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Abstract

Advancements in laser science and technology enabled the development of ultra-
short laser pulses and the production of XUV isolated and train of pulses. These scien-
tific and technological breakthroughs lead to the investigation of ultrafast phenomena
and strong-field physics, including non-linear phenomena between laser pulses and
atoms. Multiphoton ionization as a non-linear phenomenon requires high laser pulse
intensity to be observed. Short-pulse duration, coupled with high energy per pulse (pj
order) and an appropriate focusing element is the perfect combination for achieving
high intensities (above 10" W /cm®) for multiphoton ionization, which is essential for
pump-probe studies on the XUV regime. However, focusing XUV radiation is not triv-
ial, due to the radiation’s high absorption in commonly used optical materials. This
leads to totally avoiding refractive optics, and using reflective optics to steer and focus
an XUV beam. Two of the most common approaches employed on this matter are
spherical gold or multilayer mirrors in near-normal incidence. Nonetheless, limitations
arise due to the angle of the radiation that strikes the spherical mirror (to avoid spheri-
cal aberrations, coma and astigmatism) and the relative low reflectivity of multilayer
mirrors for broadband range radiation. Another solution to this problem is the choice
of a pair of gold-coated toroidal mirrors, used in near grazing incidence which can fo-
cus the XUV beam and minimize the aberrations. This thesis contains the procedure of
the development and characterization of an experimental setup that uses a pair of
toroidal mirrors mounted on a hexapod robot device to focus a IR beam and a XUV
beam. Our goal was to find the optimum, experimental parameters for achieving the
minimum spot size (with minimum aberrations) for an IR beam. It also contains simu-
lations of the setup using Zemax, combining methods of ray tracing and physical op-
tics.
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1.Introduction

1 Introduction

Isolated attosecond pulses or attosecond pulse trains can be produced by bursts of
coherent EUV radiation generated by means of high harmonic generation [1,2]. The
photon energies of EUV radiation range approximately between 10eV and 124eV
where many atomic resonances can be traced as shown in figure 1a, 1b. Due to the
strong absorption of the EUV in the matter, refractive optics are not appropriate to be
used in this range of radiation. In figure 1c is shown the attenuation levels for some
common materials used in optical lenses. There have been some efforts to develop re-
fractive optics for EUV radiation, using rare gasses to focus the beam produced by
HHG [3], but this method is not practical in a typical experimental setup (control of
the backing pressure of the jet and the gas density gradient, use of specific gas, etc).
Another options are diffractive optics such as Fresnel zone plate [4] and reflective op-
tics like metal coated or multilayer mirrors of various shapes (spherical, toroidal, ellip-
soid, etc) [5]. Fresnel zone plates typically suffer from low reflectivity and chromatic
aberrations that limit the minimum achievable spot size [6,7]. Some of the most com-
mon solutions are the implementation of a reflective spherical mirror [8,9] (metal or
multilayer), or gold coated toroidal mirrors, in pairs [10].
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Figure 1: a) K-edge absorption lines for some common chemical elements for photon energies between
10 and 80 eV [11]. b) L-edge absorption lines for photon energies between 1 and 11 eV [11]. c)
Attenuation length for materials that are used for manufacturing optical lenses for UV and IR
applications [12], [13].
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1.1 Spherical mirrors for XUV focusing

Spherical-shaped mirrors are one of the most broadly used types of optics that can
handle and focus the XUV radiation. The two big categories of spherical mirrors are
metal (Au, Silver, etc) or multilayer. Both types are prone to monochromatic aberra-
tions, which can be described based on third-order aberration theory. These kinds of
aberrations are called Gauss-Seidel aberrations and spherical mirrors typically can
suffer from spherical aberration, coma, astigmatism.

1.1.1 Third Order aberration theory for spherical mirrors

First, we will calculate the Gauss-Seidel aberrations for a spherical mirror based on
the third-order aberration theory [14]. In figure 2 can be seen, a spherical mirror with
rays starting from the object and traced to the spherical mirror surface. After reflection
from the spherical mirror, the rays are forced to converge to the paraxial focus, regard-
less if they would physically end up there.

Y
Spherical

X - mirror
Paraxial
Focus

e

Principal
Optical
Axis

]
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Object

Figure 2: Ray trace for a spherical mirror, where the rays are forced to converge to the paraxial focus
dfter the reflection from the last spherical mirror surface. The distance of the object is u from the
spherical mirror surface and the distance of the paraxial focus image is v.

The position vectors of the rays in the object, mirror surface and image are equal to:

Object vector: po,=—ub i-uk.
Surface vector: f)Ms:rXf+rYj+[(r2/2 R|+[r'/8 R3)]l;.

Image vector: Py,.=-v0 j+v k.
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The —u is the object distance, v is the image distance, Iy is the distance of the projec-
tion of rays on the spherical mirror surface to the x axis, the same holds for ry but for

the y axis. The r is equal to r =yr; +r; and R is the radius of the spherical mirror.

The total path that rays follow from object to the paraxial focus is equal to:

D :\/(ﬁXMs - f)XObj)z"'(_pYMs - _pYObj)Z-I-(ﬁXMs - ﬁxot;j]z

+ \/(f)XIma - _IBXMs)Z"' (ﬁYMs - _pYObj)2+(_pXIma - l_iXMs)2:>

which after some calculations @ is equal to:

®=12r ub+ub 4P+ 1+u/R|r*+(1/4 R +ul4R’|r* +r° 18R +1° /64 R®
+y2r VO+(VO +v +(1 - vIR|r*+[1/4 R ~v 4 R*|r*+r°/8 R*+r"/64 R®

Then we drop the r®, r® terms as part of the third-order aberration theory, and we keep
only r* terms and below:

@%ux/1+2ry9/u+92+(1/u2+ 1/uR)r2+(1/4u2R2+1/4uR3)r4
+V\/1+2 ryG/v+92+(1/v2— 1/VR|r*+(1/4Vv* R* - v/4 vR3)r4

The r*, u®, v’ are the paraxial terms which, we will not consider in order to study the
aberrations. We will concentrate on the rest of the terms by calculating the square roots
by applying the binomial approximation (v 1+x=~1+x/2) and combining the results
with the thin lens equation 1/u—1/v=-2/R, we get:

@, =—1/(4R)(1/u+1/R/*r* (Spherical Aberration),
®@co=—1/R[1/u+1/R|r’r,0 (Coma),

@ ,s=-|1/R]r;, 6 (Astigmatism),

®.-=0 (Field Curvature).

These formulas, practically mean that spherical aberration increases as the r* term in-
creases, or the rays hit further away from the center of the spherical mirror. Both coma
and astigmatism increase by increasing the incidence angle 0 of the rays with the sur-
face of the spherical mirror. Examples of these aberrations can be seen in figure 3. All
these aberrations can reduce the intensity of the focused beam, increase the duration of
an attosecond pulse, or even create double pulse front. Such alterations can affect the
resolution of pump-probe experiments, cause unwanted double excitations etc [15].
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Figure 3: Ray trace and spot diagrams on the focus of a spherical mirror. a) Spherical aberration
pattern where the rays’ spots, make circles of different sizes around the central spot. b) Coma
aberration pattern where the rays’ spots have a comet-like shape. c) Astigmatism pattern where
tangential and sagittal foci are in different positions around the focus area.

1.1.2 Reflectivity and different types of spherical mirrors

The reflectivity of a spherical mirror (or any reflective optical element) depends on
two important factors. The first one is the angle of incidence (the angle between the
rays of light and the line perpendicular to the surface at the point of contact).

The reflectivity of the surface which is surrounded by air is equal to:

R,= |cos 0- \n? —sin? (p‘z/ | cos q;+\/ n - sin2(p|2 (perpendicular to the surface polariza-
tion)

R,= In cos @ —n® - sinz(p‘zl | cos g +n” - sir12(p|2 (parallel to the surface polariza-
tion)

The reflectivity plot for a thin film of Au can be seen in figure 4, from which we can
conclude that as the incidence angle approaches 90° the reflectivity increases. This is
the basic principle for grazing incidence optics. Usually, the coating can be as simple
as a thin film of Au which can achieve 10%—20% reflectivity in near-normal inci-
dence for photon energies of 10eV [16]. More complicated coatings can be used in
order to achieve higher reflectivities for certain photon energies. Periodic multilayers
can be used where layers of combinations of 2 or 3 materials are deposited on a type of
glass substrate (BK7, SiO, etc), and they offer higher reflectivities 20%—40% for
photon energies between 31eV —34eV [17]. Aperiodic multilayers can also be used,
and they offer lower reflectivities 15%—20%, for a broadband radiation of
35eV—50eV appropriate for handling XUV pulses [18]. Examples of such multi-
layer coatings can be found in figure 5.
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c) Angle-Reflectivity Plot (800 nm wavelenght)
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Figure 4: Angle of incidence 0 for a ray with a) S polarization b) P polarization. Reflectivity of a thin
film of Au based on experimental measurements [19], while changing c) angle for 800 nm wavelength
d) wavelength for a five degrees incidence angle.
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Figure 5: Examples of a) aperiodic multilayer mirror where different stacks of layers are interchanged
[18] b) periodic multilayer mirrors [17], made from repeating layers of 3 different materials, Bo, Mo,
B.C.

1.1 Toroidal mirrors and grazing incidence optics

Spherical mirrors have a couple of limitations when used in an experimental setup
involving EUV radiation. First, big aperture beams should be avoided in order to mini-
mize spherical aberration. Second, the laser beam should be reflected in nearly-normal
incidence angle in order to avoid coma and astigmatism. A combination of nearly-nor-
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mal incidence angles, lead to low reflectivities even when used in pair with multilayer
coatings for broadband radiation. But how, do you achieve high reflectivities for a
broadband radiation while avoiding the different types of monochromatic aberrations?
The answer is pairs of optics in combination with grazing incidence angle to achieve
very high intensities and fix optical aberrations [20].

1.1.1 Wolter optics and Abbe condition

Generally, the refractive index can be expressed as n=1—3§—if3 where ¢ is the
phase change and f expresses the absorption. Both §, [ are functions of photon’s
wavelenght and the radiation can be totally reflected for grazing angles lower than
cos(a,)=1—¢& [21]. In reality, there is still some absorption as the 8 does not vanish
and there are specific absorption lines for each chemical element. Every optical sys-
tem, as complex as It is, can always be described by only two planes which are called
principal planes where the magnification is unity [14], as can be seen in figure 6a. An
imaging system free from aberrations can be described by the Abbe condition that can
be expressed simply as d/sind@=f where f is the focal length, d is the distance
from the principal optical axis and 0 is the ray’s angle with the optical axis as can be
seen in figure 6b. In simple terms, Abbe condition means that the principal image
plane should be a spherical surface, in order for paraxial rays to have the same dis-
tance from the focus, as can be seen in figure 6¢. For a single optical surface, the prin-
cipal image plane is the same as the optical surface. For example, a spherical optical
surface can meet this condition as shown in figure 7 but the same is not true for an el -
lipsoidal surface [21].

The solution is to use two-mirror systems [21, 22] of various types such as ellipti-
cal, hyperbolic, parabolic mirrors in order to minimize aberrations and losses from re-
flections. Those types of systems are known as Wolter optics configurations and an ex-
ample of such configuration can be seen in figure. In practice, in the place of the ellip-
soidal mirrors we can use pairs of toroidal mirrors, which are easier and cheaper to
manufacture [5]. The surface of a toroidal mirror is equal to the surface of the outer
part of a torus, which can be approximated by an ellipsoid like in figures 7a, 7b [23].
The toroidal mirrors have two different radius for tangential (the plane which includes
both optical axis and the normal to the mirror surface) and the sagittal plane (normal to
tangential plane, and It also includes the optical axis). Each radius can be set indepen-
dently in order to minimize astigmatism and the focal length for each plane is
f:=R;sinB/2 (tangential) and f =R /2sinf (sagittal). For the previous formulas,

R;, Ry are the radius for tangential and sagittal planes and 0 is the grazing angle.
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Figure 6: a) Principal plane for an arbitrary system where the paraxial rays are focused on the second
focal point. b) Example of a reflective optical surface which coincides with the principal plane. c)
Example of a Wolter optics configuration with an ellipsoid and a hyperboloid mirror.
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Figure 7: a) A graphic example of a torus inside an ellipsoid, which indicates that the outer part of the
torus surface can be a good local approximation for the ellipsoid. b) A plane section of the torus and the
ellipsoid of the figure a. c) A pair of toroidal mirrors where the tangential and sagittal plane and their
radii are shown.



2. Simulations of the experimental setup using Zemax

2 Simulations of the experimental setup using Zemax

In this chapter, we will discuss in detail the procedure that we followed in order to
simulate the optical system that we used in the laboratory to focus the IR pulses of
800nm central wavelength and 24fs duration [24]. The optical system that was
used, is a pair of gold-coated toroidal mirrors manufactured by THALES SESO. For
the analysis of the system, they were used both ray trace and physical optics propaga-
tion modules of the Zemax. Our goal was to analyze the aberrations, due to misalign-
ment and the tilts of the toroidal mirrors.

2.1 Basics of Zemax ray tracing and physical optics propagation
modules

The basic working principle of the Zemax is based on optical surfaces. Zemax can
be used with two modes, the first one is the sequential mode and the second one is the
non-sequential mode. In the sequential mode, the rays trace strictly from surface 1, to
surface 2, to surface n" in order to describe the optical system. In the case of the non-
sequential mode rays follow the laws of reflection and refraction and can trace to any
surface, or three-dimensional objects without any particular order. So, how do we de-
sign an optical system in Zemax? First, we choose an appropriate surface for each op-
tical element. Then, we add an aperture for each surface and choose the material after
each surface. Finally, we add a coating for each optical surface. Materials and coatings
have certain optical characteristics based on the refractive index for each wavelength.
A graphic example of the procedure can be seen in figure. In our case, our optical sys-
tem contains 5 surfaces, as can be seen in figure 8a.

The rays start from the image plane and follow their path through the object stop
(controls the illumination of the object). In the figure we can see, the chief ray (the ray
that passes through the center of object stop) and the marginal ray (the ray that passes
from the sides of object stop). The chief ray has a 5° grazing angle with the first
toroidal mirror surface. The object aperture has a 6 mm diameter, just enough for the
rays to illuminate the surface of the first toroidal mirror. The toroidal mirrors are made
from a biconic toroidal surface with a rectangular aperture ( 70mmXx10mm ) and with
radii 22.54mm (sagittal, Radius 1 figure 7c), 16140mm (tangential Radius 2 figure 7
c). For the second toroidal mirror the aperture is the same as the first one, and with
radii 280mm (sagittal, Radius 1 figure 7c), 37000mm (tangential, Radius 2 figure 7
¢). Underneath the toroidal surface is used a material with the name MIRROR, which
has reflectance R=1. The coating on the surface which is applied is a 170nm thin
film of Au, in which the refractive index is obtained from [19] for a wavelength
Ar=800nm . The refractive index for the XUV radiation was calculated from the

scattering factor of Au for the 13" harmonic A, ;,=61.54nm and the 25" har-
monic Ay, o =32nm , of the IR field produced by high harmonic generation. Also

the reflectivities of Au for different angles of incidence and for the 13" and 25™ har-
monics are shown in figure 9. The refractive index is calculated from the scattering
factors and is given from the formula, n=1-n,r,A*/[(27)(f}—if3)] [11] where the

n,~5.76-10°* atoms-cm > is the atomic number density, the r,~2.82-10""°cm is the
classical electron radius, the f;=5.25 (e-atom™') is the real part of the atomic scat-
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tering factor and f5=15.74 (e-atom ') [25] is the imaginary part of the atomic scat-
tering factor. The XUV refractive index is then equal to n,, ;,~0.49—1.54i . The
refractive index of Au for the XUV radiation was also calculated for the 25" harmonic

Axuy psm=32nm and is equal to N yuy (o5 ~0-45—0.291 .
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Figure 8: a) Steps to follow in order to design an optical element. First, we choose a biconic toroidal
surface (step 1), with a rectangular aperture (step 2). Then we add a MIRROR type material (100%
reflectivity) underneath the surface (step 3). Finally, we add a gold coating with a thin BK7 substrate.
b) A graphic visualization of the experimental setup’s ray trace.
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Figure 9: Reflectivity of Au for different angles of incidence for a wavelength a) 61.53 nm (13"
harmonic). b) 32 nm (25" harmonic). For the 13" harmonic, the reflectivity for Au is overestimated due
to uncertainties in scattering factors values taken from reference [25].



2. Simulations of the experimental setup using Zemax

2.1.1 Ray tracing versus physical optics propagation

Ray tracing calculations are based on the propagation of light in straight lines
which are normal to the surface of the wavefront (constant phase surface) like in figure
10a. The rays are always propagating in a straight line which limits their application
during focusing (they cannot predict with accuracy the intensity profile of the beam
near the focus like in figure 10b). Also, for a collimated beam (with minimum diver-
gence, but still expanding due to diffraction), the rays that describe the propagation of
the beam are parallel between them and won’t describe the slow expansion, like in fig-
ure 10b. However, the distribution of the rays can express the beam profile with good
accuracy in the far-field [26]. So, where does the link between wave optics and ray op-
tics comes from? First, let U(F)=a(7)exp[—jk,S(7)], be the complex amplitude of
a monochromatic wave inside a medium with refractive index n. The product of

—k,S(7) is equal to the phase of the wave, which for a surface where
S(7)=constant is by definition a wavefront. The complex amplitude is then substi-
tuted to the Helmholtz equation VU’+k’U=0 which leads to two equations
K[n*—=|VSFla+V?a=0 (real part) and —k,(2V S-Va+aV’S)=0 (imaginary
part). From the imaginary part we get the equation |V SF=n*+(A/(2n))(V’a/a)
which is approximately equal to |V Sf~n’, if we neglect the second term (
(A,/(2m))*(V?ala)< 1) [27]. This equation is called Eikonal equation from which

can be derived the Fermat principle [28]. The Fermat principle, is essentially the basis
for ray optics.

a) b)

Distributed

«— Paraxial Rays

Far Field Image

/

Wavefronts
Collimated Beam

Wavefronts

Figure 10: a) Depiction of rays, and wavefronts produced from a point source of light. The rays are
always normal to the surface of the wavefronts. b) Collimated Gaussian beam, described by a set of
rays with a Gaussian distribution, focused from a thin lens. The rays converge to a point instead of
forming an Gaussian distribution at the focus, as one would expect from wave optics. ¢) Graphic
example of a beam wavefront as It expands due to diffraction. As Z, increases compared to Z; and the
Z.;; becomes smaller. Also A the radial beam size gets bigger and the beam is considered to be in the
far-field (Fresnel number increases, comparing between Z, and Z;).
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On the other side, physical optics propagation works by calculating the electric
field of the beam, based on one parameter called Fresnel number. Fresnel number can
be simply expressed as F, = A’ /( )\Zeff) where A is the radial size of the beam and
Zeff:(Z \—Zy)Z,l Z, , where Z, is the radius of a wavefront for a reference point and
Z, is the radius of the wavefront in the spot of the observation point like in figure
10c. As a rule of thumb, if 1<F <oo then the beam is considered as being in the near
field compared to the reference point. On the other hand, if 0<F, <1 is considered as
being in the far-field [29]. Based on the Fresnel number calculations, Zemax chooses
the appropriate algorithms to calculate the propagation of the beam. For a large Fres-
nel number the angular spectrum propagation method is used to calculate the beam pa-

rameters as It propagates through the optical system. For smaller Fresnel number, an
algorithm based on Fresnel diffraction is used.

2.1.2 Fresnel diffraction and angular spectrum propagation

For the basis of the angular spectrum propagation we start from a plane wave like

. k2 k,-
in figure 11a. The equation for the plane wave is e'*“=e'*” where k is wave vector

which is normal to the wave fronts and z the local axis. The direction of k is indicated
by direction cosines «, f, y which satisfy the relationship a’+B*+y°=1. The
value of the wave number is given by the formula k2:k§+ki+ k2=
kZ:k\/l—(kX/k)2+(ky/k)2:>kZ:k\/1—0(2— ?. So the equation for the plane wave
becomes etz gk #1170 olk? gk HF2 ef'“(" *#)”2 \which simplifies by consid-
ering that k vector has a small angle with z axis and by dropping the e'** term. The
final result is the transfer function of a plane wave inside homogeneous media. Now
the transfer function can be rewritten using the spatial frequency variables &, n
which are connected with the direction cosines through the relationships a=A¢ and
B=An as e*ikz(a2+ﬁz)/2 efikzxz((a/x)ﬁ(p/z)z)/z efin)\z(fzﬂf) eﬂ'n;\zpZ The frequency vari-
ables, are 1ntroduced through the Fourier transform of the electric field, of the beam

E(x,y)= _f _f G(&,n)e™* " g&dn . So the calculation of the electric field for a dis-

placement Az can be calculated by first applying the transfer function to G(§,n) and
then using reverse Fourier transform to calculate the electric field after the displace-
ment. This can be summarized in one line as PTP(E,Az)=FF '[T(Az)G(&,n)],
where PTP is the plane to plane operator, FF " is the reverse Fourier transform and
T(Az) the transfer function [29,26].

For the Fresnel approximation we begin by defining two parallel coordinate sys-
tems, XYZ and X'Y'Z with common Z axis and distance z between them. We start

from the Huyghens-Fresnel principle U(P,) f f U (P,)exp(ikr,,)cosf/ryds in

order to calculate the wavefield across X 'Y’ Z plane. P, is a point of the X'Y"'

plane, P, a point of XY plane, cos0=z/r,, and ry=yz+(x'—x)+(y'—y)* the
distance between P, and P, like in figure 11b. The integral can be expressed based

on x,y and x',y' coordinates as U(x',y’)=§ffU(x,y)exp(ikrm)/r(zndxdy.
X

11



2. Simulations of the experimental setup using Zemax

The previous expression can be further simplified by applying binomial expansion as
ro =2V 1+ [(x = x)2P+{(y =y )l 2P~z [1+(112)[(x = x)/2F+(112) ('~ y)/2F]
This approximation results in an expression for the wavefield, that is equal to
ikz 2 2 L . 2 2 . . ,
E(X r’ y '):.e)\—eikZ(X' +y )/(22)_[1‘ E(X,y)elk(x +y )/(ZZ)e—IZH(xx +yy )/()\z)dx dy and Tt used by
iAz 2%
the algorithm to calculate the electric field [26, 30].

a) b)

Y N Y X Y . X
X V o
/ Z
o Lo \
k \\ Yo Z
Y ~ .Z 0

7 P,
Z

Figure 11: @) Plane wave with k vector normal to the wavefronts indicating the direction of propagation
with, direction cosines a, B, y for x, y, z axis respectively. b) Two parallel coordinate systems XYZ and
X’Y’Z with common Z axis and Py, P; points of X’Y’, and XY planes respectively.

2.2 IR and XUV beam parameters

Zemax takes as input the beam size at the starting surface of the beam propagation
(which is chosen by the user) and the half angle divergence at the far field [26]. In the
simulation was used a Gaussian beam and the parameters were determined based on
the experimental setup that was used in the laboratory.

2.2.1 Experimental setup and beam parameters determination

In order to to calculate the initial conditions of the beam, we need to examine a
simplified view of the experimental setup used inside the laboratory. The experimental
setup can be seen in figure 12a. The laser pulse, follows a path from a silver flat mir-
ror, to a gold spherical mirror of f,,~9m focal length, with a very small angle of in-
cidence (around 3°). In the region of focus of the spherical mirror, there is a gas-jet
target from which the XUV pulse is produced through high harmonic generation. The
input for the simulations of the beam with Zemax depends on the size of the beam on
the spherical mirror, which can be controlled via an iris before the spherical mirror.
Before continuing let us make a small introduction to the Gaussian beam. The spatial
intensity of a Gaussian beam is given from the relationship
I(r,z)=1I,(wo/w(z)Pexp(—2r*/w(z)?), where w(z)=w,\1+(z/z,} is called beam
radius, z is the distance from the focus of the beam, I, is the maximum intensity at
the center of the beam at the focus, r is the radial distance from the center of the

12



2. Simulations of the experimental setup using Zemax

beam [26] as can be seen in figure 12b. The starting surface of the beam inside the
simulation is located at distance d,+d,=5800mm from the spherical mirror as can be
seen in figure 11a, with a total distance d,+d,+d,+d,=6000mm (total distance, until
the beam reaches the first toroidal mirror). For the IR beam a beam diameter (or full
width at 1/e*, or 2w(z)) of Dy =2Wsy(r) Was estimated based on the experi-
mental conditions of the next chapter. The divergence 8 of the beam (see figure 12b)
on the far field is approximately 6 ,~wg, /sy, which results in a diameter on the
starting surface Dgg 5 ~2 0,x(d,+d,) . With a similar thought process for the XUV
beam we calculated the parameters, which now depend on the fundamental IR beam
which has different characteristics compared to the previous one (IR beam) in order to
produce the XUV beam through HHG. Generally, the divergence of the XUV beam
depends of different factors such as the wavelength and the waist of the harmonic, the
trajectory coefficients, etc [31]. For the XUV beam, the resulting divergence is
0 ~Wsur/fsu and 0,,,~0,/\(q,;) , where q; is the effective nonlinearity coef-
ficient [32]. So, the diameter of the XUV beam at the starting surface is
Dy xuy)~20xuv(d,+d,) . The polarization of the beams, is parallel to the surface of

the mirrors (p polarization). In the table 1 are shown the most important parameters,
for the simulations.

Table 1: Basic parameters for the simulations of the experiment

Without HHG
}\ 29 Ds|v| Dss qeff
(nm) (mrad) (mm) (mm)
800 1.11 10 6.44 -
With HHG
)\ 26 DSM Dss qeff
(nm) (mrad) (mm) (mm)
800 2.78 25 16.11 -
61.54 1.39 - 8.06 4
32 131 - 7.59 4.5
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a) b) e

Focus (distance z)
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Figure 12: a) Simplified view of the experimental setup, where the IR beam follows a path from the flat
mirror to spherical mirror which focuses the beam on the gas jet target in order to achieve HHG and
produce an XUV beam. Then a silicon plate steers the beam to a circular aperture after which is
microfocused from the pair of toroidal mirrors. d; is the distance from the focus of the beam to the
silicon plate, d, from the silicon plate to the surface where the simulation begins, ds from the starting
surface of the simulation to the circular aperture and d, from the circular aperture to the first toroidal
mirror. b) Depiction of the basic parameters, of a Gaussian beam. Here is shown, the divergence 0, the
intensity profile on the focus of the beam with maximum intensity Io, as well as the profile of the beam in
a distance z.

2.3 Simulation with Zemax results and analysis

Before proceeding with the results of the simulations, let us make a brief introduc-
tion in order to describe the movement of the toroidal mirrors. The toroidal mirrors are
packed inside a metal housing, like in figure 13c. This is very important because the
optical system is very sensitive and the angle and the distance between the toroidal
mirrors should be kept intact. The toroidal mirrors movement is controlled with the
help of a hexapod robot device (further details on the next chapter), on which they are
mounted. The hexapod, allows to control the tilts U,V ,W and the parallel move-
ments X,Y,Z along three orthogonal axis as can be seen in figure 13a and figure
13b. The simulations are essentially separated in two parts. The first part, is a scan
through the focus for both IR and XUV beams for the optimal parameters, which is
simply, a grazing angle of 5° for the incident beam, with the surface of the first
toroidal mirror. The second part is a study of the aberration due to the misalignment of
the beam with the system of the toroidal mirrors. The intensity of the beams is mea-
sured in units of the maximum intensity at the center of the beam at the starting sur-
face. For, example if the beam has 100a.u. (arbitrary units) at the focus, It means
that is 100 times the intensity at the center of the beam, at the starting surface. The fo-
cus of the XUV and IR beams that was calculated based on ray tracing is equal to
498.936 mm measured from the center of the second toroidal mirror. The focus is the
same for both of the beams, based on ray optics because the rays only reflect from the
toroidal mirrors (reflection law doesn’t depend on wavelength). In figure 13d can also
be seen the the spot diagram through the focus of the beam. The elliptical shape of the
rays’ spots distribution is indicating that the beam is astigmatic around the focus.

14
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<- Defocus in pm ->

Through Focus Spot Diagram
T

Figure 13: a) W, Y, Z tilts of the system of toroidal mirrors, around x, y, z axis. b) Parallel movements X,
Y, Z along x, y, z axis. ¢) Metal housing inside in which the toroidal mirrors are kept in order to be
perfectly aligned and the angle and the distance between them be kept intact. d) Spot diagram through
the focus of the beam. The oval shape of the rays’ distribution reveals that the beams is astigmatic
before, and after the focus.

2.3.1 IR beam through the focus scan

In the figure 14a, is shown the images through the focus for an IR beam based on
the parameters of section 2.2.1. The full width on the images refers to the 2w(z)
(beam diameter). The distance for each image is measured from the center of the sec-
ond toroidal mirror. The analysis of the beam is done, by taking the line out along the
two orthogonal x',y' axis, of a plane perpendicular to the beam direction. By fitting
the data in figure 14b, the results of the simulations are shown in table 2. The maxi-
mum intensity is I,,(goomm=1.9 10°a.u. .

Table 2: Results for the simulation of the IR beam (800 nm)

Dy.(pm)

Dy.(pm)

Zpy(mm)

Zgy-(mm)

f x-(mm)

fy.(mm)

129.9+0.4

130.98 £ 0.43

39.2+15

424+20

495.98 £ 0.31

4954+ 0.4
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Figure 14: a) Beam profiles of the IR beam (simulations), through the focus. The distances are
measured from the second toroidal mirror. b) Plot of the beam diameter for x’ and y’ for different
distances from the second toroidal mirror.

2.3.2 XUV beam through the focus scan

The figure shows the profile of the XUV beam through the focus based on the pa-
rameters of section 2.2.1. The calculations were done for the 13™ harmonic and the re-
sults of the simulations are shown in table 3. The results were acquired by fitting the
data of figure 15b. The maximum intensity is I max(61.54nm):3.9-105a AU .
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Table 3: Results for the simulation of the XUV beam (61.54 nm)

Dx'(ﬂm) DY'(IJm) ZRX'(mm) ZRY'(mm) fx’(mm) fY'(mm)
9.38+0.40 9.44+0.22 1.97+0.24 2.13+0.16 499.4+0.1 498.7+0.1
a) 500 501
mm
497 498 498.5 ;‘3: 4219”'15 mm

|
(0} i °
|

b)

|
0
|
|

Distance - Diameter Plot

18 1

Diameter (um)
= =
IS o

[y
N
1

10 1

— fit X'

O Diam X'
— fitY'

O DiamY'

496

497 498

499 500
Distance (from the second toroidal) (mm)

501

|

Figure 15: a) Beam profiles of the XUV beam (simulations) for the 13" through the focus. The
distances are measured from the second toroidal mirror. b) Plot of the beam diameter for x’ and y’ for

different distances from the second toroidal mirror.

The same calculations were done also for the the 25" harmonic. The beam profiles are
shown in figure 16a and the results from the simulation are shown in table 4 (by fitting
the data in figure 16b). The maximum intensity is 1,3y nm=1.3- 10°a.u. .

Table 4: Results for the simulation of the XUV beam (32 nm)

Dy.(pm)

Dy.(pm)

Zgy(mm)

ZRY'(mm)

fx-(mm)

fy.(mm)

44+0.8

39+15

0.65+0.17

0.53+0.28

499.2+0.1

498.8 + 0.2
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Figure 16: a) Beam profiles of the XUV beam (simulations) for the 13", through the focus. The
distances are measured from the second toroidal mirror. b) Plot of the beam diameter for x’ and y’ for
different distances from the second toroidal mirror.

2.3.3 Misalignment and aberrations for the IR beam

Based on the focus position that we calculated on 2.3.1 section for the IR beam, we
now calculate the beam profile aberrations due to misalignment of the mirrors in rela-
tion with the beam. So, we change the tilts values, from their optimal values in order to
see the effect on the beam profiles. Before proceeding with the results of the simula-
tions, let’s discuss some simple thoughts on the aberrations due to misalignment with
the incoming beam. X and Y movements are not expected to insert additional aber-
rations to the system, because they only change the position where the beam strikes the
surface of the mirrors. V tilt moves the whole focus position but does not change the
shape of the beam. This is confirmed both experimentally (please see chapter 3) and
from the simulations. So we will concentrate, only to the effect of the U,W tilts and
Z movement. From the figures 17a, 17b, 17c, 17d, we observe that AU ,AW tilts
change the beam profile to a star shape and add astigmatism. The figures 18c, 18d
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show that AZ movement adds also astigmatism. There is no substantial drop in the in-

tensity of the beam.
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Figure 17: Image of the IR beam on the focus for a) AU=-0.3 deg (deviation from the optimum value),

b) AU=0.3 deg, c) AW=-0.3 deg, d) AW=0.3 deg.
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Figure 18: Image of the IR beam on the focus for a) AZ=-1 mm (deviation from the optimum value), b)
AZ=1 mm.

2.3.4 Misalignment and aberrations for the XUV beams

Based on the focus position that we calculated on 2.3.2 section for the XUV beams
("13™ and 25" harmonics), we now calculate the beam profile aberrations due to mis-
alignment of the mirrors in relation with the beam. So once again, we change the tilts
values, from their optimal values in order to see the effect on the beam profiles the re-
sults are shown in figures 19, 20.
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Figure 19: Image of the XUV beam (13" harmonic) on the focus for a) AZ=-2 mm (deviation from the
optimum value), b) AZ=2 mm.
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Figure 20: Image of the XUV beam (13" harmonic) on the focus for a) AU=-0.03 deg (deviation from
the optimum value), b) AU=0.03 deg, c) AW=-0.03 deg, d) AW=-0.03 deg.

The same calculations were repeated for the 25" harmonic, the beam profile aberra-
tions due to misalignment of the mirrors is shown in figures 21, 22.
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Figure 21: Image of the XUV beam (25" harmonic) on the focus for a) AU=-0.01 deg (deviation from
the optimum value), b) AU=0.01 deg, c) AW=-0.01 deg, d) AW=0.01 deg.
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Figure 22: Image of the XUV beam (25" harmonic) on the focus for a) AZ=-1 mm (deviation from the
optimum value), b) AZ=1 mm.

From the results of figures 19, 20, 21, 22 we observe a similar behavior for the XUV
beams (13" and 25" harmonics) as we did for the IR beam, regarding the beam aberra-
tions due to deviation from the optimum values for the tilts of the toroidal mirrors.
However, the XUV beams are 10 times more sensitive (13" harmonic), and 30 times
more sensitive (25" harmonic), than the IR beam. This can easily be observed for ex-
ample from the figures 17¢, 17d (IR beam), 20c, 20d (13" harmonic), 21c, 21d (25"
harmonic) where in order to observe the same effect on the beam profile (rotation and
astigmatism) we have to make smaller rotations as the wavelength decreases, 0.3°
(IR beam), 0.03° (13" harmonic), 0.01° (25" harmonic) respectively. The maximum
drop Before ending this chapter, let’s also make some quick calculations for the ex-
pected intensity at the focus of the XUV beam (25" harmonic). First we will assume
that the power of the XUV pulse is P,=0.1Gwatt and w_ =3.8mm at the starting

surface of the simulation ( 5000 mm from the focus of the spherical mirror). The inten-
sity at the center of the beam is then given at the focus of the beam after the pair of
tOFOidal mirrors from the equation ITorFocus:ISS'Imax(32nm):2PSS/(7TW552>'Imax(32nm)2

Lorrocss~5.7-10° W /em® (1 max(32nm)  Was calculated on section 2.3.2).
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3 Experimental measurements and characterization of the
focus of the IR beam

In this chapter we will describe the experimental procedure that we followed in or-
der, to scan, find the focus of the IR beam and study experimentally the aberrations
due to misalignment of the toroidal mirrors.

3.1 The experimental setup

In figure 23 can be seen the three last chambers of one of the branches of the At-
tosecond Science and Technology Laboratory at the Institute of Electronic Structure
and Laser (IESL) which is part of the Foundation for Research and Technology Hellas
(FORTH). The IR beam is steered from a silicon plate into the chamber with neutral
density filters in order to attenuate the beam power. After that, the beam propagates to
the chamber with the toroidal mirrors, which are mounted with the help of an alu-
minum custom made skeleton on a hexapod robot (PI H-824), which allows to make
horizontal movements with a precision of 0.3 um along x,y,z axis (see figure 18),
and also rotate around those axis with a precision of 3.5urad . The beam is focused
from the pair of toroidal mirrors on the a CCD camera (WinCamD-UCD23) with a
size 6.45X6.45um per pixel. The CCD camera is mounted on custom x,Yy,z trans-
lation stage which is powered from two stepper motors on x, and z axis. The chambers
are prepared and tested to be used under high vacuum conditions, with around
10 °~10""mbar pressure, for when the experiments with the XUV radiation will take
place. The vacuum is prepared by using initially one scroll dry vacuum (Leybold SC
30D) with vacuum speed 30m’/h in the CCD camera chamber and one dry vacuum
pump (Pfeiffer CP 28) with vacuum speed 28m’/h . When the pressure reaches a
value of around 0.01mbar , 3 turbo vacuum pumps Pfeiffer HiPace 1200, 700, 300
start to operate inside the CCD camera, toroidal mirrors and ND filters chambers re-
spectively. The average vacuum for the three turbo vacuum pumps are 2601/s
( HiPace 300), 6851/s (HiPace 700) and 13001/s (HiPace 1200).
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Figure 23: Experimental setup where the beam is reflected from the silicon plate, to neutral density
filters and focused using a pair of toroidal mirrors, which their orientation is controlled from a hexapod
robot device. The beam profile is recorded from a CCD which can be moved along the axis of beam
propagation. X’Y’ is the orthogonal axis on the surface of the CCD camera and XYZ are the axis on the
chamber of hexapod robot.

3.2 Experimental beam profiles around the IR beam’s focus

In this section is shown the results from beam profile images through the focus, af-
ter the reflection from the pair of toroidal mirrors. The images are taken along the
beam’s propagation axis, with a CCD camera that can move with a precision of
0.5mm in 3D space. The line outs of the beam profile, are take along X',Y' axis
(please see figure 23). The distances, are measured from the center of the second
toroidal mirror. The range of measured signal for each pixel is 0~65000a.u. . By a
trial and error method, and real time observation of the beam profile, we chosen a set
of values for X,Y,Z position and U,W,V tilts which where kept unchanged during
the acquisition of beam profile around the focus. The criterion for the choice of the pa-
rameters for the orientation of the hexapod, was chosen based on a good beam quality
(spot size and shape) near the focus region. The measurements for the beam profiles
are shown in figure 24a, and the results for the beam parameters (acquired from fitting
the data in figure 24b) are shown in table 5. Based on the results of table 5, the differ-
ences in f,. and f, mean that the focus exhibits a rather small astigmatism and the

system is not fully optimized (most probably the angle of incidence is not exactly 5°).

Table 5: Results for the experimental measurements of the IR beam (800 nm)

Dy.(pum)

Dy (pm)

Zgy(mm)

ZRY'(mm)

fx-(mm)

fy.(mm)

177.3+5.6

1469+ 2.8

40.4 + 3.6

28.31+0.98

508.1+1.9

496.8 £ 0.7
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Figure 24: a) Beam profiles of the IR beam (simulations), through the focus. The distances are

measured from the second toroidal mirror. b) Plot of the beam diameter for x’ and y’ for different
distances from the second toroidal mirror.
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3.3 Experimental study of aberrations due to misalignment of the
toroidal mirrors

Based on the images of figure 24a and with the criterion of minimizing the elliptic-
ity of the beam, the CCD camera was placed on a position with a distance of around
516 mm from the second toroidal mirror (please see the central beam profile of figure
24a), as the point to study the aberrations due to misalignment of the toroidal mirrors
with the incident beam. The beam diameters are D,=178.182pym and
D,=173.268 ym , and with e=D,/D,~0.97 (ellipticity). Based on the experimental
parameters chosen for the X,Y,Z positions and the tilts of the toroidal mirrors (their
orientation is determined, from the movement of the hexapod), we will study how the
beam profile is affected on the focused spot when small changes are induced on the
toroidal mirrors orientation. The results are shown on figures 25, 26, 27. Each image
contains information about the beam profile, the movement of the toroidal mirrors and
the displacement of the beam in 3 D space compared to the starting position.
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Figure 25: Beam profile and movement of the beam’s position in 3D space for a small displacement a)
AX=-2 mm, b) AX=2 mm, ¢) AY=-4 mm, d) AY=4 mm. For each image is also shown, the displacement
of the toroidal mirrors, compared to their starting position.
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Figure 26: Beam profile and movement of the beam’s position in 3D space for a small displacement (or
a small rotation) a) Az=-1.49mm, b) Az=1.49 mm, c) AU=-0.5 deg, d) AU=0.7 deg. For each image is
also shown, the displacement of the toroidal mirrors, compared to their starting position.
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Figure 27: Beam profile and movement of the beam’s position in 3D space for a small displacement (or
a small rotation) a) AV=-0.2 deg, b) AV=0.25 deg, c) AW=-0.3 deg, d) AW=0.29 deg. For each image
is also shown, the displacement of the toroidal mirrors, compared to their starting position.
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3.Experimental measurements and characterization of the focus of the IR beam

3.3.1 Analysis of the experimental results and comparison with the
computational data

From the images of the group of small displacements of X,Y,Z we observe that
AX displacement (figures 25a, 25b), increases the beam diameter for both axis
(~3.4% increase), and moves the beam along x axis (~2 mm movement). AY move-
ment (figures 25c, 25d) changes the beam diameter (~7.9 % increase), for each axis
and It also moves the beam along y axis (~1.4 mm movement). The AZ movement
increases the beam diameter (~1.1 % increase), and also reduces the beams intensity as
a smaller part of the beam strikes the first mirror, due to the physical aperture of the
metallic housing of the toroidal mirrors. (figures 26a, 26b). AZ displacement, also
moves the beam along y axis (~1.8 mm movement). For the group of rotations AU
tilt (figures 26c, 26d), inserts astigmatism (~71% beam diameter increase), changes
the ellipticity ( e~0.58 ) of the beam and reduces the intensity due to the change of the
angle of incidence (also changes the reflectivity). AV rotation (figures 27a, 27b) does
not affect the beam profile, but moves the beam along x axis (~1.3 mm movement),
which was expected, as It redirects the rays due to the rotation. Finally AW tilt also
reduces the intensity because the metallic case aperture blocks part of the beam and ro-
tates the beam around the center of x',y' axis (~ 30° rotation). There is also an in-
crease of the beam diameter (~19% increase).

Compared to the simulation, Zemax predicted accurately that X,Y,V movements
do not really change the beam profile which can be concluded by a simple ray trace. It
also predicted the rotation of beam due to AW (figures 17c, 17d) and the astigmatism
due to the AZ (figures 18a, 18b). However, a drop on the intensity of the beam was
not predicted which can be explained from the fact that, the setup of the simulation, is
not exactly the same as the experimental setup inside the laboratory (difference in
physical apertures etc.). The computational model, predicted a rayleigh range of
around  Zg, (gn~39.2+1.5mm which is close to the experimental rayleigh range
value Zp, (e, ~40.4+£3.6mm for x' axis. The difference in rayleigh range value for

Zpy (simu 1~28.31£0.98 mm , is due to the astigma-

tism of the beam and maybe a difference in divergence, and the beam size of the beam
of the simulation compared to the beam of the experiment. The same arguments can
also  explain the difference  between the 2w, (;n)~129.9£0.4um,

2Wy (5ims)~130.98+£0.43 um  of the simulations compared to the values
2Woy(exp)®177.32£5.6 pm , 2w,
beam of the simulations, did not suffer from astigmatism close to the focus region (
[ (simn=495.98+£0.31mm, f (G, )=495.4+0.4mm ), compared to the microfocused
experimental beam which suffered from astigmatism (f,.(,,=508.1£1.9,
[y (exp)=496.8+0.7mm ) with a difference of around 11mm for the x', y" foci.

y~42.4+2.0mm compared to zg,

exp

)~146.9+£2.8 ym from the experimental data. The

exp exp
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4.Conclusion

4 Conclusion

During the process of this thesis, we managed to make a computational model
based on the experimental setup, of a pair of toroidal mirrors mounted on hexapod ro-
bot device and characterize the system through gathering and analyzing experimental
data. Important parameters of the setup where calculated, both experimentally and
computationally (focal length, rayleigh range, beam, reflectivity of the system) for the
IR beam and the same parameters were calculated for the XUV beams (13" and 25"
harmonics) via simulations with Zemax. The characterization of the system, was done
via measuring the beam profile around the focus region and further studying the ef-
fects of toroidal mirrors’ misalignment on the beam profile, for a position very close to
the focus. This is the first step, towards the optimization of the setup parameters (hexa-
pod position), in order to minimize the astigmatism and achieve a exceptional focusing
conditions for the IR beam. Finding those condition, will eventually lead to achieving
optimum focusing conditions also for the XUV beam. The setup is intended to be used,
for pump probe experiments with a broad range of high XUV photon energies.
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