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Abstract

We present the first systematic study of the spatio-spectral polarization properties of a supercontinuum generated in a cubic
crystal, yttrium—aluminum garnet (YAG), including a full spectral analysis of the white light core and surrounding ring
structure. We observe no depolarization of the supercontinuum, and no spatial dependence of polarization ratios for any
wavelength. We discuss the discrepancy of YAG’s polarization behavior in the context of well-established results in literature

reporting self-induced depolarization in other cubic crystals.

The growing demand for coherent radiation beyond the spec-
tral coverage of laser gain materials can currently only be
met via parametric processes (DFGs and OPAs) seeded by
highly nonlinear processes like hollow-core fiber and bulk
supercontinuum (SC) generation [1-5]. Seeding a parametric
process directly via SC can greatly reduce the complexity
and number of stages required in an amplification setup.
However, pumping the SC process with femtosecond and
picosecond pulses in the 10-100 pJ range raises questions
regarding nonlinear effects that may have a significant
impact on the efficiency of the polarization-sensitive para-
metric process to be seeded. Given the induced polarization
rotation of intense pump pulses in various SC-candidate
nonlinear materials, and the wavelength-dependent depolari-
zation of bulk SC [13], a significant portion of seed energy
may be lost if the desired wavelengths lie in the high depo-
larization spectral region of the SC output.

Many of the bulk materials commonly used for ultra-
broadband SC generation, including CaF,, BaF, and YAG,
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exhibit a cubic crystal structure. Studies have reported
cross-polarized wave generation and polarization rotation
of the intense pump pulse during propagation in cubic crys-
tals, leading to a depolarization of the SC output [10, 11,
13]. This effect has been demonstrated in various crystals,
including CaF, [13, 17-19]. In contrast, SC generated in
YAG shows little or no depolarization [20]. This creates a
puzzling discrepancy between theoretical predictions [17,
18] for polarization rotation in cubic crystals, versus the
experimental findings of polarization maintenance in YAG.

The spectral output of SC in bulk crystals is an ultra-
broadband pulse with frequencies centered around the
pumping wavelength and a spatial structure consisting of a
central white light (WL) core surrounded by colored rings
(the Conical Emission, CE) [6—8]. A significant portion of
the spectral energy of the SC output lies in the frequencies
found in the CE [8]—the presence of the same frequencies
in the WL core, especially the far-from-pump anti-Stokes
peak, has been identified as the axial portion of the CE [8,
9], implying a good phase relationship between identical
frequency components in the CE and the WL. The spectral
output in the WL is asymmetric, with higher energies in
the anti-Stokes wing and an exponential drop-off of energy
far from the pump [7]. In the case of polarization-sensitive
processes like OPAs and DFGs seeded with specific wave-
lengths in the low energy-density region of the SC output,
careful management of depolarization and beamline losses
is required to efficiently generate the desired output [1, 2,
4]. In addition, if the CE has a well-behaved polarization
state, it opens the possibility of utilizing the CE energies in
addition to the WL core itself.
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Third-order processes (including space—time focusing,
self-steepening, plasma generation, third harmonic genera-
tion, etc.) are by far the largest contributors to spectral gen-
eration in the bulk SCG process. The y® tensor of the bulk
SC material governs the dynamics and interplay of these
processes. The abrupt “explosion-like” self-steepening and
pulse-splitting at the onset of SCG is accompanied by degen-
erate four-wave mixing (due to momentum conservation)
that results in the creation of the conical emission [31]. The
nonlinearly induced polarization rotation of the pump pulse
at these peak intensities arises out of the momentum terms
during the self-steepening process [16—18].

Bucharov et al. proposed that different wavelengths of
light are produced at different positions along the propaga-
tion path of the intense pump pulse [13]. As per this inter-
pretation, we posit that if the rotated portion of the pump
generates portions of the SC spectra, the CE should be depo-
larized. Further, we expect that a polarization modulation/
rotation of the intense input pulse should be imprinted upon
the polarization properties of the ringed structure of the SC
output. Should SC generated in YAG exhibit depolarization
due to YAG’s crystal structure and the anisotropy of its y©®
tensor, the proposed mechanism of action for depolarization
[13, 18] would be most clearly evident in a spatio-spectral
depolarization analysis of the CE as a radial position-based
modulation of the polarization ratio.

In this paper, we study the polarization properties of the
entire spatio-spectral structure of the output of a bulk SC
process in YAG, and present the first spatio-spectral study of
SC generation in a cubic crystal, including its ring structure.
Our work also highlights the possibility of utilizing the CE
as well as the WL of the SC to seed subsequent parametric
amplification stages.

While there is a lot of debate regarding the exact mecha-
nisms giving rise to SC characteristics [7], the general con-
sensus is that the process is heavily reliant upon the third-
order susceptibility tensor y®. Input (pump) field intensity
affects many critical nonlinearities via the mediation of the
¢ tensor. In addition, cross-polarized wave generation of
intense incident light in cubic crystals is dependent upon
the orientation of the crystal planes with respect to the pulse
propagation direction [11, 12].

For our experiments, pump pulse energy and intensity
were chosen to maximize the probability of observing depo-
larization and cross-polarized wave generation, without
pushing the SC output into an unstable or multi-filament
regime. Pump peak power and intensity fall within the range
covered by similar studies in the literature, e.g., [13-17]. As
the growth direction of the YAG crystal with respect to its
crystallographic plane orientation can be a factor contribut-
ing to crystal anisotropy, we chose a [1,1,1] cut, as this is the
only cut where the thermally induced birefringence is inde-
pendent of the original growth direction [21]. Furthermore,
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the [1,1,1] cut has theoretically a high anisotropy of the ¥
tensor under various orientations of incident pump polariza-
tion [10]. Should this anisotropy be a factor for SC genera-
tion, choosing such a crystal cut would maximize the depo-
larization dependence on incident pump polarization angle.

A schematic of the optical setup is shown in Fig. 1.
The 180 fs, 10 kHz, 1032 nm output of a ytterbium diode-
pumped solid-state laser system (Pharos, light conver-
sion), linearly polarized at 600:1, was attenuated to 10 puJ
and focused to a Gaussian waist diameter of approximately
30 um into the 5 mm long YAG crystal using a 100 mm
fused-silica (FS) lens. An iris before the focusing optics was
used to optimize the numerical aperture of the beam for SC
generation. The pump laser has a pulse-to-pulse stability
of <0.5% (rms) and power stability of <0.5% (rms) over
24 h. Environmental vibrations produce a beam-pointing
jitter of approximately +1 mm over 24 h at the input lens.
The YAG sample was rotated about the z-axis during setup
w.r.t. optimizing conversion efficiency and polarization for
the fundamental and second harmonic wavelength of the
pump. No difference was noted in polarization or conversion
efficiency based on crystal rotation.

The highly divergent and broadband SC output beam
was roughly collimated with a 2”-diameter, 150-mm focal-
length FS lens. A 1-mm pinhole on a motorized translation
stage allowed sampling of the beam at various transverse
positions (x-axis). Due to the ultra-broadband nature of the
SC output, a thin-film polarizer scheme (required for a full
analysis of the Stokes vectors of the SC output) could not
be used. Instead, a Glan-Taylor polarizer on a rotation stage
was mounted behind the pinhole to quantify the linear com-
ponent of the polarization state sufficient to determine the
degree of polarization rotation. A broadband, multimode
fiber (non-polarization maintaining, as only the total flux
transmitted by the fiber was relevant) was used to sample
the output of the polarizer and deliver the light to a spec-
trometer. The presence of widely different divergence angles
and the inability to focus all of them equally upon the fiber-
tip resulted in a modulation structure of the fiber-sampled
spectra, which disappeared when the full output was focused
on the fiber tip, or collected using an integrating sphere. The
setup was also sensitive to input beam-pointing spatial insta-
bilities over the course of the measurement period.

1.FS Lens

2.1Iris

3. YAG Crystal

4. UVFS Lens

5. Pinhole

6. Translation Stage

7. Short-Pass Filter

8. Glan-Taylor Polarizer
9. Rotation Stage
10.Spectrometer

Fig. 1 Schematic of the experimental setup
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Maximum depolarization during SC generation is often
reported on the anti-Stokes side of the SC output [17], and
there is an exponential dropoff of spectral energy density on
the red side leading to small changes in polarization being
lost in background noise. Therefore, only the anti-Stokes
portion of the SC output was used for this study.

Data taken over the course of a day using an integrating
sphere were compared to the integrated spectral intensity /,
derived from the pinhole-sampled data using:

B Y Lr(x = (- a)?)

I
4 A

ey

where [, is the spectral intensity recorded at radius x from
the center of the beam with a pinhole diameter d and A is the
total sampled area of the output. This comparison is shown
in Fig. 2. Both datasets were normalized using the pump
intensity measured for each technique (input pulse without
SC crystal) at 1 um, just below the short-pass filter (Thorlabs
FESH1000) cutoff. The pinhole-derived data fall within 1o
of the mean of the integrating sphere data and shows good
general agreement in terms of spectral shape, highlighting
the validity of our spatial sampling technique. Due to the
presence of the filter used to attenuate the pump wavelength,
spectra above 1 um are not used for intensity-comparison

Intensity (arb.)

107 - # 10 of Integrating Sphere Measurements
—Mean of Integrating Sphere Measurements
I—Pinhole Sample Aggregation
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Fig.2 Comparison of SC output spectra—integrated values extrapo-
lated from pinhole-sampled spectra (blue), and integrating sphere val-
ues over 1 day—mean (red), 1o extent (green)

to other wavelengths. Additionally, the pinhole method
imposes a tight tolerance, i.e., it rejects residual non-colli-
mated portions of the pump wavelength which are collected
and sampled by the integrating sphere method, leading to a
discrepancy between the two methods at the intense pump
wavelength.

The SC output was scanned in the transverse direction in
0.5-mm intervals over a beam radius of 10 mm (2-mm WL
core radius, 10-mm maximal CE radius). At each spatial
position, the polarizer was rotated by 360°, in 5° increments,
and spectral data were recorded. Spatial symmetry of the
output was verified via spectra taken at radially symmetric
positions around the center of the beam (Fig. 3). There is
good agreement in spectral shape for identical radii. Work-
ing with a radially symmetric beam allows us to reduce the
spatial analysis of the polarization to a single dimension.

Figure 4a shows the spectral dependence of the polari-
zation contrast, which follows the spectral energy density,
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Fig.4 a Spectral intensity (integrated over all sampling positions) vs
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centage of maximum polarization ratio vs wavelength (integrated
over all sampling positions) (blue) and moving average (red)
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suggesting a wavelength dependency of the polarization
ratio, as reported in [13]. This is merely a measurement
artifact due to the different power levels available at each
wavelength. For example, if 10 uJ are available near pump
wavelengths with a noise-floor of 100 nJ, it leads to a maxi-
mum possible polarization ratio of 100:1, whereas if only
1 W is available at 800 nm, it leads to a maximum possible
polarization ratio of 10:1. The maximum polarization ratio
is the decisive parameter and can be calculated as:

2l
Zilicy
2l
2 Dinoise

Pmax,i = Z Pmax,ix = x 100%, )

where 1, . and I, , | are the intensities for a wavelength 4
measured in the plane parallel and perpendicular, respec-
tively, to the linear polarization of the incident pulse at a
specific sampling location x. When plotting the pyax , trend
as done in Fig. 4b, we find that the SC output is highly polar-
ized, with a moving average of 99.8%. The intense pump
pulse itself does show a slight degree of depolarization,
but the polarization-preservation in the SC output confirms
the findings of Silva et al., namely that the SC generated
in YAG is not depolarized, and follows the polarization of
the pump pulse [20]. As the maximum possible polarization
ratio developed here is dependent upon the noise thresh-
old, Fig. 4b. shows that there is a constant polarization ratio
through the spectrum only up to the limitation imposed by
the measured noise.

The SC output exhibits multiple rings of the same color
but different divergence angles, and it is assumed that
regardless of the relative retardation of red frequency gener-
ation during a single cycle, each distinct spatial ring of a spe-
cific wavelength is created in a different focusing/defocusing
cycle of the SC process. This guarantees multiple points of
origin for each color along the evolution of the pump pulse
in the nonlinear medium and allows evaluation of the impact
of spatial pump / SC overlap on the polarization state of the
SC output. The maximum polarization ratio with respect
to the transverse position is shown in Fig. 5 for selected
wavelengths. As expected from Fig. 4b, a high degree of

100 T T T T T

X 998 —— 4

*450 nm - 550 nm =650 nm-+750 nm*850 nm#950 nm

99.6
0 1 2 3 4 5 6 7 8 9 10

Radial Distance from Center of Beam (mm)

Fig.5 Percentage of maximum polarization ratio of SC output in
respect to the radial position for various wavelengths, measured by
the pin-hole sampling method described in the text
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polarization (similar to the spatially integrated measurement
shown in Fig. 4b) is present at any transverse position at any
wavelength, despite the drastically different spectral contents
at different transverse positions (see Fig. 3). This highlights
that under the experimental conditions used here, the spatial
overlap between the pump beam and the SC does not lead
to a polarization rotation via cross-phase modulation or any
other nonlinear effect as suggested in Ref. [13].

Our experimental results are puzzling, given the anisot-
ropy of the y©® tensor in YAG [23], which has a form iden-
tical to that of CaF,, where a strong wavelength-dependent
depolarization has been observed in previous studies, for
example, in [13]. The nonlinear index is, at its root, a func-
tion of the hyperpolarizability of the electron distribution
forming the bonds in crystals [24]. The hyperpolarizibility
of oxygen in YAG varies up to a factor of 10, that of fluorine
in CaF, varies by a factor of 7 [24], whereas the value of the
nonlinear indices for CaF, and YAG are also very similar,
1.9% 10716 cm®W [20] and 2.9 x 107! cm?/W [15], respec-
tively; CaF, has an even lower nonlinear index than YAG.
This should lead to an experimentally observable depolariza-
tion of the SC output in YAG that is greater than, or at least
comparable, to CaF,. Yet the SC-generated broadband por-
tion of the output pulse in YAG demonstrates a distinct lack
of depolarization—increasing input energies in the hopes
of seeing depolarization results in multifilamentation and a
destruction of the spatial structure of the output we wish to
study. In the operating regime, the minor polarization rota-
tion of the intense pump, consistent with theory [17], is not
imprinted onto the SC output. We propose that the margin-
ally depolarized portion of the pump is not sufficient to con-
tribute to the nonlinear processes that create the SC output.

It should be noted that it is difficult to compare the true
extent of depolarization of SC output vs. intense pump pulse
polarization rotation. Studies that focus on wavelength-based
depolarization effects of SC generation in CaF, use the raw
polarization ratio and not a function of the maximum-pos-
sible polarization ratio as a metric.

Nagura et al. generated SC in CaF, and various other
media far in excess of P, in the materials, and found depo-
larization of the SC output only in the cubic crystals CaF,
and LiF, concluding that the SC is polarized in the direction
of the incident light in an isotropic material, but not cubic
materials [18]. Kartazaev et al. generated SC in CaF, and
reported a crystal plane orientation dependent, self-induced
polarization rotation of the pump, with a direct influence
on the polarization properties of the anti-Stokes wing of
the SC output spectra [15]. Johnson et al. [30] discovered
polarization modulation in the SC output of CaF, pumped
with linearly-polarized light vs. a very high degree of polari-
zation preservation for the circularly-polarized pump case
(which would mask any induced polarization rotation). As
cross-polarized wave generation in cubic crystals is well
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established, there is no intrinsic reason that the mechanisms
behind self-induced polarization of intense pulses should be
readily apparent in CaF, but not in YAG.

Kumar et al. studied SC depolarization as a function of
pump intensity [16] and demonstrated the role of crystallo-
graphic orientation—even in a non-centrosymmetric crystal-
like KDP, the authors found that if the crystal is oriented
correctly, SC output preserves the input-polarization state.
This directly supports the findings of this paper, i.e. that
YAG SC output is well polarized. Therefore, we look to
origins beyond the anisotropy of the y® tensor to explain
the discrepancy between YAG and CaF, SC output.

CaF, exhibits an intrinsic birefringence [27], and strong
UV absorption at the blue edge of the SC output leading
to damage [29]. CaF, is easily damaged, and requires con-
tinual rotation of the CaF, plate for SC applications [30].
The crystal also has a tendency to grow in the <1 1 0>
direction [28] with implications of the crystal-plane orienta-
tion rotating and introducing defects throughout the length
of the rod as growth proceeds, which may account for the
polarization modulation of SC output reported in [30] for a
rotated [0 O 1] CaF, sample. Depolarization due to damage
caused by the intense incident pulses has been reported, not
only in the case of CaF,, but also for other nonlinear media.
Inhomogeneities in electron density of the induced plasma
would invariably arise in a damaged bulk crystal. The polari-
zation state of the generated SC can also differ from pump
even in isotropic amorphous media due to inhomogeneity in
the electron density, and subsequent scattering as reported
in Ref. [16]. Furthermore, Dharmadhikari et al. reported a
100-fold polarization degradation at the onset of multi-pho-
ton ionization occurring well below the damage threshold
[14]. All of the above factors may contribute significantly to
observed depolarization (to an extent not expected to arise
solely from y®-based polarization-rotation of intense pump
pulses) of SC generated in CaF,.

In light of the above factors, we believe that the crystal-
lographic quality of nonlinear media used for SC generation
must be taken into account, and the degree of depolarization
of SC output demonstrated in fluoride crystals CaF,, BaF,
and LiF has origins beyond the anisotropy of the y® tensor.
The absence of depolarization in CaF, is also suggested in
an application in literature: For example, Huber et al. detail a
CaF, SC-seeded BBO OPA (a polarization sensitive process)
without the use of the customary polarization-correction
optics—by stringently controlling crystal quality, the authors
used the SC directly for OPA seeding [32], which leads us to
infer that the SC output was well polarized. This leads us to
conclude that to study the SC process, specifically nonlinear
pump polarization rotation and other y®-based effects that
only become apparent at higher intensities, using CaF, and
related crystals (where crystollagraphic plane orientation
variations may exist) would cloud the origin of the effect

being studied. We suggest that YAG is a more representative
crystal—to the best of our knowledge, there are no reports of
YAG plates used for SC requiring rotation to prevent damage
or any of the other issues (intrinsic birefringence, crystal-
plane rotation during growth) of CaF,. Structural studies
of YAG show excellent crystal hardness, with low creep
and stress-induced birefringence [26]. Consistent with the
theory on polarization-rotation in cubic crystals, YAG shows
polarization rotation of the pump, but this small fraction of
the intense input pump does not contribute to SC genera-
tion, and the superior crystal quality of YAG allows us to
observe the intrinsic polarization of the SC output itself,
which arises from the un-rotated portion of the pump. As an
extension to this work, similar analysis on the Stokes-side
SC output might give interesting results directly applicable
to MIR OPA/OPCPA studies.

In summary, we present the first full spatio-spectral polar-
ization analysis of the output of a bulk SC generation process
in YAG and confirm the polarization-preservation nature
across the entire spatial and spectral profile by introduc-
ing the maximum polarizability as the decisive quantity. We
discuss the disparity between the well-known polarization
preservation in YAG and the depolarization in other cubic
crystals such as CaF,. Given the highly polarized nature of
the SC output beam across the entire spectral and spatial
domains (even in the presence of some minor depolariza-
tion of the intense pump), we conclude that while studies of
self-induced polarization rotation during highly nonlinear
processes such as SC generation are fundamentally correct,
the extent of depolarization of SC output studied in crystals
like CaF, is highly influenced by crystallographic quality
and bulk damage, and is not intrinsic to SC generation in
cubic nonlinear crystals.
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