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Summary 

In this work a transient grating pump-probe measurement technique and its 
application to study the evolution of secondary electron cascades in diamond 
crystal is presented. The particular type of pump-probe experiment described in 
this thesis allows studying matter interaction with high energy photons. After 
absorption of the high energy photon, an energetic electron can create more 
electron-hole pairs in the sample through impact ionization thus dissipating the 
initial kinetic energy and resulting in a so-called electron cascade. In other 
words, an electron or a hole with high enough kinetic energy can knock a bound 
electron from a valence band into conduction band. 

In our experiment a coherent radiation in extreme ultraviolet spectral range 
obtained via high harmonic generation in a noble gas is used to excite the dia
mond crystal sample which is subsequently probed with an infrared light pulse. 
A sample is excited by superimposing two coherent extreme ultraviolet pump 
beams at an angle. The absorbed extreme ultraviolet photons excite electrons 
to the conduction band that lead to the periodic refractive index change of 
the transparent diamond crystal. In other words, a transient phase grating is 
imprinted in the sample. 

The main advantage of the transient grating method is that the signal is in
herently background free which leads to a high sensitivity of the measurement. 
The short duration of the extreme ultraviolet pulse and the possibility to syn
chronize high harmonic and optical pulses with unprecedented precision make 
it possible to achieve temporal resolution of the order of several tens of fem
toseconds which is required to study extremely fast dynamics in matter. Time 
resolution required for electron cascade measurements is on the order of tens of 
femtoseconds which is not available in case of synchrotron or free electron laser 
radiation. 

The two high harmonic beams are generated by splitting the infrared beam 
into two separate beams in a Michelson interferometer and focusing them into a 
gas cell at a slightly different angle. Because of the inherent low conversion effi
ciency of the high harmonic generation (of the order of 10- 5), the two extreme 
ultraviolet pump beams traveling at a small angle are then focused using a high 
numerical aperture reflective objective in order to achieve sufficient energy den
sity on the sample. In order to achieve high contrast of the interference pattern 
a multilayer narrow band coating of the objective mirrors is used to filter the 
bandwidth of the generated high harmonic spectrum. 

In this thesis the principle of the transient grating measurement technique 
as well as detailed feasibility and optimization calculations of the optical setup 
parameters are presented. The experimental setup is implemented to a large 
degree and the initial experimental tests are described. 
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Sammanfattning 

Detta arbete iir en del i forberedelsen infor en kommande studie av an
dra ordningens elektronkaskader i diamant. Den grundliiggande ideen bakom 
miittekniken forklaras och en design av den experimentella uppstiillningen pre
senteras dar ett transient gitter spelar en central roll. En teoretisk optimering 
av signalen fran det transienta gittret iir ntford och bcriikningar visar att den 
effektiva diffraktionen iir tillriicklig for det kommande experimentet. Interfer
ens iir sedennera verifierad experimentellt fnin tva XUV stralar. En ny och 
viktig detalj i uppstiillningen iir ett multilagerobjektiv som samtidigt filtrerar 
och focuserar XUV str3Jen. Det nya objektivet leder till biittre upplosning i 
tiden eftersom man nn kan undvika att filtrera signalcn i efterhand med ett 
diffraktionsgi tter. 
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1 Introduction 

1.1 Motivation 

The development of ultrafast lasers during the last two decades [1] has opened up 
new realms of science. Pulses on the order of femtosecond (10- 15 s) have made it 
possible to track chemical reactions in time and opened a completely new field 
of science: femtochemistry. Furthermore, recent achievements in attosecond 
science have led to research on even faster events, such as the motion of an 
electron [2]. 

Unlike femtochemistry pump-probe experiments where visible or infrared 
optical pulses are used, our aim is to implement a particular type of pump-probe 
experiment that allows to study matter interaction with high energy photons 
that can excite inner shell electrons. The problem was suggested by Jan Isberg 
and his collaborators from Division for Electricity at Uppsala University. The 
research in a field of diamond electronics has promising applications in industry 
and basic science [3]. A robust theory of diamond interaction with high energy 
photons has been developed [4], and there is a great demand for the actual 
dynamics measurements with high temporal resolution. 

To achieve this goal an original concept based on induced transient grating 
using two high harmonic XUV beams interference is presented. We use high 
harmonic generation [5] to generate coherent radiation in extreme ultraviolet 
(XUV) spectral range to excite sample which is subsequently probed with an 
infrared light pulse. A phase grating is imprinted in the sample by superim
posing two coherent XUV pump beams at an angle. Absorbed XUV radiation 
excites electrons into conduction band that lead to refractive index change of 
the transparent material. A delayed infrared probe pulse diffracts due to peri
odicity of induced refractive index change in the sample and is detected using 
a detector. Because it is a background-free measurement, it makes possible to 
measure small changes in the refractive index. 

The temporal resolution is one of the most important aspects of the proposed 
technique. The ability to synchronize high harmonic XUV and optical pulses 
with unprecedented precision makes it possible to study extremely fast dynamics 
in matter. Pulses obtained via high harmonic generation are unique because of 
their short duration (;::j 10 fs) and coherence [6]. Time resolution required for 
electron cascade measurements is on the order of tens of femtoseconds which is 
not available in case of synchrotron or free electron laser radiation. Note that 
our experiment is essentially different than ultra-fast X-ray diffraction pump
probe experiments [7] where a strong optical pump pulse is used to excite matter 
and a weak X-ray pulse is used to probe the dynamics. In our experiment the 
XUV pulses are used to excite the matter and optical pulses are used to probe 
the refractive index change. 

In this thesis is a principle of transient grating measurement technique as well 
as detailed feasibility and optimization calculations of optical setup parameters 
are presented. The experimental setup is implemented to a large degree and the 
initial experimental tests are performed. 
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1.2 Outline 

The first chapter provides an introduction to the physics of the high harmonic 
generation process and the secondary electron cascades. The transient grating 
measurement technique together with estimations of experimental setup pa
rameters are presented in the second chapter. In the third chapter the technical 
aspects of the experiment are presented along with the optical scheme of XUV 
spectrometer, a short description of the terawatt laser system and the techniques 
used for its alignment. The fourth chapter describes the main measurement re
sults. As the main result of this report an interference fringe pattern of two 
XUV beams is presented. Finally the report is concluded in the last chapter. 
Additionally the description of the Schwarzschild objective and a calculation of 
the effective focal length of a two lens optical system using paraxial geometrical 
optics is described in the appendix. 

1.3 High harmonic generation 

The subject of nonlinear optics has been rapidly evolving since the first demon
stration of second harmonic generation [8] shortly after the laser was invented. 
In the beginning the research, was mainly focused on low-order nonlinear pro
cesses. For relatively low laser field intensities, the nonlinear response of material 
is described using a Taylor expansion of the polarization induced in the medium 
in the power series of the electric field strength: 

P (t) = x(l) E(t) + x(2l E(t? + x(3l E(t) 3 + ... (1) 

Such a regime is called perturbative nonlinear optics regime. With the devel
opment of pulsed lasers and increasing peak powers the studies of atoms in 
strong laser fields became possible. If the strength of the electric field becomes 
comparable to the Coulomb potential of the atom, the above expansion is not 
valid anymore. Strong field physics gained substantial attention when above
threshold ionization (ATI) was discovered [9]. It was discovered that energy 
spectrum of electrons produced by photo-ionization consisted of multiple peaks 
spaced by the laser photon energy !iw0 . 

In 1987 an efficient photon emission in the extreme ultraviolet (XUV) range 
was observed for the first time [10]. These observations suggested that atoms 
exposed to strong laser fields can emit coherent high-harmonic radiation at pho
ton energies much higher than the atomic ionization potential. Odd harmonics 
qw0 of the driving laser field w0 are generated up to some certain cut-off Qmax 

[11]. The peculiar property is that most high harmonics are generated with 
similar efficiency which is a characteristic property of a non-perturbative pro
cess. To the contrary, the low-order harmonics are converted less efficiently with 
increasing order. 

One of the first observations of high-harmonic generation demonstrated spec
tra up to 33rd harmonic generation in Ar, Kr and Xe gases [10]. Intensities of 
the order of 1013 W /cm2 were used. The achievable photon energies in the first 



8 1 INTRODUCTION 

Plateau harmonics 

Photon energy 

Figure 1: Typical structure of high harmonic generation spectra. 

experiments were limited by long laser pulses that were used to generate har
monics. With relatively long laser pulses (100 fs- 1 ps) all the atoms interacting 
with the laser are ionized on the rising edge of the pulse, without being exposed 
to the peak intensity. Later using shorter pulses and larger intensities (of the 
order of 1015 W /cm2 ) allowed observing harmonics as high as 135th in Ne. Using 
ultra-short few optical cycle driving pulses photon energies up to 700 eV were 
generated [12]. Such photon energy corresponds to,\= 1.77nm wavelength and 
~ 45oth harmonic. 

1.3.1 Ionization 

High harmonic generation is inextricably associated with photo-ionization. Three 
main mechanisms of photo-ionization that take place at different intensities are 
depicted in Figure 2. For relatively low intensities the main mechanism is mul
tiphoton ionization. The Keldysh parameter (also known as the adiabaticity 
parameter) is often used to determine the dominant regime of photo-ionization: 

(2) 

In this expression Ip and Up are ionization and ponderomotive potentials 
respectively. The adiabaticity parameter can also be regarded as the ratio of 
the laser frequency w0 to the tunneling frequency Wt = qeEo/ J2melp of an elec
tron, that is "( = w0 /wt. Here qe, Eo and me are the charge of an electron, the 
amplitude of the laser electric field and the mass of an electron. Multiphoton 
ionization takes place when "'! > 1 and it can be often described within pertur
bation theory. However, once a sufficiently high intensity is reached ("Y < 1), 
tunnel ionization becomes the dominant mechanism. The electron tunnels di
rectly through the quasi-stationary potential barrier which is superposition of 
the atomic Coulomb field and the laser field. As the intensity increases even 
more, over-the-barrier ionization occurs. Extremely intense femtosecond laser 
pulses can reach intensities much beyond 1015 W /cm2 . In that case the electric 
field is strong enough to suppress the atomic potential barrier and electrons can 
simply move into the continuum freely. 
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Figure 2: Three types of ionization that occur at different intensity levels. 

1.3.2 Semi-classical three step model 

High harmonic generation can be qualitatively explained using semi-classical 
three step model proposed by Corkum [13]. The three steps are depicted in 
Figure 3. An atom is exposed to a strong linearly polarized laser field. First, an 
electron from the outer shell tunnels through the barrier of the atomic Coulomb 
potential perturbed by the strong laser field. The quasi-free electron then follows 
the electrical field oscillations and subsequently acquires kinetic energy from 
it. The mean kinetic energy of the electron accelerated in the electric field of 
strength E is called ponderomotive potential: 

U - q;E2 
P- 4mew6 

(3) 

Here wo = 21rc/ Ao is the angular frequency of the driving laser field, qe and me 
are the charge and mass of the electron respectively. It is convenient to express 
the ponderomotive potential with an expression Up = 9.33 X w- 14 IA6 [eV], 
where I is the intensity in W /cm2 units and ,\0 is wavelength in JLm. The 
electron returns to the ground state of the parent ion approximately half of an 
optical cycle later. Half of the electrons are ionized at the positive maximum 
and the other half ionized at the negative maximum of the electric field. In the 
vicinity of the parent ion, the electron recombines to the ground state with a 
small probability and emits a photon with the kinetic energy gained in the laser 
field and the ionization energy of the atom. As the recombination occurs twice 
during the optical period, the emitted XUV radiation spectrum consists of the 
odd harmonics spaced by twice the laser frequency. In other words, the emitted 
radiation is periodic and the period with a period equal to 1.3 fs for 800 nm 
driving laser field. The maximum harmonic number is expressed in terms of 
ionization potential IP and kinetic energy that the electron gains in electric field 
Up and corresponds to the cut-off in the harmonic spectrum [11]: 

(4) 

The ponderomotive potential is mainly determined by the maximum laser 
intensity that the neutral atoms can be exposed to before they are depleted 
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Figure 3: Illustration of the three step model of high-harmonic generation. 

by ionization. This intensity increases with decreasing laser pulse duration. 
Therefore, in order to achieve reasonable conversion efficiency, it is desirable to 
have as short a laser pump pulse as possible [14]. The highest photon energies 
were generated using few-cycle laser pulses [12]. 

The electric field strength is related to intensity as follows: 

(5) 

For example for a near infrared laser with ..\0 = 800 nm and I = 2 x 1014 W / cm2 , 

the maximum kinetic energy is 3.17Up = 38 eV. The ionization potential of 
Argon is 15.8 eV. So, it leads to the maximum photon energy 54 eV (.A= 23 nm, 
cut-off harmonic order 35). 

The evolution of the electron trajectory in the oscillatory laser field can 
by described using simple Newtonian mechanics. It is assumed that after the 
ionization the electron is exposed to a time-dependent electric field E ( t) = 

E0 sin(w0 t) and the resulting force is expressed as: 

F(t) = -qeE(t) = -qeEo sin(wt) 

The electron position can be obtained from (6) by integrating it two times: 

x(t) = qeEg [sin (wt)- sin (wti)- w (t- ti) cos (wti)] 
·rnw 

(6) 

(7) 

The initial position is assumed to be zero at t = ti where ti is the tunnel 
ionization time. The electron motion in the electric field is depicted in Figure 4. 

The amount of energy the electron gains in the electric field as a function of 
tunneling time is shown in Figure 5. There are two possible electron trajectories 
that result in the same return energy (except for the maximum energy). The 
trajectory that corresponds to longer excursion time is called long trajectory, 
whereas that with the shorter excursion time is referred as short trajectory. 
These two trajectories merge at the peak (cut-off) energy. 
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Figure 4: Classical electron trajectories in the electric external field calculated 
using (7) for different tunneling times k Only the paths of the electrons that 
were born in the first half cycle are shown. 
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Figure 5: Electron return energy and excursion time as a function of ionization 
time. 
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1.3.3 Strong Field Approximation 

Although the semi-classical three step model described in Section 1.3.2 provides 
an intuitive explanation of the high-harmonic generation, it has some serious 
limitations. Lewenstein proposed a fully quantum mechanical model based on a 
Strong Field Approximation [15]. An atom placed in an external electromagnetic 
field has a nonlinear dipole moment. The evolution of the wave function of 
an atom in a strong laser field can be described using the Time Dependent 
Schrodinger Equation (TDSE): 

i!i 0 ~~) = [::- qerE(t) + V(r)] 17/J) (8) 

where E(t) is the electric field of the driving field and V(r) is the atomic po
tential. Although it is possible to directly solve TDSE numerically [16], a more 
practical approach is to simplify it by making several assumptions. The strong 
field approximation relies on three assumptions: 

• The only bound state of the atom is the ground state. This assumption 
is valid when the photon energy of the driving laser field is much smaller 
than ionization potential: Ip » fiw0 . 

• The electron after tunneling is not affected by the atomic Coulomb po
tential and can be considered as a free particle in the continuum. For this 
assumption to be true, the laser field must be strong. This condition can 
be expressed using the ponderomotive potential: lp < 2Up. 

According to quantum mechanics, the phase of the emitted radiation is propor
tional to the quasi-classical action integral. However, the atomic phase can be 
approximately expressed as proportional to the intensity I of the laser field: 

(9) 

where O:q depends on the type of trajectory and on the harmonic order. 

1.3.4 Phase matching 

Besides the microscopic effects, high harmonic generation is highly affected by 
propagation effects. In the gas cell the field of the specific harmonic builds up 
coherently over the coherence length Lc ::::::: 1r / !:lk, where !:lk is the wave vector 
mismatch. The wave vector mismatch is proportional to the phase difference 
!:lc.p accumulated over the length L of the medium. In general it depends on a 
number of terms. Phase matching greatly affects the amplitude of the generated 
harmonic field. If the generation is properly phase-matched, the harmonic yield 
scales with number of generating ions as N 2 . An overview of the phase matching 
problem is presented in this chapter because of the importance of high harmonic 
efficiency and pulse energy in our experiment. 

As shown in Fig 5, electrons have different excursion times that depend 
on the instant of time for ionization. They can also return in two different 
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trajectories. The phase accumulated by the electron while it moves in free 
space is transferred to the emitted wave after it recombines. Therefore the 
phase of the emitted harmonic radiation is not only dependent on the phase of 
driving laser field but also has an intrinsic phase which varies rapidly with laser 
intensity. 

A simple modeling of phase matching can be achieved using a one dimen
sional approximation model [17] that takes into account the phase mismatch of 
the harmonic and the driving infrared field and the absorption of XUV radiation 
in the generating medium. The phase mismatch can be expressed as a sum of 
four terms: 

(10) 

The first term ilkg is the phase mismatch due to dispersion in the neutral 
gas. If nq is the refractive index of qth harmonic we have: 

"kg_ ( , ) qwo u q - nq - n 1 -
c 

(11) 

The second term ilk~ is the phase mismatch due to the generated plasma. 
This term is always present as high harmonic generation is inextricably re
lated to ionization. Similarly to the dispersion term ilkg, the plasma term 
also depends on the difference of the refractive index due to free electron: 

n~ = /1- wU(qw)2. The Wp = JNeq~/(meEo) is the plasma frequency. The 

wave-vector mismatch can be expressed as: 

"kP = ( P - P) qwo u q nq n 1 c 
(12) 

The third term in (10) is the phase mismatch due to the change of the dipole 
phase which is caused by the variation of the intensity along the beam in the 
gas cell: 

ilkd _ ~ ( O'.qlo ) 
q- 8z 1 + (z/zR) 2 

(13) 

where ZR = 27rw5/ Ao is the Rayleigh range. The last terrn ilk[ takes into 
account effects due to focusing of the fundamental Gaussian beam. In general, 
the amplitude of the Gaussian beam is given by: 

E(r, z) =Eo w~~) exp (- w~:) 2 ) exp [-'i({' (r, z)] 

where the phase factor is: 

kr2 

:.p(r, z) = kz + 2R(z) - ((z) 

(14) 

(15) 

The first term is simply the phase of the plane wave characterized by the 
wave number k = w0 fc. The second term is a curvature of the wavefront. The 
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Figure 6: Distribution of (a) intensity and b) phase of the IR pump beam. 

radius of curvature R(z) = z [ 1 + (zR / z) 2] is expressed in terms of the Rayleigh 

range. The third term represents the Gouy phase: ((z) = tan- 1 (z/zR) which 
affects t he phase matching and should be included into the calculation. So, t he 
last term in (10) in general can be expressed as: 

t::.kf = (q- 1) ~ ( tan- 1 .!..._) 
q OZ ZR 

(16) 

Moreover, the Gony phase also has an effect on the carrier envelope phase 
[18]. However, this effect can be neglected in our experiment, because relatively 
long pulses (that consist of many optical cycles) are used and no carrier envelope 
phase stabilization is performed. In our experiment the pump beam is focused 
into t he gas cell using a spherical mirror of fp = 2 m focal length. The beam is 
usually clamped using an iris, approximating it as a Gaussian beam of radius 
d in (diameter of the iris) the waist radius of the pump beam is equal to: 

(17) 

For illustration the intensity and phase distribution of the pump beam is 
shown in Figure 6 for a typical beam diameter value d i n = 15 mm. 

Besides the phase mismatch between the harmonic and driving infrared 
beam, the emitted harmonic radiation is absorbed in the generat ing medium 
by a exp ( -K,qL /2). The absorption coefficient "'q is usually expressed in terms 
of an absorption cross-section O"ph and neutral atom density Pat : 
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K,q = U photo Pat (18) 

For practical purposes it is desirable to maximize the intensity of some par
ticular harmonic. In the strong absorption limit and in a one-dimensional ap
proximation this is true when 

(19) 

is maximized. 
Quasi-phase-matching can also be employed to enhance the efficiency of high 

harmonic generation. A rather simple way to achieve quasi-phase-matching is to 
use a hollow core waveguide filled by neutral gas [19, 20]. This technique allows 
increasing the harmonic yield by two orders of magnitude in some conditions. 
The modulated diameter hollow core fibers allow to enhance the generation pro
cess even further and to achieve higher photon energies. It was demonstrated 
that filamentation of ultra-short pulses may also help to achieve phase-matching 
[21]. However, the above mentioned quasi-phase-matching techniques are effi
cient in case of low pump pulse energy. In our setup loose focusing geometry 
and high pump pulse energies were used to achieve large (up to 1010 ) photon 
number per harmonic per pulse. 

1.4 Secondary electron cascades 

A material irradiated by X-ray photons emits energetic photoelectrons. This 
effect is known as photoelectric effect and is widely used in metrology to char
acterize materials. Following the emission of an energetic photoelectron from 
an inner shell, the emission of an Auger electron takes place as illustrated in 
Figure 7 (a) and (b). These electrons then create electron-hole pairs in the 
sample through impact ionization thus dissipating the initial kinetic energy and 
resulting in a so-called electron cascade. 

The Auger effect is a transition of an electron in an atom to an inner-shell 
vacancy and the emission of another electron due to the released energy. The 
high energy photon can remove the electron from a core orbital of an atom. 
An electron from a higher energy level can move to a lower energy state and 
release the energy either in the form of photon or transfer it to another electron 
with smaller binding energy which is subsequently ejected. The term Auger 
electron is usually used to denote the ejected electron. The kinetic energy of 
the Auger electron is equal to the difference between the transition energy to 
the core orbital and the ionization of the electron from the shell from which the 
Auger electron was emitted. 

Similar to the atomic case discussed above, Auger recombination also takes 
place in crystals and condensed media. The difference is that as electron-hole 
pair recombines, the energy is transferred to another electron in the conduction 
band. Auger recombination is a three-body process and scales with the cubic 



16 

V(r) 

a) Ionization of inner 
shell electron 

V(r) 

b) Auger 
ionization 

Conduction 
band 

Valence 
band 

2 METHOD 

E 

c) Impact 
ionization 

p 

Figure 7: An illustration of the Auger ionization process. (a) An inner shell 
electron of an atom is photoionized by a high energy photon, thereby creating a 
short-lived inner shell vacancy. (b) The outer shell electron fills in vacancy and 
the energy is transferred to the other outer shell electron that is subsequently 
ejected from the atom. (c) An illustration of the impact ionization process in a 
bulk material. 

power of the carrier concentration. The impact ionization is the reverse process 
to the Auger recombination. The electron or hole with a high kinetic energy can 
loose its energy and create one electron-hole pair as shown in Figure 7 (c). In 
other words, an electron with enough kinetic energy can knock a bound electron 
from a valence band into conduction band. The impact ionization is the main 
mechanism of the electron cascades. 

A Monte Carlo model was derived by Ziaja et al. that describes the evolution 
of electron cascades induced by photo-electrons in diamond [4]. Although the 
theory of electron cascades is rather mature, there are very few actual measure
ments. The electron-hole pair creation energy after the exposure to ultrashort 
hard x-ray pulses was recently measured [22]. Even though femtosecond XUV 
pulses were used to excite the electron cascades, there were no measurements 
of electron cascade dynamics. The experiment described in this work should 
allow us to measure the early evolution of an electron cascade and give valuable 
information about the underlying process. The process occurs very rapidly on 
a time scale of 0.1-100 fs. 

2 Method 

2.1 The transient grating measurement technique 

In this work a transient grating pump-probe measurement technique and its 
application to study the evolution of secondary electron cascades is presented. 
The main advantage of the transient grating method is that the signal is in
herently background free which leads to a high sensitivity of the measurement. 
The short duration of the harmonic XUV pulse and the possibility of sending 
pump and probe pulses nearly collinearly make it possible to achieve temporal 
resolution of the order of several tens of femtoseconds. A basic scheme of the 
experiment is shown in Figure 8. Two coherent XUV pump beams are super-
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imposed on the sample at an angle and interference fringes are formed. Due 
to periodic refractive modulation induced by the interference pattern, a phase 
grating is formed. Absorbed pump radiation produces free electrons that lead 
to refractive index change (see Section 2.2.2 for estimations). Subsequently, a 
delayed infrared probe pulse diffracts through an induced grating in the sample 
and is detected using a photo diode. 

IR probe 
beam 

l 

phase grating 

Photodiode 

Diffracted 
/probe beam 

Ill--Sample 

Figure 8: Basic scheme of the temporal electron cascade evolution measurement 
using the induced grat ing technique. 

Two major ways were employed to produce interference HHG radiation pat
terns. The first way is essentially a Young double slit experiment: a single 
XUV beam is generated and afterwards two pinholes are used to produce two 
coherent point sources. Such method was initially used to demonstrate spa
tial coherence of the high harmonic beam [23]. This scheme was also used for 
wave-front phase measurements of XUV radiation [24]. However, the drawback 
of such an approach is that most of the XUV pulse photons are lost . A much 
more efficient and clever way to generate two high harmonic beams is to split 
the infrared beam into two separate beams in a Michelson interferometer and 
to focus them into a gas cell at a slightly different angle [25]. Such an approach 
was demonstrated for XUV interferometric measurements [26, 5] and was cho
sen in our experiment. The two XUV pump beams traveling at an angle /3 are 
then focused using a high numerical aperture Schwarzschild objective in order 
to achieve sufficient energy density. The Schwarzschild objective can be repre
sented as a thin lens as shown in Figure 9. The sample is placed after the focal 
plane of the objective where the two beams overlapped. 
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Figure 9: Equivalent imaging scheme using refractive optics. 

2.2 Optimization of experimental setup parameters 

Before implementing the complex experimental setup it is important to esti
mate the optimal parameters of the experiment. Because of the complexity of 
the experiment, there are a number of constraints on the parameters that has 
to be taken into account. For example the availability of XUV optics is lim
ited (there is only one Schwarzschild object ive with particular focal length and 
transmission spectrum available) , laser pulse energy is fixed, the efficiency of 
harmonic generation that can be achieved and finally spaced constraints in the 
lab. 

First and one of the most important parameter that has to be chosen is 
the diameter of the XUV pump beam on the sample. Many other parameters 
that will be discussed in this chapter rely on t he selection if the spot size on 
the sample. The beam must be small so that the refractive index change and 
diffraction efficiency is high enough to be detected. On the other hand, if the 
diameter is too small, the divergence of the diffracted probe beam will be too 
large due to the soft-aperture effect and it will not be possible to capture the 
diffracted beam efficiently (see Section 2.2.4 for more details). 

Second important point to be considered is to make sure that the beams 
overlap on the sample. To do this, the distances between the gas cell, the 
objective and the sample have to be calculated. The angle and displacement 
between two infrared beams is adjusted to satisfy beam overlap condition. The 
calculations using simple geometrical optics and suggestions how to align the 
optical setup are described in the Section 2.3.1. 

Moreover, the wavelength of XUV beam and the bandwidth is fixed by the 
properties of the multilayer coating of the available Schwarzschild objective. Al
though the exact transmission spectrum of the objective has not been measured, 
it is known that its transmission maximum corresponds to 21st harmonic. How
ever, it also partially transmits adjacent odd harmonics as well which imposes 
limitations on the maximum angle between harmonic beams due to the available 
number of interference fringes. 

A more detailed discussion on each of the constraint is provided in the fol
lowing sections of this chapter. 
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2.2.1 XUV pump beam diameter 

The required pump pulse energy density is in the range 10- 100 mJ/cm2 [27]. 
The energy of the pump pulse at the 21st harmonic was measured to be about 
Ep = 0.16 /-lJ [28]. The pump pulse energy density J is defined as the pulse 
energy per unit area S. However, part of the pump pulse energy Ep is lost 
due to absorption in the aluminum filter (transmission T1 = 0.5) and limited 
reflection of the Schwarzschild objectives coating (To = 0.4). 

(20) 

For a pump pulse energy density J = 10 mJ / cm2 , the spot diameter ds is: 

(21) 

To achieve sufficient pump pulse intensity, the beams must be focused using a 
high numerical aperture objective. 

2.2.2 Estimation of the induced phase-shift of the grating 

One of the possible limitations of the proposed induced grating measurement 
technique is the diffraction efficiency which is mostly determined by the induced 
refractive index change in the material. A very simple estimation of the induced 
refractive index change can be done by assuming that every photon of XUV pulse 
generates one free electron. The number of carriers generated from the XUV 
pulse of energy Ep is N = Ep/Eph· The carrier density is then p = N/(SLp), 
where S is the area irradiated by the XUV pulse and Lp is the penetration 
depth. If pump pulse energy density is J = Ep/S, then the carrier density is: 

N Ep J 
p=-= =--

SLp LpEphS EphLp 
(22) 

The refractive index change ~n can be calculated according to the simple ex-
pression: 

~n = __!!_ = I 
2pc 2pcEphLp 

(23) 

where Pc is the critical plasma density, defined as Pc = Eomew6/q~ (qe = 1.6 x 
w-19C is charge of an electron, Eo = 8.85 X w-12C2s2m-3kg-l is permittivity 
in free space, and me= 9.1 x w-31 kg is the mass of an electron). In our case 
the critical plasma density is Pc = 1. 7 x 1021 em - 3 at >.0 = 800 nm wavelength. 
What is important for the diffraction efficiency is the accumulated phase shift: 

27f J7r 
~r.p = - Lp~n = -----:-

Ao fphPcAo 
(24) 

As we see, the accumulated phase shift does not depend on the penetration 
depth Lp. In case of J = 10mJ/cm2 pulse energy density, we get ~:p = 44 mrad 
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(""' 1/140 of the wavelength). However, these estimations do not take into 
account that the photon may create more than one electron-hole pair. The 
electron-hole pair creation energy in diamond was found to be about fp = 12 eV 
[22]. The photon energy in our case is Eph = 32.6 eV which is more than two 
times larger than electron-hole creation energy: Eph/ep = 2.7. 

2.2.3 Estimation of the diffraction efficiency 

Diffraction efficiency of the sinusoidal phase grating is given by: 

''I = sin2 ( ~'P) (25) 

This leads to "' ~ 5 X w-4 diffraction efficiency which is enough for the mea-
surement. 

2.2.4 Divergence of the probe beam 

There is a limitation on the spot size diameter of the pump beam related to 
the divergence of the probe beam. The diameter of the diffracted probe beam 
is approximately the same as the pump beam spot size. For example, if the 
pump beam is very small, the probe beam will diverge rapidly due to the much 
longer wavelength. In other words, the XUV pump beam acts as an aperture 
for the diffracted probe beam. The total angular spread is proportional to the 
wavelength of the probe pulse and is defined as: 

8 =2Ao~ 
1rds 

(26) 

In case of Ao = 800 nm and beam diameter at half intensity d8 = 20 fLm the 
angular spread is 1.7 deg, which is small enough. 

2.2.5 Coherence length of the XUV pulse 

To achieve efficient high harmonic generation and high temporal resolution 
ultrashort femtosecond pulses are required. Ultrashort pulses are inherently 
broadband and the generated high harmonics have also a large bandwidth. The 
bandwidth is inversely proportional to the coherence length of the pulse. The 
short coherence length of the high harmonics imposes a limitation for the max
imum angle between interfering beams and the area of the interference pattern. 
The coherence time is defined in terms of the bandwidth: 

(27) 

As well known, two broadband point-sources produce an interference pattern 
limited in width. The fringe period is wavelength-dependent and is different for 
each spectral component of the broadband pulse. All modes interfere construc
tively only in the central position and the contrast decreases at the edges. In 
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Figure 10: Interference of two point sources. 

the case of a rectangular spectral profile of width 6.-\, the width of the region 
between two contrast minima is: 

(28) 

Here a is the separation of two beam focal points and L is the distance to the 
screen (multi channel plate detector) as shown in Figure 10. It can be shown 
that for a given wavelength and bandwidth, there maximum number of visible 
interference fringes is limited to: 

N= Lc =2~ 
p 6,,\ 

(29) 

where p = L-\j a is the interference fringe period. In the following estimations 
and simulations the bandwidth of 2l"t harmonic generated in Argon was used 
which is about 0.2 nm. The short trajectory radiation is used in the experiment, 
because it is less divergent, narrow-band and has better coherence properties. 
In that case the maximum number of fringes according to (29) is 380. However, 
due to a rather broad transmission spectrum of our Schwarzschild objective, 
adjacent harmonics are also partially transmitted. This reduces the coherence 
length greatly. If two odd harmonics are taken, then the bandwidth increases 
up to 6,,\ ::::; 3.31 nm which reduces the number of fringes down to 23, which is 
still acceptable for our experiment. 

2.2.6 Simulation of interference pattern 

Simulations were performed to calculate two broadband point source interfer
ence patterns. These simulations allow us to understand better our experimental 
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Figure 11: Simulated interference patterns for different number and amplit ude of 
harmonic peaks. Interference fringe period p = 211m, beam diameter d8 = 2011m. 
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Figure 12: Simulated interference patterns for different number and amplit ude of 
harmonic peaks. Interference fringe period p = 5f1m, beam diameter d8 = 20f.Lm . 
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Figure 13: Simulated interference pattern lineouts for different number and 
amplitude of harmonic peaks. Interference fringe period p = 0.5 J..Lm , beam 
diameter d8 = 20 J..Lm. 
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conditions and to optimize the optical setup parameters. Calculations were done 
for different number of harmonics and different amplitude ratios, since the exact 
reflectivity spectrum of the Schwarzschild objective is not known. The spectral 
shape of each harmonic peak was calculated using a Gaussian line shape of 
l1,\ = 0.2 nm width at half maximum. The resulting radiation spectrum can be 
estimated as a sum of harmonics spectra centered at ,\0 /n and with an amplitude 
An transmitted by the objective: 

S(>.) =~An exp ( -4ln(2) ( ,\ -L1,\;jn) 2
) (30) 

The total electric field is a superposition of the fields from the two sources, one 
of whose wavefront is deflected by an angle B: 

E(x, y, >.) = E1 (x, y, ,\) + E2(x, y, ,\) exp (ie 2; x) 

where E 1,2 (x, y, ,\) = exp ( -4ln(2) (x2 + y2 ) /dD. 

(31) 

The intensity of the broadband interference pattern is the sum of each spec
tral component: 

(32) 

This integral was calculated numerically. The simulations were performed for 
four different cases that correspond to a single short-trajectory harmonic, two 
and three odd harmonics of different amplitude ratios as shown in Figure 11 (a), 
d), g) and j), respectively. Similar simulations with a larger interference period 
(p = 5 11m) are shown in Figure 12. If the interference fringe period is reduced 
down to p = 0.5 11m, beating of multiple harmonics can be observed. This gives 
a peculiar interference fringe pattern (shown in Figure 13) with characteristic 
periodic zones of higher interference contrast. The zone width decreases with 
increasing number of transmitted harmonics and its periodicity is set by the 
spectral distance between harmonics. 

2.3 Optical setup 

The general layout of the optical setup is shown in Figure 14. The two beams 
for HHG are obtained in a Michelson interferometer. An edge of the incoming 
beam is reflected using a small mirror and is further used as a probe beam. An 
automatic scan of the delay of the probe pulse in small steps is done by the help 
of a motorized delay line stage. The pump beam is focused by a spherical mirror 
of JP = 2m focal length into a gas cell with 1 mm transverse diameter. The 
probe and pump pulses are sent off-axis to the sample. This geometry makes it 
possible to separate the diffraction term easily. A more detailed discussion on 
different ways to introduce the probe beam is presented in Section 2.3.5. 

A thin (180 nm) aluminum filter is used to block the infrared component 
of the radiation. However, due to interaction with air, the surface is almost 
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Figure 15: Calculated aluminum filter transmission for 180 nm of Al and 2 nm 
layer of Alz03 . 

immediately covered with ~ 2 - 10 nm aluminum oxide layer from both sides. 
This additional layer highly deteriorates t he properties of the filter due to high 
absorption of the A]z03 in the XUV region. 

Because of the requirement of high XUV pulse energy for the experiment, 
the transmission of the filter is important. It has to be carefully produced 
just before the measurement keeping it in ambient air as lit tle as possible. To 
test the maximum achievable transmission of the filter, a new aluminum filter 
of ~ 180 nm thickness was produced and its transmission was immediately 
measured using the experimental setup shown in Figure 16 (a). The generated 
high harmonic beam is sent through two aluminum filters and imaged using 
a multichannel plate detector. The second aluminum filter is mounted on a 
motorized translation stage so that it can be moved in and out of the beam 
path in the vacuum chamber. A digital CCD camera is used to capture the 
image to the computer for further analysis. Two images, one measured with 
just one filter and the second one measured with two filters in the beam path 
are shown in Figure 16 (b) and (c) respectively. The transmission (ratio of the 
maximum intensities of the corresponding images) was found to be 55%. The 
measured value corresponds to the transmission 180 nm of Al and only 2 nm 
layer of Al2 0 3. The calculated transmission spectrum of the filter is shown in 
Figure 15. The measured transmission value fits the calculated transmission 
spectrum that corresponds to the 180 nm layer of Al and 2 nm layer of Al2 0 3 
[29]. 
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Figure 16: (a) experimental setup for Aluminium filter t ransmission measure
ment . (b) and (c) are far-field images wit hout and with filter respectively. 

2.3.1 Beam overlap condition 

For two beams to interfere, they must be overlapped at the correct posit ion. This 
is achieved by controlling the angle and the separation of the two generating 
IR beams. A general opt ical scheme of our experiment and its parameters is 
shown in Figure 17. Although in the real experiment, a spherical mirror is 
used for focusing, in the following discussion based on simple geometrical opt ics 
considerations, a lens is used to simplify the explanation. The divergence of the 
generated XUV harmonic beam is much less than the fundamental IR pump 
beam as shown in Figure 18 (a) . The angle of the two XUV beams depends 
on the angle ()P between the two fundamental beams and the t heir separation 
on the spherical mirror (dM ). Let us discuss two extreme cases. If two parallel 
pump beams separated by a distance dM are sent through a lens , the angle of 
the result ing XUV beams is () = f pdM. On the other hand, if two superimposed 
pump beams are sent through a lens at an angle ()P, the resulting harmonic 
beams also travel at the same angle ()P as shown in Figure 18 (c) . To achieve 
the desired overlap condition (Figure 18 (d)) both the angle and t he separation 
of the beam must be adjusted , which in the real experiment is done by adjusting 
the Michelson interferometer. The pump beams must overlap in an intermediate 
plane (denoted as pump beam overlap plane in Figure 17) between the gas cell 
and the Schwarzschild objective. The displacement dM can be measured directly 
at the focusing mirror. In the experiment the angle between two infrared beams 
can be precisely deduced from the period Pir of infrared interference fringes: 
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Figure 17: Optical scheme of the pump beams path. SM - spherical mirror. 

Bp;::::;; >.o/Pir· Note that the imaging concept in this case has to be used carefully. 
For example even if the IR beams overlap almost entirely before the focusing 
mirror, the XUV beams may be clearly separated as shown in Figure 18 (e). 

Let us derive required the separation and angle and calculate the position of 
the sample as shown in Figure 19. We begin with an estimation of the distance 
to the object plane do (distance from the principal plane of the Schwarzschild 
objective to the intermediate plane where pump beams overlap). The d0 is 
mainly determined by the required spot size d8 • Due to the requirement of a 
small spot size to obtain a high energy density, the XUV beam cannot be treated 
as collimated and its divergence must be taken into account. The XUV beam 
diameter depends on the distance from the gas cell. The angular spread of the 
input XUV beam was measured to be 8 0 = 0.7 mrad [30]. Let Lr = 1.5 m be 
the distance from the gas cell to the objective. Then the beam diameter at the 
distance d0 before the objective is: 

(33) 

The magnification to get the required spot size is M = d8 / D0 • On the other 
hand, from the imaging equation: 

1 1 1 
- = -+
! s d; do 

(34) 

and from the definition of magnification NI = d;/d0 we find the distance where 
the beams must overlap: 

do= Lr8o + ds 
8o + ds/ fs 

(35) 

The parameter d; is the distance from the principal plane of the Schwarzschild 
objective to the image plane where sample is placed: 
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Figure 19: Notation used for the two beam overlap condition. 

di = isdo 
do- is 

(36) 

For a spot size ds = 20 {.lm and with a focal length of the Schwarzschild objective 
is = 26.9 mm, we find that d0 = 741 mm (the beams overlap approximately 
75 em before the objective). According to (36), the sample must be placed 
di - is = 1.0 mm out of the focal plane. 

The next step is to express the condition for the pump beams to overlap 
in the intermediate plane. The pump beam overlap condition is given by the 
imaging formula: 

1 1 1 
-=-+
ip dop dip 

(37) 

The distance from the spherical mirror to the intermediate pump beam over
lap plane dip is given by distances Lr and do (35): dip = iP + Lr - do = 2. 76 m. 

2.3.2 Estimations of Gaussian beam parameters 

To verify the above-mentioned simple estimations based on geometrical optics, 
a more exact analysis based on Gaussian beam transformation was carried out. 
To describe a Gaussian beam, a complex beam parameter is used: q = z + izr- . 
The Rayleigh length of the generated XUV beam is Zr 1 = IF>.h = 98.7 mm, 

o7r 
where 80 = 8 0 /2 = 0.35 mrad is the divergence angle (half of the full angular 
spread). According to its definition the beam parameter of the initial beam at 
the objective is: 

(38) 

Transmission through a lens is described as a transformation to another 
Gaussian beam with complex parameter q2 (see Figure 20 for more details), 
where: 
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Figure 20: Gaussian beam parameters. 

1 1 1 
(39) 

The real part of the parameter q2 describes the distance from the lens to the 
waist d2 = IRe (q2) 1. 

( 40) 

Also the distance from the waist to the sample is calculated using the beam 
radius formula: 

L = Zr2 (ds/2) 
2

- 1 = 0.52 mm 
Wo2 

( 41) 

where Zr2 = Im (q2) = 33 J.lm and wo2 = ~ = 0.63 J.lm are the Rayleigh 
length and waist radius of the beam after objective. The distance from the 
sample to the focal plane is L + d2 - f s = 1.0 mm. The results of the Gaussian 
beam analysis correspond well with the simple geometric opt ics case discussed 
in the section above, because the condition L » Zr2 is fulfilled. 

2.3.3 Angle between the pump b eams 

The angle between t he two XUV beams is mainly determined by the required 
fringe period p and the beam diameter d8 on the sample. T he optimal in
terference fringe period is selected also according to the pump beam diameter 
(ds = 20 JLm) and the number of fringes available (N ;::::: 20) . The simulations 
of interference pattern presented in Sect ion 2.2.6 suggest that the optimal in
terference fringe period pis about 2 J.lm. The period of the grating corresponds 
to an angle of difhaction of the probe beam (,\0 = 0.8 ;tm) of ;::::: 23° which is 
large enough for easy detection. From the interference fringe period the angle 
between two XUV beams can be estimated using the following formula: 

(3 = L,\h 

fsP 
( 42) 
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where L = 0.52 mm is the distance from the waist to the sample. According to 
the parameters of our experimental setup, the angle (3 is 0.37 mrad. 

Secondly, the angle between the two IR pump beams ()P can be expressed 
in terms of the angle between the two harmonic beams (3 and dip· From geo
metrical optics, the ratio between these two angles is simply ()P = f3dip/dop· By 
substituting the dop from (37) we find: 

( 43) 

From this angle we also find that the focal point separation in the gas cell is 
small enough: 

(44) 

since it is smaller than the inner diameter of the gas cell. It is convenient to 
align the angle between the two pump beams ()P according to the fringe period of 
theIR interference pattern. The angle ()P according to (43) gives an interference 
fringe period in theIR Pir ~ >..0 j()p = 5.8mm. Another parameter to be adjusted 
is the separation between the two beams at the spherical HHG pump mirror: 

(45) 

The beam walk-off (distance between the centers of the two beams) at the 
input aperture of the Schwarzschild objective is much less than its clear aperture: 

de ~ (3d0 = 0.27 mm (46) 

2.3.4 Diffraction simulation 

As it was pointed out in Section 2.2.5, the number of fringes is relatively small 
due to the large bandwidth of the XUV pump pulse. Moreover, the contrast 
of the fringes is modulated due to the Gaussian intensity distribution of the 
pump pulse. To test the effects of diffraction related to the complexity of the 
induced grating a simple simulation was performed and the results are shown in 
Figure 21. The probe beam diameter was selected to be two times larger than 
the pump pulse diameter. Corresponding phase grating was calculated from the 
simulated interference pattern shown in Figure 11 k). Low and high diffraction 
efficiency cases were considered. In the high diffraction efficiency case one can 
see the depletion of the DC term (non-diffracted light) in the center of the beam. 

Note that these simulations are only intended to test the effects due to 
limited number of interference fringes. The experimental conditions lead to 
computational problems due to relatively large diffraction and beam divergence 
angles. Therefore, a scaling was applied to perform a diffraction calculation. 

2.3.5 Probe beam path 

There are three different ways to send the probe beam through the induced 
transient diffraction grating as shown in Figure 22. The collinear probe beam 
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Figure 21: Diffraction simulation results. (a) and (b) cases correspond to high 
diffraction efficiency. c) and d) cases correspond to low diffraction efficiency. 

geometry shown in Figure 22 (a) has two main advantages. First, the temporal 
resolution is not reduced because the pump and the probe pulses completely 
overlap in space. Secondly, the alignment is relatively easy and robust . There 
is no need to worry about spatial overlap of the pulses in the sample. The 
alignment of the temporal overlap of the pump and probe pulses can be done 
by looking for the interference of two pulses or second harmonic generation in 
an autocorrelator. However, t his configuration has one major disadvantage: the 
probe beam after the objective is divergent . This makes it somewhat difficult 
to separate the diffraction orders. This can be partially avoided by limiting the 
input probe beam diameter to a small diameter using an aperture. A reason
ably small (less than 3°) divergence angle can be achieved with a 1 mm beam 
diameter. Another disadvantage is varying intensity with the position of the 
sample. It is easy to destroy the sample by putting it too close to the focus of 
the objective beam. 

In the off-axis probe beam geometry a small mirror is placed just after the 
Schwarzschild objective as depicted in Figure 22 (b). The main advantage of this 
configuration is that the probe beam is collimated which makes it easy to select 
the single diffraction maximum and block the non-diffracted light. Because no 
intense infrared light is sent through the objective, there is no risk of damaging 
the objective. However, pump and probe pulses arrive to the sample slight ly at 
an angle which prevents them from overlapping in space as shown in Figure 23. 
The minimal angle that can be achieved is approximately Bpr ~ 4 o . If we assume 
that the diameter of the induced transient grating is d8 = 10 J..Lm (see Section 
2.2.1 for details) , then the deterioration of temporal resolution is acceptable for 
the dynamics we want to study: 6.t ~ Bprd8 /c = 4.4 fs . 
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It is also possible to make the probe beam counter-propagating to the pump 
pulse as shown in Figure 22 (c). This arrangement combines merits of collinear 
and off-axis configurations. The probe beam can be easily sent collinearly to 
the pump beam which does not impose a limitation on the temporal resolution. 
The XUV radiation of the pump pulse is absorbed in a thin (~ 50 nm) layer, 
so the deterioration of temporal resolution due to counter-propagating pulses 
is negligible (~ 0.2 fs). However, this configuration has a serious disadvantage: 
the relatively strong non-diffracted probe beam goes to the objective which is 
focused by the concave mirror close to the convex mirror surface (~ 1.2 em) 
which might easily be damaged. 

To summarize the discussion above, the most appropriate configuration in 
our case turned out to be the off-axis one. 

3 Experimental setup 

3.1 The Terawatt laser system 

The high-power laser used in our experiment is based on chirped pulse am
plification (CPA) technique [31]. This technique allows arhieving intensities 
up to 1018 W jcm2 with a table-top laser system. The terawatt laser system 
(shown in Figure 24) used in this experiment delivers pulses of 30 fs duration at 
800 nm wavelength at a repetition rate of 10 Hz. For high harmonic generation 
a low-power arm which delivers a pulse with 90 mJ energy (~ 180 mJ before 
compression) is used. The beam diameter is approximately 50 mm. The actual 
pulse energy used in the experiment is much smaller and is adjusted by blocking 
part of the beam using a variable diameter aperture. Finally, only about a few 
mJ of infrared pulse energy is used to generate high harmonics. 

To avoid gain-narrowing of the pulse spectrum during amplification, an 
acousto-optic programmable dispersive filter (AOPDF) is used to make a dip in 
the spectrum of the oscillator seed pulse. The spectrum of the amplified pulse 
is shown in Figure 25. 

3.1.1 Pump pulse characterization 

High harmonic generation of reasonable efficienc.;y can only be achieved with 
ultra-short laser pulses [14]. Therefore, adjustment of the laser is a crucial 
part in our experiment. Longer pulses ionize the atoms of the high harmonic 
generation medium and no neutral atoms are exposed to the peak intensity of 
the pulse. Laser pulses were characterized using the Frequency Resolved Op
tical Gating (FROG) technique. FROG is an autocorrelator combined with a 
spectrometer. An iterative algorithm is used to match the pulse model to the 
measured spectrum at different time delays (so-called FROG trace). This tech
nique is capable of measuring the ultra-short pulse duration and spectral phase. 
For the measurement we used a device called "Grating-eliminated no-nonsense 
observation of ultra-fast incident laser light e-fields" (GRE~OUILLE) that has 
no moving parts. To measure the spectrum and achieve an auto-correlation 
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Figure 23: Illustration of the reduction of temporal resolution due to non
collinear pump and probe pulses. 
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Figure 24: The schematic of the Terawatt laser system. 
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Figure 25: A spectrum of the Terawatt laser pulse. 
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function a thick frequency doubling crystal is used. Different spectral compo
nents are phase matched at different angles. Therefore no dispersive element 
(grating or prism) is needed. One additional advantage of GRENOUILLE is 
that it is capable of measuring the spatial chirp [32] and pulse front tilt [33]. 

3.1.2 Alignment of the grating compressor 

A slight misalignment of the compressor may lead to big changes in angular chirp 
and pulse duration [34]. Angular chirp means that different spectral components 
of the ultra short pulse have slightly different propagation directions. When a 
laser pulse with significant angular chirp is focused using a lens, the different 
spectral components arrive at different lateral positions. Two phenomena occur 
that ultimately lead to intensity reduction in the focus. First, the focal point 
is elongated in the direction of the angular chirp. Second, the bandwidth be
comes narrower at each point of the focus leading to temporal pulse broadening. 
Therefore, special care must be taken while aligning the compressor. 

One of the techniques to measure the angular dispersion is a far-field mea
surement. If different spectral components travel at slightly different angles, 
they will arrive at different lateral positions in the focus of the lens and the 
beam spot size will be elongated in that direction. However, this method turned 
out to be not sensitive enough. Moreover, it is affected by the beam intensity 
distribution imperfections. The sensitivity of such a measurement is limited 
by the angular resolution of the imaging setup which is given by the Rayleigh 
criterion: 

. >.a 
sm (8) = 1.22 D (47) 

where B is the minimal angle that can be resolved, .>.0 is the central wavelength 
of the pulse and D is the diameter of the input beam. Note that once the spot 
size is larger than the pixel size of the camera, increasing the focal length does 
not improve the measurement precision. 

Another technique is the inverted field interferometer [34]. The basic optical 
scheme of such an interferometer is shown in Figure 26 (a). The basic idea of the 
method is that pulse interferes with its flipped replica. A retroreflector is used 
in one arm of a Michelson interferometer and a single mirror at almost 0° angle 
of incidence is used in another arm. A small angle in the vertical (different than 
that which is being measured) direction is introduced so that interference fringes 
are visible. If the pulse is tilted and the delay between two pulses is adjusted 
appropriately, fringes with high contrast will be visible only in a narrow stripe 
across the pulse as shown in Figure 26 (b). Once the compressor is aligned and 
the angular chirp is eliminated, the pulse can be perfectly overlapped with its 
replica as shown in Figure 26 (c). 

The measurement results using the inverted field interferometer are shown 
in Figure 27. A computer program was written that captures the interference 
pattern and calculates contrast of the image in the vertical direction in real 
time. A quantitative measure of contrast is given by: 
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I-+ BS 

(a) (b) (c) 

Figure 26: Schematic of an inverted field autocorrelator. (a) basic optical setup, 
(b) interference of tilted pulses (uncompensated angular dispersion), and (c) 
interference of a non-tilted pulse. 

V(x) = Imax(x)- l m.;n(x) 
l max(x) + Im.;n(x) 

( 48) 

where Imax(x) and Imin(x) are the maximum and minimum intensities in the 
lineout of the image at position x. 

3.1.3 Pulse duration measurement 

Pulse duration and temporal chirp were measured using the FROG technique. 
Figure 28 shows the comparison between the measured FROG trace and the 
simulat ion based on an iterative algorithm. 

The minimal (also sometimes referred as transform limited) pulse duration 
for Gaussian-shaped pulses is given by the relation: 

0.44 
Tmin ~ b.v ( 49) 

where b.v is the bandwidth of the pulse. To achieve the minimal pulse duration, 
the temporal chirp of the pulse must be compensated. The chirp of the pulse is 
adjusted by changing the distance between the gratings of the compressor. Pulse 
shape and temporal and spectral phase of the pulse after compressor alignment 
retrieved from the model are shown in Figure 29. The duration of the pulse was 
55 fs , which is longer than expected. This is caused by the relatively narrow 
( ~ 15 nm full width at half maximum) bandwidth of the pulse during the pulse 
duration measurement . After adjustment of the AOPDF, the bandwidth was 
increased up to 25 nm as shown in Figure 25 and the pulse duration is now 
expected to be ~ 33 fs. 

3.2 The flat field spectrometer 

The harmonic spectrum was observed using the fiat-field spectrometer. Its ba
sic optical schematic is shown in Figure 30. The spectrometer consists of a 
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Figure 27: Inverted field interferometer measurement results. Before alignment 
of the compressor, the interference pattern and the corresponding contrast curve 
shown in (a) and (c), respectively, clearly show the presence of pulse front tilt. 
After adjusting the compressor, the uniform contrast interference fringes are 
visible in (b) and (d) . 

Figure 28: FROG trace: (a) measured, (b) retrieved using an iterative algo
rithm. 
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Figure 29: FROG measurement data: (a) retrieved temporal pulse shape and 
temporal phase, (b) retrieved spectrum and spectral phase of the pulse. 
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Figure 30: A basic schematic of the fiat-field XUV spectrometer. 

;::::: 200 fJ.m entrance slit, a toroidal mirror , a reflection diffract ion grating and a 
multi-channel plate detector (MCP) . The entrance slit is located approximately 
at a 2 m distance from the gas cell. The focusing optical setup and the gas 
cell are the same as in the main experimental setup shown in Fig 14. A soft
ware program based on Lab VIEW records spectrum using a digital computer 
camera and processes it. A special diffraction grating with varying period is 
used to image the spectrum onto the fiat detector. Because of the relatively 
long distance between the gas cell and the slit , effectively a far field is imaged 
by the spectrometer. This makes it possible to measure the far-field spatial 
profile (divergence) of different harmonics. The resolution of t he spectrometer 
is estimated to be 0.2 nm. 

3.2.1 The calibration of the spectrometer 

The position on the detector (MCP) must be calibrated in order to get the 
correct wavelength scale. Fortunately, no additional measurement is needed and 
the calibration information can be extracted from the measured HHG spectrum 
itself. The reason is that a priori information is known about the HHG spectrum: 
the wavelength of each harmonic An is inversely proportional to the harmonic 
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number: An = .A.I/n and only odd harmonics are present in our case. Let 
us assume that the posit ion x on the detector is linearly dependent on t he 
wavelength: :1: = c.A. + c0 . To calibrate the, spectrometer t he posit ions of three 
adjacent harmonics were selected in relative units. The following set of equat ion 
can be written for two spaces between (n- 2)th, nth and (n + 2)th harmonics: 

(50) 

.6.xn- 2 = X 1 (-
1-- ~) 

n - 2 n 
(51) 

The harmonic number can then be expressed as n = 2(a + 1)/ (a- 1), where 
a= .6.xn-2/ .6.xn . 

3.3 Nonlinear effects in optical elements 

Due to t he high intensity of femtosecond infrared pump pulses and the rather 
large amount of material in the beam path (thick beam splitters, window into the 
vacuum chamber) nonlinear effects may play a significant role. In this section 
we study the influence of self-focusing in an optical element. 

Window of 
the chamber 

r 

Lln 

Figure 31: Self-focusing of the beam in t he window of the chamber. 

The beam profile can be approximated using a quadratic expression: 

(52) 

where 10 is the peak intensity, which can be expressed in terms of pulse energy 
Ep, pulse duration To and beam radius ro : 

(53) 
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Due to the Kerr effect, the induced phase shift is then proportional to the 
intensity-dependent refractive index n 2 : 

(54) 

where k1R = 2H/AJR is the wave number of the laser and dw is the thickness of 
the optical element. The effect can be compared to the phase-shift induced by 
a lens of focal length .fnt within the paraxial approximation: 

(55) 

From this we find that the nonlinear focal length is: 

.,.2 
.fnl = 0 (56) 

2n2dwlo 

By substituting expression (53) to (56) we find that 1/fnt :x r[5. If the original 
focal length of the focusing mirror is fP and distance to the window is Lw, then 
the focus position (with respect to the focusing mirror) of the combined two 
lens system is: 

f - f +L - ~~~ 
e- nl w fp + fnl- Lw (57) 

Let us estimate the shift of the focus at the gas cell due to self-focusing in 
the window of the chamber. The window of the chamber is made of BK7 glass 
of thickness dw = 1 mm and is located approximately Lw = 30 em away from 
the window of the focusing mirror. The intensity-dependent refractive index of 
BK7 is n 2 = 3.4 x 10-16 cm2 /W [35]. The intensity that corresponds to a pulse 
energy Ep = 10 mJ of duration To = 35 fs and 10 mm beam diameter at the 
window of the chamber (r0 = 5mm) is ! 0 = 3.6 x 1011 W /cm2 . According to (56) 
the nonlinear focal length is rather long fnt ;:::;: 100m. However, the shift of the 
focus calculated according to (57) C::,.j = .fP- .fe = 2.8 em is non-negligible. The 
accumulated phase shift due to intensity dependent refractive index (so-called B
integral) is B = n 2IadwkiR = 0.97 rad which implies that nonlinear effects may 
play a role in the optical setup. A plot of the shift of focus and of the intensity 
as a function of beam diameter is shown in Figure 32. These estimations suggest 
that nonlinear effects impose a limitation that prevents increasing the intensity 
of the infrared pump beam. 

4 Results 

4.1 The measurement of HHG spectrum 

A typical spectrum of the generated high harmonics to be used in the experi
ment is shown in Figure 33. It was measured using the fiat field spectrometer 
described in section 3.2. The cut-off can be seen at 27th harmonic. The 2Pt 
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Figure 33: Measured spectrum of the generated high harmonics. 



Figure 34: Two harmonic beam interference measurement using a XUV spec
trometer. 

harmonic peak that corresponds to the peak transmission of the Schwarzschild 
is intense, although less than the 19th and 23rd . 

The spectrometer is built in such way that the entrance slit is imaged onto 
the detector. The entrance slit is placed at a 2 m distance from the gas cell, 
which is much larger than the Rayleigh length of the harmonic beam. This 
effectively makes it possible to measure the spatial profile of the beam in the 
far-field in one dimension and the wavelength in the other dimension. This 
property of the spectrometer was used to observe the fringes of two harmonic 
beam interference pattern. The spectrometer separates each harmonic in space, 
therefore the high contrast fringes can be achieved. In order to test the two 
coherent harmonic beam generation in our setup, two infrared pump beams 
were focused to the gas cell at an angle. The measured r - ,\ spectrum is shown 
in Figure 34. The high contrast interference fringes were successfully obtained. 

4.2 Far-field measurements 

A sequence of far-field measurements was performed to study the beam prop
erties as a function of high-harmonic generation parameters. The intensity of 
the XUV beam was captured using a multi channel plate detector and a CCD 
camera. The XUV beam was sent through the Schwarzschild objective to filter 
the bandwidth so that only the harmonics that are actually used in experiment 
were measured. One aluminum filter was used to block the infrared radiation 
and the Schwarzschild objective was placed after the filter ( ~ 20 em before the 
multichannel plate detector). 

First , the effect on the high-harmonic generation efficiency due to reduced IR 
pump beam intensity was studied. For two XUV beam generation, the Michel
son interferometer was used to split laser beam into two beams as shown in 
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Figure 35: Far field intensity profiles of XUV beam generated using the full IR 
beam intensity. 

Figure 14. However, the intensity of each beam is only a quarter of the incom
ing beam which might affect the highly non-linear high harmonic generation 
process. A sequence of far field XUV beam profiles at different input beam 
diameters (adjusted using a variable diameter iris aperture) is shown in Fig
ure 35. Increasing the aperture diameter increases the intensity in the focus of 
the beam, because a larger amount of energy is transmitted through the aper
ture and the beam is focused more tight ly due to the larger beam diameter. The 
XUV beam shape looks distorted most likely due to off-axis focusing of the IR 
beam with a spherical mirror and nonlinear effects in the optical elements . T he 
maximum beam intensity is acquired for an input beam diameter d = 19 mm. 
Further increase of the IR beam intensity does not improve the high harmonic 
generation efficiency. 

Far field beam profiles acquired using a quarter of IR beam intensity are 
shown in Figure 36. T he beam was sent through the Michelson interferometer 
and one arm was blocked. Comparing to t he full intensity case, the XUV beam 
intensity dropped by a factor of 4 for an optimal input diameter d = 16 mm. 
The optimal diameter of the input beam has decreased comparing to the full 
intensity case. This observation is counterintuitive, because in order to reach the 
same intensity in t he focus with the smaller intensity of the input beam would 
require focusing it more t ightly. We attribute this discrepancy to the nonlinear 
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Figure 36: Far field intensity profiles of XUV beam generated using a quarter 
of the IR beam intensity. 

effects in optical elements and air. The self phase modulation effects described 
in Section 3.3 are highly intensity dependent and therefore they are insignifican 
when intensity is decreased by a factor of 4. The shape of the generated XUV 
beam is also much more regular in case of quarter of IR beam intensity. 

Moreover, two independent XUV beam generation was tested. Firstly, each 
interferometer arm was aligned and high harmonic generation was tested by 
sending the beams to the generation chamber one beam at a time. Two XUV 
beams of similar intensity were acquired as shown in Figure 37 (a) and (b). The 
two IR beams were displaced (as explained in Section 2.3.1) so that the XUV 
beams do not overlap before the Schwarzschild objective. Finally, two XUV 
beams generated using both interferometer arms are shown in Figure 37 (c). 
Also, the maximum angle between the IR pump beams was measured: max(Bp) = 
0.27 mrad, which corresponds to a focal point separation of 540 f.Lm in the gas 
cell. There is also some certain minimal angle between the two beams, because 
the spots must not overlap in the gas cell so that high-harmonic generation of 
the two beams is independent. 

4.3 Interference fringe pattern measurement 

Finally the interference pattern of two XUV beams was measured. The XUV 
beams were overlapped on the detector and the delay between infrared pump 
beams was adjusted to get the maximum contrast. The interference pattern and 
the corresponding lineout are shown in Figure 38. This result shows that it is 
possible to get a high interference fringe contrast using multilayer narrowband 
XUV optics and to avoid using a grating. 

The angle between the two infrared beams was chosen in order to achieve 
high contrast of the interference fringes while keeping as many fringes as possi-
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Figure 37: Demonstration of two independent harmonic beam generation. Im
ages (a) and (b) are captured by blocking one of the two HHG pump beams. 
Image (c) suggests that two beams are generated independently. 
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Figure 38: Two XUV beam interference pattern and lineout . 

ble in order to have a large diffraction angle. Increasing the angle between the 
two XUV pump beams deteriora tes t he contrast of the interference fringes and 
the optimal value of the interference fringe period has to be found during the 
experiment . In the high contrast interference fringe pattern shown in Figure 38 
six interference fringes are clearly visible. Although the XUV interference pat
tern was measured at a large distance from the focal plane of t he Schwarzschild 
objective, the number of interference fringes is the same as in the plane where 
the sample will be placed. In case of t he spot size ds = 20 fLm on the sample, the 
period of interference fringes is then equal to p= 3.3 J..Lm and corresponds to an 
angle of diffraction of the probe beam equal to 14°. T his angle of diffraction is 
large enough to separate a single diffraction maximum and to allow for easy de
tection. T he angle between the two IR pump beams was Bp = 0.089 mrad, which 
was measured from the fringe period Pir = 9 mm of the infrared interference 
pattern. The relation between the fringe period and t he angle between the two 
IR pump beams corresponds well t o the estimations described in Section 2.3.3. 
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5 Conclusion and outlook 

To summarize, in this work a measurement technique for the study of ultrafast 
electron cascade dynamics in diamond based on a transient grating is proposed. 
This technique would open a way to study high energy photon interaction with 
bulk material with unprecedented temporal resolution. An optical system de
sign and experimental parameter estimation were done, indicating the viability 
of the proposed technique. As a step towards implementation of the experiment 
the spectral filtering and focusing using the same optical element with multi
layer coating was successfully demonstrated and high-contrast, high-intensity 
interference pattern was obtained. 

The experiment is a large degree implemented already. The probe beam is 
set up and the three femtosecond pulses are overlapped in space and time. Also 
the detection part of the experiment is implemented. 
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A Schwarzschild objective parameters 

The Schwarzschild objective is a two spherical mirror concentric system. For 
convenience it can be analyzed as a conventional refractive lens. 

The ray matrices for the spherical mirrors: 

JlvfR1,2 = ( -~ ~ ) (58) 
R1,2 

The free-space propagation matrix between mirrors: 

Md = ( ~ Rl 1 R2 ) (59) 

The final ray transfer matrix for the objective is: 

(60) 

In our case, R 1 = -33.9 mm, R2 = 91.7 mrn. The parameters of the 
objective are listed in the Table 1. 
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Table 1: The Schwarzschild objective parameters 
Parameter Description 

du = D(A- 1)/C - B = R1 Distance from front principal 
plane to the convex mirror 

du' = (1- A) /C = R2 Distance from concave mirror to 
the rear principal plane 

d , = - A /C = R 2 (R 1 +2R,) Distance from concave mirror to 
F 2(Rt+R2) 

the rear focal plane 
f' = dF'- du' = -1/C = 2r~l:R2 ) Rear focal length 

An important feature is that both principal planes of the system coincide 
and are located at the center of curvature of both lenses. The Schwarzschild 
objective can be analyzed as a thin lens of focal length f' placed in the principal 
plane. A schematic of both mirrors is shown in Figure 39. 

~' I I 

CN I 

• 
I 1 F' I IR 

~ 
I I 
I I 
I du=-IRIII f' I 

du,=IR21 
Ill( ~I .. ~I 

uand u' 

Figure 39: Schwarzschild objective principal points. 

The Schwarzschild objective has the disadvantage that part of the incident 
beam is reflected back which significantly reduces its transmission. To avoid 
loosing the photons, we send the beam off-axis. The disadvantage in this case 
is the increased aberration. Due to the off-axis geometry, after the objective 
the beam travels at an angle. The angle at the center of the clear aperture 
was measured to be a 0 = 8.6°. Minimum angle Dmin = 6.2°, maximum angle 
Dmax = 10.9° as shown in Figure 40. From these angles the clear aperture can 
be calculated: da = f' [tan(amax) - tan(amin)] = 2.3 mm. This means that 
the input beam diameter should not be larger than da or otherwise it will be 
clipped. 

The numerical aperture is the difference of minimum and maximum accep
tance angles: NA =sin (amax- Dmin) = 0.083. From this we can estimate the 
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d 
a 

Figure 40: Minimum and maximum acceptance angles of the Schwarzschild 
objective. 

resolut ion limited by the objective in off-axis configuration: R = 1.22,\/ NA = 0.56 f-Lm 
(in case ,\ = 38 nm). 

B Focal length of the two-lens optical system 

Generally the path of a ray through an element can be described using ray 
transfer matrix formalism. The transformation of beam angle and position is 
expressed using the so-called ray transfer matrix: 

(61) 

Free space: 

(62) 

lens: 

(63) 

To get the system mat rix, the matrices of two lenses and free space propaga
tion must be multiplied in the reverse order. The Mt2 is the ray transfer matrix 
of the first lens of focal length h and Mt2 is the matrix of the second lens of 
focal length h which is at distance d from the first lens. 

Effect ive focal length: 

( 
1- A_ 

h 
d-ft -h 

hh 
(64) 
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!' = -~ = hh 
c h+h-d 

(65) 

Distance to the focus from the last lens: 

A Ji 
dF' = -- = h- ---'---=---

C h+h-d 
(66) 
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