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ABSTRACT

Extreme-ultraviolet light has become more important for advancements in modern computer chip manufacturing, and as such, there needs
to be more access to extreme-ultraviolet sources for observing properties of novel technology materials. Some of these extreme-ultraviolet
sources need to have the ability to tune the polarization for observing dichroic properties of materials such as magnetism. We present a
compact extreme-ultraviolet tabletop source, based on high harmonic generation, designed for use in polarization-sensitive imaging. The
source is able to generate circularly polarized harmonics using the MAch-ZEhnder-Less for Threefold Optical Virginia spiderwort apparatus.
The linearly polarized 42 and 52 eV beams have been optimized, achieving an average power of 19.4 and 8.0 nW, respectively. Using the 42 eV
linearly polarized beam for ptychography, we have imaged a Siemens star test resolution target and obtained a resolution of 160 nm.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0274295

. INTRODUCTION

Extreme-ultraviolet (EUV) light has become increasingly
important due to modern computer chip manufacturing using EUV
lithography to produce ever smaller critical dimensions for faster,
lower-power electronics.”” In addition, EUV light has pushed sci-
ence to the shortest time scales by exploring attosecond physics,
an accomplishment that was recognized by the 2023 Nobel Prize
in Physics.” EUV and soft x-ray (SXR) light have photon energies
that are resonant with several shallow core electrons, which provides
elemental sensitivity.' This resonant capability enables many power-
ful techniques, such as enabling element specific imaging of buried
interfaces”” and enhanced resonant magnetic spectroscopy, scat-
tering, and imaging.”” Probing the magnetic order with EUV/SXR
radiation requires dichroic absorption or reflection that is depen-
dent on the polarization and wavelength of the light and is sensitive
to the local magnetic order in the material of interest.” This property
is used in studying magnetism using magnetic circular dichro-
ism (MCD) or magnetic linear dichroism (MLD),” " EUV/SXR
reflectometry,'’ and ferroelectric polarization using linear EUV/SXR
dichroism."”

Traditionally, large accelerator-based photon facilities, such as
synchrotrons, were the primary sources for EUV/SXR light.! More

recently, tabletop sources have expanded access to the EUV/SXR
spectral range.””’ One such tabletop EUV source is based on
high harmonic generation (HHG). HHG is an extremely non-
linear optical process that converts ultrafast, high-intensity, near-
infrared, or optical laser pulses into EUV (10-100 eV) and soft
x-ray (100-1000 eV) radiation.” >’ The infrared (IR) or optical
laser pulses are focused into a noble gas medium and converted
to EUV/SXR radiation through an extreme nonlinear upconver-
sion process. The efficiency of this up-converted short wavelength
light depends on phase-matching parameters such as gas pressure,
intensity of the driving laser beam, and the geometry of the HHG
system.”

Several developments in HHG, including brighter and more
coherent EUV beams,”””” ! beam stabilization,”””° and the gen-
eration of circularly polarized EUV light,'*"" " provide increased
avenues for probing the properties of materials. Circularly polar-
ized EUV light from HHG is generated using a bi-circularly (one
left and one right) polarized, bi-chromatic (two-color) beam. The
bi-chromatic beam consists of IR wavelengths and their second
harmonic ( ~400 nm). The combined electric field forms a three-
fold flower pattern that allows the ionized electrons to return
to their parent atoms and, thus, generate circularly polarized
harmonics.””
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The harmonic generation process must follow the conserva-
tion of energy, momentum, and photon angular momentum.””"'
The energy of the generated harmonic must be equal to the sum of
the energies of the driving fundamental (IR) and second harmonic
photons (blue) (hw, = lhwir + nhwy,, ). Conservation of intrinsic
angular momentum requires the total angular momentum to be the
same before and after harmonic generation. A photon can have an
angular momentum of either +1 or —1, or in other words, the photon
can be left or right circularly polarized. Thus, right circularly polar-
ized beams are made up of photons with +1 angular momentum,
and left circularly polarized beams are made up of photons with -1
angular momentum.

In order to obtain circularly polarized high harmonics from a
bi-chromatic beam, the number of fundamental photons must be
one more than or one less than the number of second harmonic pho-
tons (I = n + 1). These requirements together determine the allowed
circularly polarized harmonics given as hw, = (3n + 1)hwr. The
high harmonic circularly polarized spectrum has harmonic pairs in
which every third harmonic is forbidden.”***!

Several magnetic experiments have been performed using cir-
cularly polarized HHG sources, the majority of which were done
with spectroscopy.'*'”*” There are only a few examples of dichroic
magnetic imaging with HHG sources. Dichroic magnetic imaging
with HHG sources has been performed by combining the principles
of Fourier transform holography and coherent diffraction imaging
(CDI)."*"" A scanning CDI technique known as ptychography can
be used to image extended specimens.”” "’ Yet, ptychography has
not been successfully demonstrated with dichroic magnetic imaging
with HHG sources, although it has been accomplished at large x-ray
facilities."”"” HHG sources have beam variations such as intensity
fluctuations and pointing instabilities due to the highly nonlin-
ear generation process. These beam fluctuations pose convergence
challenges for ptychographic algorithms.” Several techniques have
been presented to address these instabilities by stabilizing the beam
or correcting the instabilities using relaxation models in the pty-
chographic image reconstruction algorithms.”””"** In this work,
we present our EUV tabletop source designed for high-resolution
polarization-sensitive imaging. We present the design of the HHG

~12 Torr

MAZEL-TOV
..................... GC
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system, its capabilities (including polarization control and selec-
tion of harmonics), and our first ptychography imaging result. We
also include in the Appendix a detailed approach to aligning the
MAZEL-TOV (MAch-ZEhnder-Less for Threefold Optical Virginia
spiderwort) apparatus.”’

Il. POLARIZATION SENSITIVE EUV IMAGING SETUP

The EUV HHG source is shown in Fig. 1. A Solstice Ace
Ti:sapphire laser is used to drive the HHG process. The laser has
800 nm central wavelength with a 30 nm bandwidth, a pulse dura-
tion of 35-fs, a maximum pulse energy of 7 mJ, and a repetition
rate of 1 kHz. The laser has the capability to adjust the pulse dura-
tion by inducing spectral chirp by introducing a quadratic phase
in the ultrafast pulse. Chirping the driving laser pulse causes an
energy shift of the EUV spectrum.’”* This allows for fine-tuning
of the EUV beam, which assists in energy-sensitive processes such
as MCD and MLD. The laser is focused using a 1500 or 1000 mm
lens into a gas cell shown in Fig. 2. In order to control the polariza-
tion of the EUV pulses, we use a removable MAZEL-TOV apparatus.
The MAZEL-TOV produces the bi-circular, bi-chromatic beam for
generating the circularly polarized harmonics. More details about
the MAZEL-TOV, including how it can be used to generate circu-
larly polarized high harmonics, are in the original publication by
Kfir et al.’® Tt consists of four optics: a 10 x 10 x 1 mm® BBO
(barium borate) crystal cutat 8 = 29.2° and ¢ = 90° for type I phase-
matching (Eksma Optics BBO-1004H), two delay-compensation
plates (Eksma Optics 225-2114), and a multiple order dual-band
quarter-wave plate (Eksma Optics 463-4441). Our MAZEL-TOV is
a removable apparatus set on a magnetic kinematic base as shown
in the photograph inset in Fig. 1. The calcite plates are mounted on
rotation stages (Thorlabs MSRPO01), which are attached to the base
such that the teeth of the stages interlock, making it convenient to
tilt both calcite plates simultaneously. The dispersion through the
four optics of the MAZEL-TOV can be precompensated by adjusting
the compressor of the Ti:sapphire laser so that the blue frequen-
cies are shifted ahead of the red frequencies in the 35 fs pulse. After
the gas cell, the bi-chromatic laser driving beam is removed by thin

EUV Experiment Chamber

MAZEL-TOV

~7 mJ, 1 kHz, ~35fs

Solstice Ace Ti:Sapphire Amplifier

I BBO crystal

FIG. 1. Design of our EUV tabletop source with polarization control. The Ti:sapphire laser beam is directed using mirrors M and then focused using a lens L into a gas cell (GC)
containing argon gas. The unspent driving fundamental beam is blocked using thin metal filters F mounted in two filter wheels. The generated EUV beam then propagates into
the experiment chamber. The MAZEL-TOV apparatus can be inserted upstream of the vacuum chamber to produce the bi-chromatic beam needed to generate the circularly
polarized EUV beam. An insertable half-wave plate (HWP) ensures proper IR polarization for the MAZEL-TOV apparatus.
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Cell length

Gas Flow

FIG. 2. Finite gas cell design for generating high harmonics. The gas cell is a
machined aluminum box with threaded holes, which are for hollowed brass pipe
fittings (yellow—orange). 0.1 mm molybdenum sheets (shown in gray) are attached
to the ends of the brass fittings using Torr Seal. The brass fittings are then inserted
into the threaded holes of the gas cell. The gas cell length (5-15 mm) is determined
from the separation distance between the molybdenum sheets. The laser drills
~0.2-0.8 mm holes through the molybdenum sheets. Argon gas (99.997% purity)
is pumped into the gas cell as shown with the line attached to the bottom of the
gas cell. A window (light blue circle) is attached to another opening at the top and
sides of the gas cell for observing the beam in the gas cell.

metal aluminum filters (Lebow Company, 200 nm foil thickness,
10 mm aperture diameter, part number 0.2A1-0-C10mm; 100 nm foil
thickness, 10 mm aperture diameter, part number 0.1A1-0-C10mm).
These filters remove unwanted light outside the energy range of
20-72 eV.

The experimental chamber has two configurations shown in
Fig. 3: (a) a set of multilayer normal incidence mirrors and (b) a
spectrometer. In configuration (a), the set of multilayer mirrors is
designed to reflect either 42 or 52 eV light. The 42 eV mirror has a

A Multilayer Mirrors
ML
S Andor
ikon-L
ML CCD
B
M Spectrometer
Andor
ikon-L
G ccD

FIG. 3. (@) Normal incidence multilayer mirrors (ML) are primarily used for ptycho-
graphic imaging. The mirrors are designed to reflect only either 42 eV or 52 eV
EUV light. The second mirror is curved, and it focuses the beam onto a specimen
S mounted on translation stages. (b) lllustration of spectrometer design consisting
of a flat silver mirror M and curved grating G for analyzing the HHG spectrum.

ARTICLE pubs.aip.org/aip/rsi

reflection bandwidth of 1.89 eV, and it has 30 multilayers of mag-
nesium and silicon carbide and is capped with 15 nm of aluminum.
The 52 eV mirror has a 4.11 eV bandwidth with 20 multilayers con-
sisting of zirconium and aluminum. The normal incidence mirror
setup is used for high-resolution imaging with ptychography. The
two mirrors also select a narrow bandwidth (ideally only one har-
monic) out of the harmonic comb. A curved mirror focuses the beam
onto a specimen, which then diffracts the selected harmonic onto a
CCD camera (Andor iKon-L, 2048 by 2048 pixels, each 13.5 ym in
size). The specimen is mounted on high precision translation stages
(Attocube two crossed ANPx101 stages and one ANPz101 vertical
stage).

In configuration (b), the spectrometer consists of a flat silver
mirror and a spherical diffraction grating (1200 grooves/mm, with
a radius of curvature of 2 m). The angles of grazing incidence for
the flat silver mirror and the spherical grating are 13.5° and 10°,
respectively. The grating at this angle has an effective tangential focal
length of 17 cm. The sagittal focal length is large compared to the
tangential focal length, which makes the spherical grating behave
like a cylindrical mirror in this configuration. The grating separates
and focuses the EUV beam onto the CCD camera for analysis of the
spectrum. This configuration is used to optimize the generation of
circularly polarized high harmonics.

Calibration of the HHG spectrum was accomplished by fitting
the spectrum to a diffraction grating model, which was described
in a previous publication.”® The optics of the spectrometer can be
replaced by a toroidal mirror and a flat grating. The spectrometer
can be converted into a monochromator using a thin slit after the
grating, allowing for more flexibility to tune the photon energy of
the EUV beam for energy-sensitive imaging.

The primary function of the EUV tabletop source is imaging
of polarization-sensitive phenomena. We chose ptychography as the
best matched imaging method for our coherent EUV source. Pty-
chography is a technique that uses an illuminating beam or probe
to obtain a series of diffraction patterns from overlapping sample
positions, which can then be used to reconstruct a scanned speci-
men.”* Each scan position must overlap by at least 60% to ensure
sufficient data redundancy.’” The collected diffraction patterns from
each position are then used to reconstruct both the illuminating
probe and the specimen structure.***°

The probe in our ptychographic experiment ranges from a
few micrometers to tens of micrometers in diameter, depending
on the sample position with respect to the beam focus. Beam
instabilities are significant with beams this small, and this is espe-
cially true with HHG sources, which are driven with such extreme
nonlinear processes. Beam intensity variations and pointing insta-
bility must be addressed. Several methods are employed to reduce
the instabilities.””” We built an enclosure around the IR beam
to minimize changes in air flow along the beam path, which
reduces a few of these instabilities. For shorter scans, the pointing
instabilities are negligible. If longer scans are required, we imple-
ment orthogonal probe relaxation techniques in our ptychographic
reconstructions.”””’

The spatial step size of the sample is on the order of 1-5 ym.
We use the Python module Tike to perform the reconstruc-
tion.”® Tike contains algorithms that correct for temporally varying
probe, positional errors, and spatially incoherent beams. Tike was
primarily designed to be implemented at synchrotron sources. To
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our knowledge, this is the first time that Tike was used with a HHG
EUV source.

Ill. RESULTS

Here, we present the optimized spectrum of the tabletop source,
particularly for the 42 and 52 eV harmonics. The multilayer mir-
ror configuration was used to optimize for each of these harmonics,
and the specimen stage was removed. The power of the beam was
calculated using P = N,E[]]/t, where P is the power, N, is the total
number of photons calculated by converting the counts on the cam-
era to photons as described by Janesick et al. and Schlotter,”””* E[]]
is the energy per photon in joules, and ¢ is the exposure time on the
CCD camera. The power of the 42 eV beam recorded on the CCD

photons/s
464k
| I
F1.0
0.5
L 0.0 E
F—0.5
F-1.0
K4
2 464k
o
- g —r —_—
o B — T T T —T
s -1.0 -0.5 0.0 0.5 1.0
mm
photons/s
148k
| —
r 1.0
0.5
L 0.0 E
F-0.5
F-1.0
£
9 148k} -
o ~
S ok — . —
s -1.0 -05 00 05 10

mm

FIG. 4. Beam profiles of the (a) 42 eV and (b) 52 eV harmonics on the EUV CCD.
Lineouts are taken from both beam profiles indicated in the gold and blue lines on
each image. The lines in (a) are the defects in the aluminum filters, and the spots
in (b) are the dust on the optics or detector.
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detector was 19.4 nW. The phase-matching parameters were as fol-
lows: a laser pulse energy of 1.53 mJ at a 1 kHz repetition rate, an
argon gas pressure of 12 Torr, a gas cell length of 15 mm, and a
1500 mm lens. The IR beam was filtered out using two 200 nm Al
filters. The beam profile of the 42 eV beam is shown in Fig. 4(a).
We could not use more IR power to optimize further because the
aluminum filters would become damaged due to the high intensity
of the beam. This problem can be addressed by installing silicon
rejectors before the filters.”

We optimized the harmonics for 52 eV, which are near res-
onance with the M3 absorption edge of iron. We replaced the
1500 mm lens with a 1000 mm lens, which allows for a larger spot
size, to prevent burning the aluminum filters. The power of the beam
achieved for 52 eV is 8.0 nW. The phase-matching parameters for
52 eV are as follows: a laser pulse energy of 3.6 mJ at a 1 kHz repeti-
tion rate, an argon pressure of 27 Torr, and a gas cell length of 7 mm.
The beam profile is shown in Fig. 4(b).

After obtaining the maximum signal for both the 42 and 52 eV
harmonics, we switched our EUV configuration from multilayer
mirrors to the spectrometer. We optimized the circularly polarized
HHG spectrum to generate the brightest EUV spectrum with the fol-
lowing phase-matching parameters: a laser pulse energy of 4.16 m]J
at a 1 kHz repetition rate, an argon pressure of 14 Torr, and a gas
cell length of 8 mm. Using the tick markers on the rotation stages,
the calcite plates were measured at —8° tilt, which corresponds to
a pulse delay of 600 fs, and this compensates for the quarter-wave
plate and the 3 mm fused silica entrance window into the vacuum

175 4
150 ~
125 4
100 -+

75 A

50 A

NIVN

15 16 17 18 19 20 21 22 23 24 25
Harmonics

Counts in thousands

FIG. 5. (a) Image of the circularly polarized HHG spectrum on the EUV CCD. (b)
Full vertical bin of (a). Every third harmonic is suppressed, which is a characteristic
of a circularly polarized HHG beam. The harmonic orders are identified along the
horizontal axis.
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chamber. The optimized circularly polarized HHG spectrum is
shown in Fig. 5. The spectrum in Fig. 5 shows that the circularly
polarized spectrum has harmonic pairs, with every third harmonic
being suppressed, which is an indicator that the harmonics are
indeed circularly polarized.”*”"" The ellipticity of circularly polar-
ized high harmonic beams was previously determined by Fleischer
etal.”’

To calibrate the spectrum, we compared circular (MAZEL-
TOV inserted) and linear (MAZEL-TOV removed) spectra. The
phase-matching parameters were not adjusted between the linear
and circular spectra. A conventional (linearly polarized) HHG spec-
trum produces only odd harmonics, which can be used to identify
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FIG. 6. Linearly polarized HHG spectrum. A 100 nm thick iron filter and a 200 nm
thick zirconium filter were inserted separately to calibrate the harmonic spectrum.
The transmission curve of iron is shown as a dotted red—orange line.

= Circular spectrum
12 |— Linearwsre

—— Linear w/ Zr

== 52.7 eV Fe M-edge

[
o
L

8 0.8
N ' 33d harmonic]
F: |
£ 0.6 -
P
2 L
0.4 - [ |l
|
| | l",
0.2 )' \ \
[ 1
0.0 =y : ; - —

T
25 30 35 40 45 50 55 60 65
Energy (eV)

FIG. 7. Calibrated HHG spectra. The plot contains both linearly and circularly polar-

ized harmonics. The 52.7 eV point, indicated as a purple dashed line, is the M, 3
absorption edge of iron.
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the odd harmonics of the circular spectrum. A 100 nm thick iron
filter (Lebow Company, 10 mm aperture diameter, part No. 0.1Fe-
0-C1.0mm) and a 200 nm thick zirconium filter (Lebow Company,
10 mm aperture diameter, part number 0.2Zr-0-C1.0mm) were used
to calibrate the HHG spectra with the results shown in Fig. 6.
The transmission curve for iron in Fig. 6 was obtained from the
measured absorption indices taken at the Advanced Light Source.™
The calibrated spectra are shown in Fig. 7 with the 52.7 eV M3
absorption edge of iron indicated. It is important to note that
in order to obtain the brightest circularly polarized spectrum, the
compression of the pulse needed to be adjusted.

We returned to the normal-incidence EUV setup for the pty-
chography experiment using the 42 eV beam with the MAZEL-TOV
removed. Between calibrating the EUV spectrum and the ptycho-
graphic experiment, we installed silicon rejectors (KMLabs) between

2.5
2.0

15

Intensity

1.0

0.5

100

80

60
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40

20
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FIG. 8. (a) Scanning electron microscope image of the Siemens star test tar-
get. It consists of 18 spokes with 4 rings to support the structural integrity of
the specimen. The largest and smallest diameters of the star are 50 and 2.3 ym,
respectively. The smallest feature of the star is 140 nm. Dark and bright regions
are the free space and opaque substrate, respectively. (b) Reconstructed Siemens
star using ptychography with a reconstructed pixel size of 69 nm. (c) Beam profile
obtained by taking the magnitude squared of the reconstructed probe.
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FIG. 9. Plot of the FRC of the reconstructed Siemens star shown as the blue curve.
The FRC was smoothed using locally weighted regression®“ for easier determina-
tion of the resolution and is shown as the red curve. The threshold criteria for
determining the resolution is half-bit, shown as a black dashed line.®> Results
show a resolution of 160 nm.

the gas cell and the aluminum filters. Note that the rejectors are not
shown in Fig. 1. The rejectors are effective at separating the IR and
EUV beams, allowing for higher driving fundamental laser power
for the HHG process. We placed a 500 ym pinhole 84 cm before the
focusing mirror, measured from the curved mirror to the flat mirror
and from the flat mirror to the pinhole, to both spatially filter the
EUV beam and define a structured probe.*” The sample-to-detector
distance was 62 mm, and the specimen was placed ~10 mm before
the focus of the EUV beam. The beam size was ~20 ym in diameter
(beam diameter at 1/e?).

We used a Siemens star pattern as a test specimen to determine
the resolution of the imaging system. The specimen was created at
Brigham Young University (BYU) by coating a 100 nm thick silicon
nitride window with ~40 nm of gold. A Siemens star pattern was
then milled through the gold-coated silicon nitride window using a
focused Ga-ion beam. A scanning electron microscope image of the
Siemens star is shown in Fig. 8(a). We scanned over the Siemens star
using a 2 pm step in a Fermat spiral pattern.®' Using the regularized
ptychographic iterative engine (rPIE)*° algorithm and position cor-
rection in the Tike python module, we performed 6500 iterations of
the algorithm to reconstruct the Siemens star and illumination probe
from the collected data, with the results shown in Figs. 8(b) and 8(c),
respectively.

The resolution was determined using the Fourier ring corre-
lation (FRC) method.””* We calculated the FRC using reconstruc-
tions from two independent datasets of the Siemens star, which gave
aresolution of 160 nm, as shown in Fig. 9.

IV. CONCLUSION

We have developed a compact tabletop EUV source, demon-
strated that it can produce circularly polarized EUV light, and
calibrated the spectrum. We have optimized the system to generate
both the 42 and 52 eV harmonics, producing beams with a power of
19.4 and 8.0 nW, respectively, in linear polarization mode. We have

ARTICLE pubs.aip.org/aip/rsi

shown that circularly polarized EUV light has been generated, which
is necessary for magnetic contrast imaging of magnetic domains
using MCD principles. Due to the mixture of IR and blue beams, the
circularly polarized harmonics are more optimal for lower photon
energies. Thus, further work needs to be done in generating higher
energy harmonics for the circularly polarized spectrum. This could
be done by replacing the argon gas with a medium that has a higher
ionization potential, such as neon or helium.

Furthermore, we successfully demonstrated ptychographic
microscopy with our HHG source using the 42 eV linearly polar-
ized harmonic, achieving 160 nm resolution with FRC. A resolution
of 160 nm should be sufficient to image thin-film magnetic sam-
ples, which can have magnetic domain walls that are several hundred
nanometers across.'® The system is currently designed for transmis-
sion of EUV light, which works well for thin specimens, although we
plan to include an option for reflection ptychography to obtain mag-
netic contrast for specimens that are too thick for EUV penetration.
The successful ptychographic reconstruction with linearly polarized
EUV light demonstrates the capability to perform magnetic con-
trast imaging using MLD and linear dichroism for antiferromagnetic
and ferroelectric materials, respectively. In order to obtain magnetic
contrast in a ferromagnetic material using MCD, a successful recon-
struction using a circularly polarized EUV beam will need to be
accomplished.
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APPENDIX: ALIGNMENT OF THE MAZEL-TOV

Here, we describe the alignment process for the MAZEL-
TOV apparatus. The MAZEL-TOV apparatus was designed by Oren
Cohen’s group at Technion University.”” The MAZEL-TOV consists
of four optical components: a BBO crystal, two calcite compensa-
tion plates, and a dual-band quarter-wave plate designed for 800
and 400 nm wavelengths. The BBO crystal converts a portion of
the IR beam into blue light. The purpose of the calcite plates is to
precompensate for the pulse delay between the IR and blue pulses.
The IR and blue pulses must be temporally aligned to produce the
circularly polarized HHG beam. The blue pulse will experience a
higher index of refraction compared to the IR beam as it passes
through the quarter-wave plate and the entrance window of the vac-
uum chamber. The calcite plates advance the IR pulses ahead of
the blue pulses to precompensate for this pulse delay. The quarter-
wave plate converts the o-polarized IR beam and the e-polarized
blue beam into circularly polarized beams, with each color having
the opposite polarization with respect to the other. A diagram of the
MAZEL-TOV is shown in Fig. 10.

Here, we present the steps for alignment of the MAZEL-TOV:

1. Insert the BBO crystal into the path of the focusing beam. The
beam passes through the lens first before going into the BBO
crystal to ensure that the IR and blue beams focus at the same
place. As depicted in Fig. 11, we use a dichroic mirror to split
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BBO crystal Calcite plates Quarter-wave
plate
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FIG. 10. Diagram of the MAZEL-TOV apparatus. An o-polarized IR beam is
focused into the apparatus, which contains a BBO crystal, two calcite compensa-
tion plates, and a dual-band quarter-wave plate. The red and blue colors represent
the IR and blue pulses, respectively. The circles represent the o-polarization, and
the double arrows represent the e-polarization. The curved arrows represent the
circular polarization. The IR pulses are advanced ahead of the blue pulses as they
pass through the calcite plates and then are temporally realigned when they pass
through the quarter-wave plate and entrance window (not shown).

N

the IR and blue beams. Insert a linear polarizer in each beam
path, followed by a thermal power meter after each polarizer
to measure the transmitted intensity. The linear polarizer in
the IR beam path should be oriented such that only the o-
polarized component should pass through, while the linear
polarizer along the blue beam path should be oriented to allow
only e-polarized light through. Adjust the orientation of the
BBO crystal so that the IR beam remains purely o-polarized
and the blue beam remains e-polarized, which will be required
in order to adjust the delays between the IR and blue pulses
with the calcite crystals. The correct polarization is confirmed
when the power meter reads a maximum for both beams.

2. Insert each calcite plate individually and use the same dichroic
mirror setup. The calcite crystals should be inserted in rotation
mounts for precise orientation. The mounts are then attached
to rotation stages for tilting the calcite crystals. The IR beam
must be along the ordinary axis of the calcite crystal, while the
blue beam is along the extraordinary axis. Use the branched
beams, as depicted in Fig. 11, to correctly orient the calcite
crystals. Begin with the first crystal and adjust its orientation
until the power signals in both branches reach their maxi-
mum, indicating proper alignment. Repeat this process for
the second crystal, but reverse its orientation by 180° rela-
tive to the first crystal, as shown by the dotted lines in Fig. 10.

1919 Jamod

FIG. 11. Verifying alignment of fundamental and second harmonic beams for successful alignment of the MAZEL-TOV. The blue and light blue optics are the MAZEL-TOV
components. The black rectangle is a dichroic mirror that reflects the blue and transmits the IR. The rectangle with a line along the long axis of the box is a polarizer along
the e-polarized direction, while the other box with lines along the short axis is a polarizer along the o-polarized direction. Power meters are placed at the ends of each branch

to measure transmitted intensity.
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This inverse orientation ensures that both beams experience
the same delay compensation, and this allows the blue beam
to be realigned spatially with the red beam. Tilting the cal-
cite plates adjusts the refractive index experienced by the blue
beam. Due to the negative birefringence of calcite, the blue
beam propagates faster than the red beam. The tilt adjustment
compensates for the temporal mismatch between the IR and
blue pulses as they pass through the quarter-wave plate and the
fused silica entrance window of the vacuum system. To find
the normal incidence angle to the calcite crystals, use the back
reflection of the blue beam. Both calcite plates must be tilted
at the same angle to ensure that the IR and blue beams expe-
rience identical compensation, allowing for proper temporal
realignment of the blue pulses with the IR pulses.

3. Insert a dual-band quarter-wave plate after the calcite plates,
oriented such that the IR and blue beams will transform from
bi-linearly polarized to bi-circularly polarized beams. Use the
dichroic mirror system depicted in Fig. 11 to ensure the power
reading is the same for any orientation of the linear polarizer
(indicating circular beam polarization).

4. Remove the beam splitter, linear polarizers, and power meters.
Propagate the bi-circular beam into the gas cell to generate the
circular harmonics. Use the EUV spectrometer configuration
as depicted in Fig. 3(b) to observe the high harmonic spec-
trum. Tune the phase-matching parameters if necessary, then
tilt the calcite plates until every third harmonic is suppressed
(see Fig. 5), indicating proper alignment of the MAZEL-TOV.
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