
tion of the harmoni
s four grazing in
iden
e and one multilayer mirror areemployed. The multilayer mirror has the highest re�e
tivity at the 21st harmoni
 and amu
h smaller re�e
tivity for smaller wavelengths as shown in �gure 4.6. Thus, a de
reaseof the intensity is expe
ted for higher harmoni
 orders than H21. Larger wavelengths83



4 Experimental results
annot be dete
ted with the 
urrent 
on�guration of the spe
trometer. The spatial andtemporal overlap is then adjusted as explained in 
hapter 3.1.2 and in [Bödewadt, 2011;Tarkeshian, 2011℄.The seeded radiation should have a high intensity peak at 38.1 nm and a broaderba
kground due to SASE [Milt
hev et al., 2008; M
Neil et al., 2007a℄. This 
ould notbe observed so far for the following reasons. On the one hand the generated energy ofH21 is transported to the ele
tron va
uum by four grazing in
iden
e and one multilayermirror. The power 
ontent of H21 is therefore redu
ed. On the other hand only dis
retepositions within the s-FLASH undulator se
tion are available to measure the harmoni
beam diameter, thus a large un
ertainty of the Rayleigh length, the position and size ofthe beam waist is inevitable. The measurements indi
ate that independent of the fo
usingopti
 in the inje
tion beamline only a fra
tion of H21 is 
oupled to the ele
tron beam. Anabsolute measurement of the H21 energy is not available at this position and a realisti
simulation of the seeding pro
ess is therefore not possible. However, the e�e
tive seedenergy seems to be too low to initiate the seeding pro
ess before SASE develops. In orderto redu
e the SASE ba
kground the gaps of one or two undulators have been opened.Also the position of the opened undulators have been inter
hanged but the seeding signal
ould not be observed so far.[Togashi et al., 2011℄ reported a low 
ontrast ratio between the seeded FEL radiationand SASE, too. In order to identify the seeding signal Velizar Milt
hev developed asoftware whi
h is based on FEL statisti
s. This software 
al
ulates the distribution of theSASE radiation depending on the individual ma
hine parameters. The measured radiationis then attributed either to SASE or to a seeded FEL mode. In 
ase the radiation ismost likely due to a seeded operation of FLASH the harmoni
s are swit
hed o� and themeasurement is repeated. If the radiation is then still asso
iated to a seeded FEL modethe ma
hine has drifted. During the last seeding shift a few seeding 
andidates have beenobserved, although not reprodu
ible.In summary, the sFLASH team has su

essfully 
ommissioned the sFLASH se
tion.Seeding itself 
ould not be observed so far and is still in 
ommissioning. In parallelfurther developments are s
heduled and are presented in 
hapter 5.
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Con
lusion 5
Free-ele
tron lasers are light sour
es with unpre
edented brillian
e in the XUV and x-ray regime. Usually an FEL is operated in the SASE mode, thus errati
 �u
tuationsin intensity and in the spe
trum are inevitable. Moreover, the femtose
ond light pulsesshow arrival time �u
tuations, redu
ing the time-resolution of 
orresponding pump-probeexperiments. Seeding an FEL with an external laser is a feasible method to over
omethose limitations.During this work a HHG sour
e has been 
onstru
ted, 
ommissioned, and 
hara
terized,in order to seed FLASH with XUV laser pulses. The 21st harmoni
 of a Ti:Sa drivinglaser whi
h was sele
ted to seed FLASH is 
hara
terized with a pulse energy of a fewnanojoule. In addition, the divergen
e of the harmoni
 
an be 
hanged by di�erent fo
us-ing geometries of the driving laser. It has been shown that the expansion of the spatialpro�le 
an be des
ribed with two divergen
es in x- and y-dire
tion. Depending on thefo
al length of the driving laser the divergen
e in x dire
tion 
an be adjusted to < 0.34and < 0.56 mrad. The divergen
e in y dire
tion is < 0.78 mrad in 
ase of fNIR = 1500mm.In table 5.1 the spe
i�
ations of the most e�
ient harmoni
 sour
es are summarizedand 
ompared to the harmoni
 sour
e of this work. The table 
onsists of di�erent 
olumns
ontaining the used laser parameters and the resulting energy of the 21st harmoni
, aswell as the dedu
ed harmoni
 sour
e power, the assumed aluminum-oxide thi
kness andthe 
orresponding 
itation. The intensity INIR is either dedu
ed or taken from the quoted
itation. The exa
t intensity at the gas target 
annot be dedu
ed, be
ause the position ofthe HHG sour
e relative to the laser fo
us is generally not quoted. For the same reasonthe laser spot size and the high harmoni
 sour
e size 
annot be dedu
ed a

urately, too.However, it is shown that independent of the driving laser spe
i�
ations the H21 energydepends mainly on the aluminum-oxide layer thi
kness. As des
ribed in 
hapter 3.3.3 thetransmission T through the oxide layer s
ales with:

T(∆x) ∝ exp(−η∆z),where ∆z is the aluminum-oxide thi
kness, and η is a 
onstant. In table 5.1 it is furthershown that di�erent groups expe
t a di�erent oxide-layer thi
knesses. However, duringthis work a 2·6 nm= 12 nm aluminum-oxide thi
kness has been assumed, whi
h is a rather
onservative value in order to dedu
e a lower limit of the harmoni
 energy. Table 5.1 showsthat for a larger expe
ted oxide-layer thi
kness the CE of 2.5 · 10−7 may in
rease morethan one order of magnitude. For seeding purposes the harmoni
 power 
ontent withinthe 
ross se
tion of the ele
tron bun
h should be as high as possible. Unfortunately, thesize of the harmoni
 sour
e is usually not known nor published. To this end, the sour
e85
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Table 5.1: Published spe
i�
ations of HHG in argon. Numbers labeled with † are dedu
ed, while numbers with ∗ aremeasured. Both labeled numbers have been added and are not published within the 
itation. In all 
ases thealuminum-oxide layer thi
kness ∆L is an assumption of the 
orresponding author and depends on the numberof �lters N, as well as the thi
kness T on ea
h side of the �lter (∆L = 2 · N · T). � refers to the 
orresponding
hapter of this thesis. The table is sorted in terms of an as
ending H21 energy.ENIR tNIR fNIR DNIR f/# WNIR INIR E(H21) CE P(H21) oxide layer referen
e(1014· W/ (nJ/ thi
kness(mJ) (fs) (mm) (mm) (µm) 
m2) (nJ) (10−7) mm2) (nm)0.6 35 1000 40 3.4† 1.2 20 ≤ 239† [Fal
ao-Filho et al., 2010℄6 35 1500 40 38† 10† 1.2 1.7 2.8 ≤ 5414† [Lambert et al., 2009℄10∗ 33∗ 1500 11∗ 136† �4.1.2 2.4† 2.5 2.5 ≤ 20† 2x6=12 this work22∗ 33∗ 3000 21∗ 143† �4.1.2 3.4† 2.5 1.1 ≤ 13† 2x6=12 this work10∗ 33∗ 1500 11∗ 136† �4.1.2 2.4† 5 5 ≤ 40† 2x10=20 this work10∗ 33∗ 1500 11∗ 136† �4.1.2 2.4† 10 10 ≤ 80† 2x15=30 this work5 60 2000 15 133† 34† 1.4 17.5 35 ≤ 4830† [Hergott et al., 2002℄8.8 40 2000 34 39 3x2x8=48 [Erny et al., 2011℄10∗ 33∗ 1500 11∗ 136† �4.1.2 2.4† 50 50 ≤ 400† 2x25=50 this work40 2000 ≤ 50 ≥40† ≥10† 160 40 [He et al., 2009℄2.8 27 600 5 150 (Etot) 2x2x25=100 [Kim et al., 2005℄
86



size in table 5.1 is approximated with the published fo
al spot size of the driving laser.On the one hand the harmoni
 sour
e is smaller than the driving laser. On the otherhand, e�
ient HHG is obtained only in front of the fo
us. Thus, the driving laser andthe harmoni
 sour
e be
omes larger. It is therefore not possible to estimate the a
tualsour
e size of the published data. Nevertheless, table 5.1 shows that the un
ertainty ofthe oxide layer thi
kness is also transferred to the harmoni
 power.This work also revealed a weak point of the transfer-beamline between the HHG sour
ein the pit and its diagnosti
 se
tion: the triplet mirror-mounts have been 
onstru
ted tosuit the given boundary 
onditions. Here, the available spa
e in the va
uum 
hamberis limited and 
ommer
ially available mirror-mounts do not �t. Therefore, a mount hasbeen 
onstru
ted whi
h de�e
ts the radiation by 90◦ in terms of 3 · 30◦. The mounting ofea
h mirror is performed by s
rews whi
h most likely introdu
e an additional divergen
eto the XUV radiation. So far, this e�e
t has been 
on�rmed for a 
opy of those mounts.A measurement of the a
tual used mirror mounts is s
heduled. As a 
onsequen
e theabsolute measurement of the divergen
e is not possible. Only relative 
hanges of thedivergen
e 
an be dete
ted and an upper limit has been dedu
ed. The fo
us s
an of H21also la
ks on this issue and lead toM2 < 1. An ex
hange of those mirror-mounts is neededto measure absolute values and is s
heduled for the next shut-down.So far, the sFLASH team has 
ommissioned the di�erent sFLASH se
tions su

essfully.Seeding itself 
ould not be observed so far for the following reasons.
• In order to initiate lasing of the FEL with an external laser the seed needs to ex
eedthe shot-noise by a fa
tor of roughly three orders of magnitude. Simulations haveshown that a 
oupled seed energy of 100 pJ leads to saturation [Milt
hev et al., 2008℄.However, the harmoni
s are transferred to the sFLASH undulators by employingfour grazing in
iden
e mirrors and one fo
using XUV multilayer mirror. Thus, theseed power is redu
ed to approximately 20% due to the la
k of high-re�e
tivity XUVmirrors [Bödewadt, 2011℄.
• In order to overlap the ele
tron bun
h with a seed ex
eeding the shot-noise the
21st harmoni
 is fo
used into the undulator se
tion. Unfortunately, the M2 valueof the seed in 
ombination with its beam waist w0 is not known absolutely. Here,three di�erent fo
using mirrors have been installed. For the fo
us measurementsYAG s
reens and wire-s
anners have been installed at several positions before andafter the undulators of the sFLASH se
tion. The un
ertainty of the 
orrespondingGaussian beam waist �ts are too huge to predi
t the exa
t position, beam waist, andthe Rayleigh length of the seed within the undulator. Moreover, the measurementsindi
ate that only a fra
tion of the harmoni
 power 
ontent is 
oupled to the ele
tronbun
h and that the 
oupled energy is too low in order to initiate the seeding pro
ess.More pre
ise 
onsiderations regarding the 
oupling of the XUV radiation to theele
tron bun
hes 
an be found in [Bödewadt, 2011; Tarkeshian, 2011℄. 87



5 Con
lusion5.1 OutlookIn order to over
ome those pe
uliarities the harmoni
 power 
ontent has to be in
reasedand the inje
tion of the seed has to be modi�ed. The following se
tion will summarizedi�erent ideas leading to a seeded operation of FLASH.5.1.1 Seed powerFor the enhan
ement of the seed power two general options are possible.
• On the one hand a higher CE leads to a higher seed power.
• On the other hand the seed energy may be in
reased by enhan
ing the laser powerand keeping the CE 
onstant (loose fo
using). Therefore, the 
urrent two-
ompressorsetup has to be 
hanged.Note that for a seeded operation of FLASH an in
rease of the seed energy is not su�
ient.Only an in
rease of the harmoni
 power 
ontent within the 
ross se
tion of the ele
tronbun
h will in
rease the 
oupled seed energy. Thus, the most promising option is to in
reasethe CE. The se
ond 
ase that the seed energy is in
reased while the CE is kept 
onstantwould only lead to a seeded operation, if the fo
using opti
 within the inje
tion beamlinewas ex
hanged to a teles
ope or an adaptive opti
.Conversion e�
ien
yAn in
rease of the CE is generally possible with two-
olor HHG, QPM HHG, and HHGwith lower driving laser wavelengths as explained in 
hapter 4.3.6 and 
hapter 4.3.7. Firstexperiments have been performed already. It has been shown that both, a two-
olor HHGand a QPM HHG target 
an be implemented into to the HHG setup of sFLASH.
• In 
ase of two-
olor HHG an in
rease of the 21st harmoni
 has not been observed,but a thorough optimization of the experimental 
onditions 
ould not be performeddue to the tight sFLASH 
ommissioning s
hedule. The ratio between the intensitiesof 800 and 400 nm seems to be 
riti
al and needs to be adjusted in va
uum toa
hieve an absolute in
rease of the harmoni
 power 
ontent. Therefore, anothertranslation stage has to be implemented into the va
uum whi
h moves the BBOthrough the Rayleigh length of the 800 nm driving laser. In addition the BBOneeds to be rotatable around its opti
al axis in order to tune the 
onversion intothe SH. Furthermore, an adjustable wave plate to 
ontrol the polarizations of thefundamental and the SH is needed and a glass plate in order to 
hange the relativephase of the two laser �elds as explained in [Kim et al., 2005℄. The available spa
eshown in �gure 3.9 is limited. The BBO, the wave plate, the glass plate and itsopto-me
hani
s have to �t between the �mirror with hole� and the gas target.
• The se
ond option to in
rease the CE is QPM HHG. The results in 
hapter 4.3.6la
k on the fa
t that the used QPM target was not designed for a pulsed mode. The88



5.1 Outlookdead volume of the gas supply led to an in
rease of the gas pressure in the harmoni
sour
e whi
h ex
eeded the thresholds given by the ele
tron va
uum of FLASH.However, a new QPM target will be developed to ful�ll the va
uum requirementsgiven by the FLASH fa
ility.
• The third option to in
rease the CE is HHG with smaller driving laser wavelengths[Fal
ao-Filho et al., 2010℄. This option is automati
ally given as soon as in 
ase oftwo-
olor HHG the amount of the SH is 
ontrollable.Loose fo
usingAs shown in 
hapter 4.3.2 the H21 energy 
ould not be in
reased by enlarging the targetlength. It has been shown that a longer target length leads to a smaller optimal gas pres-sure. An in
rease of the target pressure led to a de
rease of the absolute harmoni
 powerdue to worse phase-mat
hing 
onditions and absorption. An in
rease of the harmoni
energy 
an still be established, if the intera
tion region is in
reased in terms of a largerfo
al spot. The fo
al spot size W0 depends on the f-number f/#:

W0 = λ
π
· f/#with f/# = f

D
,where D is the aperture (iris) in front of the fo
using opti
 [Pas
hotta, 2008℄. Thus, thetarget 
an be enlarged by either in
reasing the fo
al length or de
reasing the aperturesize.A larger fo
al length is already prepared. The trunks of the harmoni
 sour
e give thepossibility to in
rease the fo
al length to f = (2.5, 3.5, 5.0, 7.0)m. In 
ase of f = (5.0, 7.0)m an astigmatism is introdu
ed to the driving laser whi
h is not the 
ase for f = (2.5, 3.5)m. So far the pulse energy was limiting this option. In order to in
rease the pulse energywith the same laser system the losses need to be redu
ed. One option would be to removethe UHV pulse 
ompressor and to set up the re�e
tive pulse 
ompressor in va
uum. Thisoption has not been followed so far, be
ause of the la
k of spa
e. Meanwhile, there is anew developed re�e
tive grating 
ompressor whi
h ful�lls the requirements of the HHGtarget 
hamber [Rehders, 2011℄.Finally, the developments of the HHG sour
e la
k on the tight sFLASH 
ommissionings
hedule. During 
ommissioning the di�erent sFLASH se
tions needed either the har-moni
 sour
e or the driving laser, thus a redesign, major 
hanges of the sour
e, or a
ontinuous development was not possible. It would be helpful to built up a 
opy of theHHG sour
e in a separate building on an opti
al table. Then, 
hanges of the sour
e 
ouldbe implemented and tested mu
h faster than in the pit and a 
ontinuous operation of theharmoni
 sour
e in the pit 
ould be guaranteed.5.1.2 Inje
tion beamlineThe se
ond route to a
hieve a seeded operation mode of FLASH is the optimization ofthe inje
tion beamline. As explained before the measurements of the harmoni
 beam89



5 Con
lusionexpansion indi
ate a bad 
oupling to the ele
tron bun
hes. Ideally, the harmoni
 beamwaist should be lo
ated at the beginning of the �rst undulator. In addition, the Rayleighlength should ex
eed the gain length of the undulators and the beam waist should be inthe order of the ele
tron bun
hes [Milt
hev et al., 2008; M
Neil et al., 2007a℄. So far,three distin
t fo
using multilayer mirrors are available. In order to move the beamwaistto the entran
e of the �rst undulator and to 
hange the beamwaist independent of ea
hother a XUV teles
ope or an adaptive XUV fo
using mirror is needed.For a proper simulation of the seeding pro
ess the a
tual properties of the XUV radi-ation has to be measured in the tunnel. So far, the available XUV energy in the tunnel
an only be estimated. It would be important to implement a XUV photodiode in frontof the �rst sFLASH undulator. Also the wavefront measurements performed in the diag-nosti
 se
tion of the HHG sour
e led to falsi�ed results. As soon as the triplet mirrorshave been ex
hanged, the wavefront and the beamwaist expansion 
an be measured abso-lutely. Then, GENISIS simulations 
ould be performed again with the a
tual propertiesof the XUV radiation, in order to get a thorough understanding of the seeding pro
ess atFLASH.5.1.3 Alternative seedingIn order to ex
lude any problems whi
h have not been revealed so far a seeding optionof for instan
e 160 nm would be helpful. On the one hand, a 160 nm seed has orders ofmagnitude more power than a 38 nm seed [Lambert et al., 2008℄. Therefore, the 
ontrastratio between the seeded FEL radiation and the SASE ba
kground is mu
h better asshown in [Togashi et al., 2011; Lambert et al., 2008℄. In our 
ase it would be ne
essary toex
hange the HHG gas target to xenon and to repla
e the XUV mirrors in the inje
tionbeamline to CaF2 mirrors [Lambert et al., 2008℄. As in 
ase of a 38 nm seed the positionof the waist should be at the beginning of the �rst undulator and the size should be
omparable to the ele
tron bun
h size. Thus, a single fo
using mirror is not adequate.As in 
ase of a 38 nm seed a teles
ope or an adaptive mirror would be important to havefull 
ontrol over the beam waist and the fo
us position.Unfortunately, it is disadvantageous to operate FLASH at 160 nm, be
ause the ma
hinebe
omes unstable [Milt
hev, 2011℄. Thus, this operation mode does not suit for the
ommissioning of sFLASH. The tradeo� to a 160 nm seeded operation will be at 60 nm.Here, the XUV pulse-energy is expe
ted to be larger than in 
ase of 38 nm and the FLASHoperation remains stable.
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Abbreviations A
Table A.1: Abbreviationsabbreviation meaningADC Analog Digital ConverterBBO Beta Barium bOrate (β−BaB2O4)CAD Computer Aided DesignCCD Charge-Coupled Devi
eCE Conversion E�
ien
yDESY Deuts
hes Elektronen SYn
hrontronEUV Extreme Ultra-VioletFEL Free Ele
tron LaserFLASH Free ele
tron LASer HamburgFROG Frequen
y-Resolved Opti
al GatingFWHM Full Width at Half MaximumHGHG High-Gain Harmoni
 GenerationHHG High Harmoni
 GenerationLina
 Linear a

eleratorLLRF Low Level Radio Frequen
yMCP Multi-Channel PlateNIR Near Infra RedQE Quantum E�
ien
yORS Opti
al Repli
a SynthesizerQPM Quasi Phase Mat
hingrms root mean squareSAE Single A
tive Ele
tronSASE Self-Ampli�ed Spontaneous EmissionSFA Strong �eld approximationsFLASH seeded Free Ele
tron LASer HamburgTDSE Time Dependent S
hrödinger EquationTi:Sa titanium-sapphireUHV Ultra High Va
uumXUV eXtreme Ultra Violet
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A Abbreviations

Table A.2: Physi
al 
onstantsabbreviation value meaning
c 299792458 m/s speed of light
e 1.602176487 · 10−19 C elementary 
harge
ǫ0 8.854187817 · 10−12 F·m−1 va
uum permittivity
h 6.62606896 · 10−34 Js Plan
k's 
onstant
kB 1.3806504 · 10−23 J/K Boltzmann's 
onstant
me 9.10938215 kg ele
tron's rest mass
π 3.14159265 Pi

II



Propagation of un
ertainties B
The following se
tion summarizes the prin
iple of error propagation (taken from [Taylor,1939; Bevington and Robinson, 1969℄). Usually a physi
al quantity y0 
annot be measureddire
tly, but it 
an be 
al
ulated and depends on other measurable quantities xi:

y0 = y(x1, x2, . . . xn). (B.1)The measured values of the quantities 
an be expressed as xi = xi,0+∆xi, where ∆xi is theun
ertainty of the measurement. To 
al
ulate the un
ertainty of the 
al
ulated quantity
y(x1 + ∆x1, x2 + ∆x2, . . . xn + ∆xn) = y0 + ∆ythe fun
tion has to be evolved in terms of a Taylor series:

y0 + ∆y = y(x1, x2, . . . xn) +
∑

i

1

1!

∂y(xi)

∂xi
∆xi +

1

2!

∂2y(xi)

∂x2i
∆x2i . . .For su�
ient small ∆xi the equation 
an be simpli�ed to

y0 + ∆y = y(x1, x2, . . . xn) +
∑

i

∂y(xi)

∂xi
∆xi, (B.2)where ∆y =

∑
i
∂y(xi)

∂xi
∆xi is the un
ertainty of y0. If only the absolute value of theun
ertainties |∆xi| was known, equation B.2 
an be rewritten as
y0 + ∆y = y(x1, x2, . . . xn) +

∑

i

∣

∣

∣

∂y(xi)

∂xi

∣

∣

∣
∆xi. (B.3)In 
ase the variables xi are independent averaged quantities with an un
ertainty ui, thequantity y(xi) and its un
ertainty uy 
an be 
al
ulated

y+ uy = y(x1, x2, . . .)±

√

√

√

√

∑

i

(

∂y

∂xi
ui

)2

. (B.4)
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Te
hni
al details C
This se
tion is addressed to the spe
i�
 te
hni
al details of the HHG sour
e and itsdiagnosti
s. A brief des
ription of the developed software and the software environmentof FLASH is given.C.1 Software environmentIn order to optimize the harmoni
 sour
e di�erent software utilities have been developed tomeasure and evaluate the a
quired signal. This se
tion summarizes the most importanttools of this thesis. For the 
ontrol of the hardware the �Distributed Obje
t OrientedControls System� (DOOCS) has been employed. This 
ontrol system has three layers:the front-end (devi
e server), a middle layer (name server, automation, DAQ, web serveret
.), and the 
lient layer. The used hardware of this thesis mat
hes to the alreadyprogrammed front-end layer. Thus, only the the middle layer had to be adjusted in orderto 
ontrol the devi
es in terms of the 
lient layer. For the 
lient layer a Java basedinterfa
e is available. This java doo
s data display (jddd) is a program to draw 
ontrolsystem panels and to run the 
reated drawings with real data as shown in �gure C.1.The upper part of the image shows the main window of the 
lient layer. From there it ispossible to navigate through the whole FLASH. The window shows buttons linked to theinje
tor, the a

elerating modules, the sFLASH se
tion, et
. The sFLASH se
tion itself isillustrated in the middle part of the image. As in the main window di�erent buttons arelinked to the di�erent sFLASH se
tions. The di�erent devi
es of the sour
e are shown inthe lower part of the image. All translation stages, the mirrors, the gas nozzle, the valves,et
. 
an be 
ontrolled by invoking the 
orresponding button.Some of the HHG devi
es have restri
tions in their translation. The transverse adjust-ment of the gas nozzle, for instan
e, should not ex
eed a 
ertain value, otherwise the beltfor the gear ratio would loose 
onta
t and the va
uum system had to be vented. Thelimitations of the di�erent motors are as follows:

• motor 1: motorized iris (0 mm. . . 40 mm)
• motor 2: z-axis gas valve (0 mm. . .−298 mm)
• motor 3: verti
al axis gas valve (±4 mm)
• motor 5: triplet (0mm out of the beam (FLASH); 15 mm B4C; 23.5 mm MoB4C)
• motor 8: XUV near�eld (0.00) - far�eld swit
h 0.83 (max. 0.83 arb units) V
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Figure C.1: Java doo
s data displayVI



C.2 Hardware
• motor 9: horizontal axis gas valve (±2 mm)
• motor 11: diagnosti
 swit
h (0 mm: MCP; −45 mm XUV-CCD)
• motor 12: diagnosti
 grating (0: 0thorder; −6700: 1st order (arb. units))The motors are 
onne
ted to a Be
kho� 
ontrol unit (Be
kho� Automation GmbH, Verl,Germany) whi
h is further 
onne
ted to the front-end layer of DOOCS. An ex
eption arethe pi
o motors whi
h are 
onne
ted to their own Controller (Newport Corporation, CA,USA). This 
ontroller is 
onne
ted to a devi
e server provided by HASYLAB.However, for the data a
quisition and evaluation own software has been developed.The 
amera data a
quisition and online evaluation has been performed with a LabView(National Instruments, Austin, Texas, USA) program. The software is 
apable to a
quiredata on a single-shot basis and is able to perform Gauss �ts, histograms, se
ond moment
al
ulating, and di�erent �ltering. It is further possible to integrate over several lightpulses, to sele
t a region of interest, et
. The software is based on a developed softwareby Dres
her et al. and was upgraded to the needs of the harmoni
 sour
e.In 
ase of the HHmeter and the photodiode, a LabView s
ript has been developedto readout the 2 GHz s
ope (Tektronix, Portland, Oregon). The 
orresponding datais visualized and 
an be saved in a text �le for further evaluation. Post-pro
essing ofa
quired data has been performed with Matlab (Mathworks, Nati
k, USA). Here di�erentsoftware has been developed to evaluate the data from the 
ameras, the HHmeter, or thephotodiode as des
ribed in 
hapter 3 and 4.C.2 HardwareThis se
tion summarizes the hardware used in this thesis. Among the full denotation themost important te
hni
al data are given.Table C.1: Te
hni
al data Basler slA1390-17fm, Basler Vision Te
hnologiesproperty quanti�
ationresolution 1392x1040pixel size (4.65x4.65) µm2sensor CCD

VII



C Te
hni
al detailsTable C.2: Te
hni
al data Beta Barium bOrate, Döhrer Elektrooptik GmbH, Karlsbadproperty quanti�
ationdimension 10x10x0.1 mm3typ 1angle toleran
e Θ = 29.2◦ ± 0.5◦
φ = 0◦ ± 0.5◦

Table C.3: Te
hni
al data CHEVRON, Photonis USA, In
.property quanti�
ationMCP diameter 25 mm
enter to 
enter spa
ing 12 µmpore size 10 µmbias angle 12◦ ± 1◦phosphor s
reen ele
tron gain at 2000 V 4 · 106dark 
urrent 5 
ounts/s/
m2

Table C.4: Te
hni
al data Grenouille FROG 8-10, Swamp Opti
s, LLCproperty quanti�
ationpulse length range (10− 100) fsmaximal pulse bandwidth 150 nmspe
tral resolution 5 nmspatial 
hirp a

ura
y dx/dλ 1 µm/nmpulse front tilt a

ura
y dt/dx 0.05 fs/mm
Table C.5: Te
hni
al data Hamamatsu ele
tron multiplier R2362, Hamamatsu Photoni
sK.K. property quanti�
ationinput aperture diameter 20 mmgain 5 · 105operating va
uum level < 133 · 10−4 Pamaximal voltage 4000 V
VIII



C.2 Hardware
Table C.6: Te
hni
al data PIXIS-XO: 2048B, Prin
eton Instrumentsproperty quanti�
ation notesresolution 2048 x 512 pixelpixel size 13.5 µmread noise (e− rms) 16.51 2 MHz readout andLow noise mode (LNM)

5.21 100 kHz readout, LNMdark 
harge (e−/pixel/se
) 0.0012 (at −70◦C) dete
tor temperaturegain 1 (e−/ADC) 4.00 2 MHz readout, LNM
4.06 100 kHz readout, LNMgain 2 (e−/ADC) 2.80 2 MHz readout, LNM
2.06 100 kHz readout, LNMgain 3 (e−/ADC) 1.10 2 MHz readout, LNM
1.05 100 kHz readout, LNMnon-linearity < 1%quantum e�
ien
y 42% for 32.5 eV(e−/photon)energy dependent QE 4.4 for 32.5 eV(e−/photon)

Table C.7: Te
hni
al data wavefront sensor ML4010, metrolux optis
he Messte
hnikGmbH property quanti�
ationresolution 1392 x 1040pixel size (6.45 x 6.45) µm2dynami
 range 63 dBframe rate 12 fpsspe
tral range (320− 1100) nmsensor CCD
IX



C Te
hni
al details
Table C.8: Te
hni
al data XUV di�ra
tion grating, Newport Corporationproperty quanti�
ationgrooves frequen
y 1200 per mm
oating gold
urvature planeblaze wavelength 0.1201 µmblank material BK7blaze angle 4.128◦groove length, ruled width 23 mm, 52 mmblank size (28.5 x 58 x 10) mm3

Table C.9: Te
hni
al data XUV photodiode, International Radiation Dete
tors, In
.property quanti�
ationAXUV-100Al/SiO2 300/10 nm quantum e�
ien
y H01-H09: 0H11: 0.06H13: 0.6H15: 1.0H17: 1.1H19: 1.8H21: 2.0H23: 2.3H25: 2.7H27: 3.0H29: 3.5
hip size (15.85 x 22.05) mm2PA100 ampli�er divisor 1000 (gain: 1)
5000 (gain: 5)
10000 (gain: 10)
100000 (gain: 100)...

X



Code of pra
ti
e D
The following 
hapter des
ribes the 
ommissioning of the laser system and the HHGsour
e and is meant to be a guideline how to set up the sour
e. It is not a 
omprehensivemanual.D.1 The laser systemFor a proper operation of the harmoni
 sour
e a thorough adjusted laser system is manda-tory. Firstly, the os
illator of the driving laser has to be mode-lo
ked. The os
illator showsa bandwidth between 780 nm - 820 nm if it is not mode-lo
ked and around 750 nm - 850nm if the modes are lo
ked. In addition the power should ex
eed 300 mW for a properoperation of the ampli�er. In order to maximize the os
illator power, the two resonatormirrors and the z-axis of the Ti:Sa 
rystal have to be adjusted.For the 
hirped pulse ampli�
ation a short digital gate (SDG) and a quantum pulsegenerator is present, where the SDG 
ontrols the Po
kels 
ells. In 
ombination with twophotodiodes a bandwidth interlo
k is realized. If for some reason the laser swit
hes to a
ontinuous wave (CW) mode, the diodes realize a 
hange and the Po
kels-
ells are beingswit
hed o�, thus no pulses are ampli�ed.The Nd:YAG laser pumps the regenerative ampli�er, as well as the multipass ampli�erand the pulses are generated with Po
kels 
ell by means of Q-swit
hing. The pump-pulseprodu
es a population inversion of the Ti:Sa 
rystal and the Po
kels 
ell 1 
ouples theseed-pulse into the 
avity. Then, the pulse travels 20 times through the regenerativeampli�er and get released with an ampli�
ation fa
tor of ≈ 100 by Po
kels 
ell 2. Finally,the pulse travels four times through the multipass ampli�er and gets ampli�ed by anotherfa
tor of 7.In order to set up the pump laser its 
ooling has to be swit
hed on �rst (19◦C - 23◦C).Then, the laser 
an be swit
hed on. Sometimes, either the Po
kels 
ells have to be resetedor the in
oupling of the seed into the ampli�er has to be readjusted. For the in
ouplingtwo irises are set up in front of the �rst grating. Note that only an a

urate in
ouplingof the seed leads to ampli�
ation. If a proper in
oupling is guaranteed the �ash lamps ofthe pump laser 
an be swit
hed on after the laser shutter has been opened. During the�rst 15 min of operation the ampli�ed laser pulses are drifting, thus the following stepsshould be performed after the system is thermally stabilized.The optimization of the regenerative ampli�er and the multipass is mu
h more di�
ultand needs experien
e: at the beginning the Po
kels 
ell 1 is enabled, where the se
ondone is disabled. Then, the Ampli�ed Spontaneous Emission (ASE) 
an be visualized withXI



D Code of pra
ti
ea s
ope and optimized. The Potassium Titanium Oxide Phosphate (KTiOPO4) 
rystal ofthe pump laser and the in
oupling mirror labeled as P1 is used to maximize the pump laserpower. Afterwards, Po
kels 
ell 2 is enabled and the seed is adjusted by optimizing themirrors S1 and S2. It is now important that not the strongest, but the most stable pulseof the build-up-pattern is released and subsequently ampli�ed in the multipass ampli�er.The optimization pro
edure has to be repeated until the pulse-energy stability is betterthan 5% rms and the laser power is > 40 mJ. Due to the nonlinear nature of the HHGpro
ess the driving laser should be as stable as possible and the pulse energy of 40 mJis required for the saturation of HHG. Otherwise the following optimization pro
edure ofthe HHG sour
e 
annot be performed su�
iently good.D.2 High harmoni
 generation sour
eFor the setup of the HHG sour
e the ampli�ed laser radiation has to be aligned into theva
uum. First the laser passes the re�e
tive grating 
ompressor to pre-
ompress the laserpulses. A near and far�eld monitor of the driving laser guarantees the 
orre
t alignment.Then, the laser needs to be aligned into the pit. The most 
riti
al mirrors whi
h usuallyhave to be readjusted are the last mirror above the pit and the �rst mirror in the pit.Here two further irises are set up in the pit to ensure an adequate in
oupling and thesubsequent �nal 
ompression of the laser pulse in the va
uum.On
e the laser is optimized and aligned the HHG devi
es 
an be set up. Slowly swit
hon the MCP (1.5 kV), the �uores
en
e s
reen (4.5 kV), the HHmeter (3.5 kV, max 4.2kV), the ampli�er (15 V), and the CCD (−30◦C dete
tor temperature). Note that a fastin
rease of the voltage may damage the MCP. Then DOOCS 
an be employed to moveor adjust any devi
e within the va
uum system. Open the valves of the HHG sour
eand ensure the proper position of the �rst triplet mirror system. Also the �rst mirrorin the diagnosti
 se
tion (diagnosti
 swit
h) should be moved to the position that thespe
trometer 
an be operated to optimize H21.The last mirror in front of the trunks and the mirror within the trunk has to be usedto align the laser through the di�erential pumping stages. Afterwards, the gas target isaligned to the laser path. Note that the gas load should not ex
eed the FLASH va
uum
onditions.Now the gas may be swit
hed on and the harmoni
 signal should appear on the s
opeof the HHmeter. If not either the ba
king pressure of the gas target is not set 
orre
tlyor the timing between the laser pulse and the gas nozzle is out of range. However, for the�nal optimization of the HHG sour
e, the x,y,z-position of the gas target relative to thelaser fo
us, the diameter of the iris, the ba
king pressure of the target, and the timinghas to be adjusted a

ording to 
hapter 4.For the HHG 
ontrol di�erent hardware and software utilities are available as des
ribedin 
hapter C. For the XUV CCD it is ne
essary to unplug the pressure sensor of thediagnosti
 se
tion and to move the aluminum �lter into the beam, otherwise the XUVCCD is overexposed or may even be damaged due to the fundamental laser.On
e the harmoni
 sour
e is optimized the XUV radiation 
an be send into the tunnel.XII



D.2 High harmoni
 generation sour
eTherefore, only the triplet mirror has to be moved out of the laser path. The �rstdiagnosti
 devi
e in the inje
tion beamline is a YAG s
reen. It is further ne
essary toadjust the XUV radiation to a referen
e point by employing the mirror in the trunk. In
ase the laser 
annot be aligned without hitting a di�erential pumping iris, also the lastmirror in the pit and the target has to be readjusted. Unfortunately, in this situation theoptimization pro
edure of the HHG sour
e has to be repeated.
to HHG diagnosticto HHG diagnostic

pit

HHG target chamberFigure D.1: Pi
ture of the HHG sour
e in the pit.
XIII
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