'.) Research Article

Check for
updates

Vol. 42, No. 12 / December 2025 / Journal of the Optical Society of America B

2747

Journal of the

Optical Society

of America

OPTICAL PHYSICS

Phase matching in vector beam-driven
high-harmonic generation with 3D-printed gas

cells

D. ATTIYAH,*
V. FLoREs,' J. LEwis,' C. G. DURFEE,®

H. ALLison,' J. To,' P. G. KAzaNsKY,? D. SCHMIDT,?
AND F. DOLLAR!

C. GARDNER,'

'STROBE, NSF Science & Technology Center, University of California, Irvine, Irvine, California 92697, USA
20ptoelectronics Research Centre, University of Southampton, Southampton, UK
3Department of Physics, Colorado School of Mines, Golden, Colorado 80401, USA

*dattiyah@uci.edu

Received 16 July 2025; revised 7 October 2025; accepted 12 October 2025; posted 27 October 2025; published 13 November 2025

We present experimental results of high-harmonic generation (HHG) driven by a 1300 nm beam in three differ-
ent polarization states: linear, radial, and azimuthal. We found that the optimal pressure for phase matching was
roughly twice as high for the vector beam drivers than the linear driver. We attribute this difference in pressure
primarily to the Gouy phase, which differs by a factor of two between the linear and vector polarization states.

We demonstrate a target for HHG that produces a uniform pressure profile in the interaction region that is nearly
identical to the backing pressure and preserves the mode of the driving beam. We provide characterization and
validation of this technique through flow simulations and experimental measurements. © 2025 Optica Publishing
Group under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/JOSAB.572118

1. INTRODUCTION

Vector beams, or laser beams with spatially dependent polari-
zation, have garnered interest across many disciplines in recent
years. A common example is the radially polarized beam, which
is locally linearly polarized at each point in space but with a
macroscopic polarization state that points away from the beam
center. At the center, the superposition of these varying polari-
zation vectors creates a singularity, resulting in a characteristic
ring-shaped intensity profile. The orthogonality and tight
focusing capabilities [1] of these vector beams have enabled
advances in optical communications [2-5], microscopy [6—
8], and optical tweezers [9-13]. These same properties have
also expanded the capabilities of ultrafast lasers, or lasers with
full-width at half-maximum (FWHM) pulse durations of
<100 femtoseconds (107 s), in applications such as materials
processing [14—17], magnetic probing for materials research
[18,19], and laser-driven particle acceleration [20,21].

High harmonic generation (HHG) is a nonlinear, frequency
upconverting process that produces harmonic radiation, or
light with wavelengths at integer multiples of the driving
beam. When driven by near-infrared (NIR) ultrafast beams,
this interaction can produce light in the extreme ultraviolet
(EUV) wavelength range with pulse durations on the attosecond
(10718 5) scale [22—-24]. The microscopic physics of HHG is
often described by a semi-classical three-step recombination
model [25], consisting of tunnel ionization of the electron,
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acceleration by the laser field, and recombination with the
parent atom accompanied by the emission of the upconverted
photon [26]. When the driving laser has a longer wavelength,
the electron is accelerated for a longer period of time, caus-
ing it to gain more energy and release a higher-energy photon
upon recombination. Therefore, driving beams with longer
wavelengths are capable of producing higher-energy, or shorter-
wavelength, photons [27,28]. The emitted spectrum from
a single atom would appear as a plateau across the relevant
wavelengths.

Phase matching describes the macroscopic coherent buildup
of harmonic radiation in the interacting medium by the mini-
mization of the phase mismatch between the driving beam and
the harmonic beam. The flux of the harmonic beam acquires
a Gaussian-like shape and can be significantly increased when
phase-matching conditions are met [29]. The total phase mis-
match between the driving field and a given harmonic order can
be written as a sum of the dominant sources of dispersion [30]:
Ak = Akplasma + Akneutral + AleGouy + Akimrinsicr where the
right-hand side represents the phase mismatch due to propaga-
tion in plasma and neutral gas [31], focusing geometry [32], and
the intrinsic nonlinear phase [33-30], respectively. These terms
depend on target parameters such as ionization potential and
density profile, as well as laser properties, including intensity,
wavelength, polarization, and mode [37-39]. Phase matching
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at longer wavelengths has been demonstrated across the mid-
infrared wavelength region, where higher densities were used to
reach suitable phase-matching conditions [40—43].

There has been growing interest in studying HHG driven
by vector [44,45], vortex [46-48], vector-vortex [49], and cir-
cularly polarized beams [50-52]. To produce high-brightness
harmonic radiation with complex polarization states, it is critical
to understand the phase-matching conditions, especially when
using longer wavelength driving beams to reach shorter wave-
lengths. However, polarization studies to date have largely been
limited to NIR and optical wavelengths.

In this work, we present experimental results of HHG using
a 1300 nanometer (nm) driving beam in three different polari-
zation states: linear, radial, and azimuthal. We found that the
optimal phase-matching pressure differed by a factor of two
between the linear and vector polarized driving beams. We
attribute the difference in pressure to the Guoy phase term in
the phase-matching equation, which is two times larger for the
vector beam than for the linear beam. We use 3D-printed gas
cells designed to optimize the pressure profile in the interaction.
We provide characterization and validation of this technique
through flow simulations and experimental results.

2. METHODS

The experiment was performed with the output of an optical
parametric amplifier (OPA, Light Conversion TOPAS-Prime)
driven by a Ti:sapphire laser system (Spectra Physics Solstice
ACE). With a central wavelength of 1300 nm, a pulse duration
of 35 femtoseconds (fs) and a pulse energy up to 1 milliJoule
(m]), the linearly polarized beam was focused to intensities
of 1.9+0.4x 10 W/cm? using an anti-reflection (AR)
coated lens with a focal length of 200 millimeters (mm).
The focal spot size was inferred from a measurement of the
second-harmonic signal focal spot. With a beam radius of
wo = 37.8 £ 3 micrometers (Um), the Rayleigh length was
calculated to be zzg =3.3 £0.3 mm. The experimental con-
figuration to create the vector beams was identical, except for
a half-waveplate (HWP) and an “S-waveplate” (SWP) [53]
that were placed before the lens. The HWP was used to set the
angle of the incident polarization angle relative to the axis of the
SWP. This determines if the output polarization state is radial,
azimuthal, or a superposition of the two. In the configuration
with the SWD, the energy of the input beam was increased by a
factor of 2.79 to maintain the same peak intensity as the linearly
polarized beam. A simplified diagram of the experimental setup
isshownin Fig. 1.

The laser was focused into a 3D-printed gas cell filled with
argon, designed to provide a uniform density profile. The cell
was fabricated from a Stratasys Objet260 Connex3 machine
using VeroClear material. The entry and exit orifices of the cell
are 500 pm in diameter, and the length of the interaction region
was 2.5 mm. The gas cell was positioned at the focal plane of the
laser with an estimated uncertainty of +1 mm due to manual
alignment of the visible plasma channel. This corresponds
to ~30% of the Rayleigh length, where the on-axis intensity
remains within 10% of its peak value. Small adjustments to
the gas cell position (within 100 pm) optimized the peak of a
single harmonic and increased the overall flux of the measured

Research Article

spectrum. Larger steps decreased the overall flux and shifted the
center of the spectrum. The backing pressure was varied during
the experiment between 50 and 550 Torr. Differential pumping
isolated the flow out of the gas cell from the remaining vacuum
system.

The output radiation produced in the gas cell was char-
acterized in both its spectral content and spatial profile. The
harmonic radiation was isolated from the fundamental driving
wavelengths using ultrathin x-ray filters made of aluminum,
zirconium, or a combination of the two, depending on the
diagnostic used. These materials are opaque to the fundamental
wavelength but transmit EUV wavelengths. The harmonic
spectra were measured with a home-built flat-field spectrom-
eter [54], which used a variable line spacing imaging grating
(Hitachi, 1200 lines/mm) [55]. Time-integrated spectra were
measured iz situ with an x-ray CCD (Andor-Newton). The spa-
tial profile of the harmonic radiation was measured by placing
the x-ray CCD directly in the filtered beam path, rather than at
the output of the spectrometer.

3. RESULTS

The harmonic radiation through 400 nm of zirconium is plotted
as a function of pressure in Fig. 2. For each of the polarization
states measured, there is a well-defined maxima in the normal-
ized flux that can be observed in both the wavelength and the
backing pressure. Considering only the spectral axis, the signal
decays (rather than plateauing) on both sides of this peak for
the same wavelengths for all polarization states. The spectral
peak is at ~14.6 nm and remained relatively constant as the
pressure was varied. Along the pressure axis, there is a similar
peak and decay in the normalized flux. The pressure peak for
the radial polarization case (346 Torr) is approximately the
same as the peak for the azimuthal polarization case (376 Torr),
both of which are roughly twice the peak found for the linear
polarization case (165 Torr).

The entire spatial profile of the harmonic radiation was
captured with the x-ray CCD (see Fig. 3). In order to isolate a
narrow spectral window, both aluminum and zirconium filters
were used to provide a bandpass of 17-20 nm. The linearly
polarized driving beam generated harmonic radiation with a
Gaussian spatial profile, whereas for the vector beams, the gen-
erated harmonic radiation was ring-shaped. Example profiles
for the linear and radial polarization drivers are shown in Fig. 3.
The harmonic flux is comparable between the two polarization
states.

4. DISCUSSION

The peak in the pressure scan for each polarization state indi-
cates that phase-matching conditions are being met. We can
write the phase-matching equation as
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Experimental setup showing the “S” waveplate that creates the vector polarization states, which are then focused into the gas cell, where

high harmonics are generated. The laser light is filtered out so that the harmonics can be measured with the EUV spectrometer.
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Fig.2. EUV spectra measured at individual pressures, then binned,
stacked, and interpolated to plot on linear axes. Pressure scans were per-
formed with a 1300 nm driving beam of linear (top row), radial (mid-
dle row), and azimuthal (bottom row) polarizations. Dashed lines mark
the pressure at the peak flux. Spectra were taken with zirconium filters
with a total thickness of 400 nm.

where the gas pressure, P, has been factored out of the plasma
and neutral dispersion terms, 7 is the fractional ionization level,
Ao is the laser wavelength, 7, is the classical electron radius,
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Fig.3. Direct measurements of the EUV light produced by both the
linear and vector polarized driving beams. High frequency components
of the measured signal, such as the mesh grid of the ultrathin filters,
were removed using a Fourier filter.

kp is the Boltzmann constant, 7 is the temperature, ¢ is the
harmonic order, Az is the difference in the index of refrac-
tion between the fundamental beam and the harmonic beam,
N} am is the gas density at atmospheric pressure, D is the beam
diameter, fis the focal length, and the intrinsic phase has been
neglected. This assumption is valid when the target is near focus
(z=0) in long focal length geometries that satisfy the paraxial
approximation. The divergence half-angle in our geometry is
0 = arctan(D/2 f) = 0.63°, which satisfies this condition.
The same approach was used in studies performed in similar
pressure ranges [40,41]. We are also assuming a free-focusing
geometry such that the phase mismatch due to geometry may
be described with the Gouy phase. If all variables are fixed and
only the pressure is changed, A# varies linearly and intercepts
0 when the expression in the bracket on the right-hand side of
Eq. (1) is equal to the Gouy phase term. This pressure-tuning
phasematching [29,30] resulted in the peak at 165 Torr for the
linear polarization state [Fig. 2(a)]. The peak along the spectral
axis at 14.6 nm is also an indication of phase matching. The
optimal phase-matching pressure and wavelength measured
with the linear polarization state are consistent with previous
phase-matching studies with 1300 nm driving beams [40].

The vector polarization states produce similar peaks
along each axis [Figs. 2(b) and 2(c)], indicating that phase-
matching conditions are being met in these cases as well.
Similar to the linear polarization state, the peak along the
spectral axis for both vector polarization states occurs at, or
near, 14.6 nm. The location of this peak in spectral space is
determined by the wavelength and intensity of the driving
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beam [25,26]. The wavelength was 1300 nm for all polari-
zation states; therefore, the peak intensity must have been
similar for each case. This can be further supported by a
model of the intensity profile for each polarization state in
the same focusing geometry. The radially polarized electric
field amplitude can be expressed as a combination of Hermite—
Gaussian modes: |up,a) = |HG10)x +|HGo1)y. Similarly,
the azimuthally polarized field amplitude can be written as
lup,) = | HGo1)x —|HGo)y. The intensity profile of these
two ideal vector beam states is identical. By comparing these
profiles to a linearly polarized Gaussian profile, we find that
the peak intensity of the linear state is ~2.7 times greater than
the peak intensity of the vector beams. In our experiment, we
increased the energy of the vector beams by a factor of 2.79,
which agrees with this model.

The observed shift in the optimal phase-matching pres-
sure between the linear and vector polarization states is likely
primarily due to the difference in the Gouy phase, ®Gouy-
For a linearly polarized Gaussian beam in a free-focusing
geometry, this term varies as — arctan(z/zg), where zg is
the Rayleigh length. Near 2 =0, we can make the approxi-
mation ®Geuy = AGouy2 X —2/zr. The phase mismatch,
AkGouy = qkGouy.wy — kGouy.qwy»> is dominated by the funda-
mental term: gkGouy,wy = —q/2r = —qhro/mwi. Plugging
in the expression for the beam waist, wog = 2A¢ f/7 D, yields
the expression for the Gouy phase term in Eq. (1). By modeling
the vector beams as combinations of H Gy and H Gy modes,
we find that the Gouy phase for both the radial and azimuthal
polarization states is —2 arctan(z/zg). This doubling of the
Gouy phase was experimentally verified for radially polarized
beams in 2016 by Kaltenecker ez 4/. [56]. Equation (1) describes
the phase mismatch for the linear polarization state. We can
write out the equivalent equation for the vector polarization
states and set each equal to zero. We can solve for the optimal
phase-matching pressure of the vector polarization states, Pyp,
in terms of that for the linear polarization state, P p. Because the
intensity is the same for all cases, the expression in the brackets
is unchanged. Since the relationship between the Gouy phase
terms is AkGouy,vP = 2AkGouy,Lp» then, in the approximation
that the intrinsic phase is negligible, the relationship between
the pressures must be Pyp/Prp ~ 2. The ratio, Pyp/Prp, at
~14.6 nm was measured to be ~2.1 for the radial polariza-
tion, which deviates from the theoretical model by 5%. In the
azimuthal polarization state, Pyp/Prp at the same wavelength
was measured to be ~2.3, which deviates from the theoretical
model by 15%.

The observed discrepancies may be due, in part, to the
intrinsic phase, which varies as the gradient of the intensity
[33-36] and may impact the phase matching in the longitudinal
direction. When the target is at the focal plane (z =0 mm),
the gradient of the intensity in the longitudinal direction is
0. However, the error bar in our focal plane alignment was
£1 mm. At z = 1 mm, the peak intensity of a linearly polarized
Gaussian beam decreases by ~10% (assuming a focal geom-
etry identical to the one used in our experiment). The same is
true for the vector polarization states modeled by HG modes.
This could result in the longitudinal intrinsic phase becoming
significant enough to cause the discrepancies observed in the
phase-matching pressure ratios.
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The intrinsic phase and other intensity fluctuations may
also be responsible for the different trends in the slope of the
phase-matching curves in Fig. 2. The linear polarization state
produces a curve with a negative slope, whereas the radial and
azimuthal polarization states produce curves with positive slopes
(of different magnitudes). It is possible that imperfections in
the driving beam intensity profile could cause variations in the
intrinsic phase for a particular harmonic order, which could
change the optimal phase-matching pressure for that order.
These imperfections could have been introduced by the non-
linear processes in the OPA. Alternatively, it is possible that the
S-waveplate could introduce polarization or mode defects if
the incidence angle is not perfectly normal. Theoretically, the
radial and azimuthal polarization states should be identical,
but asymmetry in either beam profile could have caused the
difference in slope between the two states.

The direct measurement of the harmonic radiation produced
by the radially polarized beam [Fig. 3(b)] confirms that the
ring-shaped mode is preserved in the interaction. While the
polarization was not directly measured, Herndndez-Garcfa ez al.
confirmed that HHG with a gas target imprints both radial and
azimuthal polarization states from the driving beam to the har-
monic radiation [44]. Studies with more complex polarization
states also confirmed that polarization is preserved in the HHG
interaction [45,49]. However, all these studies were performed
at shorter wavelengths, limiting the harmonic order q to a maxi-
mum of ~27. With longer wavelength driving beams, both the
maximum energy and the harmonic order q increase substan-
tially. For instance, in the 17-20 nm spectral range transmitted
by the x-ray filters in our experiment, harmonic orders from the
65th to the 75th were measured. At such high orders, the diver-
gence of harmonic radiation is nearly identical between orders,
leading to spatial overlap. The observation of a well-defined
ring structure at these high harmonic orders indicates that the
vector polarization state is preserved in the interaction. As the
harmonic order increases, the impact from mode imperfections
also increases, as the interference between each mode accumu-
lates. These imperfections could contribute to the transverse
intrinsic phase, which could affect the divergence and structure
of the EUV profile. Improving the driving beam mode quality
would likely increase conversion efficiency and harmonic mode
quality.

Our phase-matching measurements were enabled by the
3D-printed gas cell. The gas cell provides a cost-effective, cus-
tomizable alternative to simple gas jets. It consists of a gas-filled
interaction region with entrance and exit orifices for the laser
to pass through. The free-focusing geometry, similar to a gas
jet, enabled the vector polarization states to propagate freely
through the interaction region. Because there is no optical
guiding, the mode is preserved in the interaction, enabling us to
create harmonic radiation with vector polarization states.

Our phase-matching model assumes that the gas cell creates a
confined region of uniform pressure, an assumption we validate
through numerical simulations and experimental measure-
ments. We modeled the gas density profile using SolidWorks
Flow Simulation, a CAD-embedded computational fluid
dynamics (CFD) tool that solves the complete Navier—Stokes
equations. The results show that the pressure remains very
uniform (within 0.05%) throughout the interaction region and
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Fig.4. Flow simulation of the gas cell shows an interaction pressure
nearly identical to the backing pressure of 100 Torr. The color bar (log
scale) indicates the pressure in the image. The arrows in the image
represent the direction of the gas flow. A lineout along the dotted black
line is overlaid on the image (yellow).

drops off rapidly within the orifices (see Fig. 4). The simulations
also show that a backing pressure of 100 Torr yields a nearly
identical interaction pressure of 99.73 Torr. Using the gas cell
and a linearly polarized 800 nm driving beam, we experimen-
tally measured an optimal phase-matching pressure of 70 Torr
with peak flux at a wavelength of 27.6 nm, which agrees with
previous studies [57].

Using the 3D-printed gas cell as the target in our experiment
was an integral component in obtaining these results. High-
pressure gas jets inherently produce a non-uniform density
profile, making them less ideal for phase-matching studies.
Additionally, the vacuum system can only accommodate a
certain amount of gas flow. The use of gas cells to confine the
gas enables much lower flows than a gas jet. Even though the
optimal phase-matching pressure for the vector polarization
states was roughly twice that of the linear polarization state, this
regime was accessible because of the gas cell. Using 3D-printed
gas cells rather than traditional gas cells enabled rapid prototyp-
ing to optimize the measured HHG flux. Design flexibility was
limited with the traditional gas cells available, making it difficult
to generate harmonic spectra with a high signal-to-noise ratio.

5. CONCLUSION

We have shown experimental results of phase-matched HHG
ina 3D-printed gas cell using a 1300 nm driving beam in linear
and vector polarization states. The spatial profiles of the EUV
light match those of the corresponding driving beams, confirm-
ing spatial mode transfer. Maintaining the same experimental
parameters for each polarization state and varying only the
backing pressure, we found that the optimal phase-matching
pressure was roughly two times higher for the vector polariza-
tion states than the linear state. We believe that this is primarily
a consequence of the spatial mode of the vector beams that
doubles the Gouy phase and not a polarization-dependent phe-
nomenon. This work was enabled by 3D-printed gas cells that
create a confined region of uniform pressure conducive to phase
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matching. The phase-matching conditions for the vector polari-
zation states were achievable because the gas cell preserved the
mode of the driving beam and provided an interaction pressure
nearly identical to the backing pressure.

Our findings suggest that it may be useful to further explore
phase-matching conditions for vortex driving beams in HHG.
While these beams carry a unique phase structure, the ring-
shaped intensity profile is very similar to the vector beams used
in our experiment. The 3D-printed gas cell facilitates HHG
with such unconventional spatial modes and supports alterna-
tive geometries such as noncollinear setups and variable-length
designs. The low cost and design flexibility of the gas cells pro-
vide exciting opportunities for experimental prototyping and
customized targetry in HHG.
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