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Abstract

Two hundred years after Malus' discovery of optical anisotropy, the study of
polarization-driven optical effects is as active as ever, generating interest in new phenomena
and potential applications. However, in ultrafast optics, the influence of polarization is
frequently overlooked being considered as either detrimental or negligible. Here we
demonstrate that spatio-temporal couplings, which are inherent for ultrafast laser systems with
chirped-pulse amplification, accumulate in multi-pulse irradiation and lead to a strongly
anisotropic light-matter interaction. Our results identify angular dispersion in the focus as the
origin for the polarization dependence in modification, yielding an increase in modification
strength. With tight focusing (NA >~0.4), this non-paraxial effect leads to a manifestation of
spatio-temporal couplings in photo-induced modification. We devise a practical way to control
the polarization dependence and exploit it as a new degree of freedom in tailoring laser-
induced modification in transparent material. A near-focus, non-paraxial field structure
analysis of an optical beam provides insight on the origin of the polarization dependent
modification. However, single pulse non-paraxial corrected calculations are not sufficient to
explain the phenomena confirming the experimental observations and exemplifying the need

for multi-pulse analysis.
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1. Introduction

Broad spectrum is one of the key requirements for ultrafast laser systems. The invention of
effective mechanisms capable of locking spectral components in phase paved the way towards
pulses as short as several femtoseconds. Given that these ultrashort pulses have durations near
the timescales of fundamental molecular and atomic processes, they have found a wide variety
of applications stretching from observing photochemical processes on femtosecond time
scales[1], to selectively instigating molecular excitation via adaptive quantum control.[2]
Nonlinear processes triggered by ultrafast laser pulses have revolutionized the world of
microscopy through targeted nonlinear excitation techniques. In particular, second- and third-
harmonic generation microscopy as well as multiphoton microscopy provide the best
non-invasive means for biological imaging.[3] Femtosecond lasers have also been successfully
applied to non-invasive surgeries in the bulk of human tissue with sub-micrometer resolution
without collateral damage.[4] This comes at the price of taking extra care to control phase of
the pulse, which can be disturbed by dispersive media or self-phase modulation, and lead to a
significant decrease of pulse intensity. Normally, this is seen as a negative effect. However, a
method called chirped-pulse amplification (CPA) clearly demonstrated that the manipulation
of spectral components could be exploited for the benefit by providing a manner of alleviating
the issue of damaging the gain medium by excessive intensities by temporarily stretching out
a pulse before the gain medium. The amplified pulse is then recompressed back to the original
pulse width in the same manner it was stretched by, enabling terawatt to petawatt
intensities.[5,6] Recently, simultaneous spatial and temporal focusing (SSTF) has shown
promise in overcoming nonlinear side-effects when reaching the critical power near the focus,
not only in material modification[7—12], but also in microscopy and tissue ablation[13-16] and
atmospheric propagation.[17] This is accomplished by separating the spatial components of the

incident light pulse. Each portion of the beam then carries a reduced local-bandwidth, resulting
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in an increased overall pulse duration and reduced intensity. Upon focusing, the separated
components are brought back together recovering the initial bandwidth and duration of the laser
pulse. As a result, the maximum light intensity is only observed near the focus. Thus, nonlinear
phenomena are localized at the focus as opposed to conventional focusing of a transform

limited femtosecond-picosecond laser pulse.

Normally working with temporal and spatial dependences like those seen within SSTF and
CPA, the vectorial nature of the spatio-temporal couplings is overlooked. Spatial chirp (spread
of frequency components across the beam front; SC)[18], pulse front tilt (inclination of the
intensity front with respect to the propagation direction; PFT)[19], angular dispersion (angular
separation of light rays of differing frequencies; AD)[20,21] and wavefront rotation/Time vs.
Angle (rotation of wavefront in time - lighthouse effect; WFR/TVA)[22,23] have all been
discussed individually from a theoretical point of view and thorough experimental techniques
have been developed to characterize them.[24] Previous studies have clearly indicated that
spatio-temporal couplings can give rise to strong directional dependence and more importantly
anisotropic photosensitivity in isotropic homogeneous materials[25-29], which is thought to
depend on the polarization orientation with respect to the azimuth of the PFT and is known as
the blade effect.[25] With no effective control of the vectorial dependences, the benefits of the
phenomenon cannot be exploited. As a result, this polarization dependent behavior is normally
seen as detrimental for applications where precision of the process is essential. Here we
demonstrate that spatial and temporal components can be separately controlled with the use of
an external grating pair, in conjunction with the stretcher/compressor system built into the CPA
set-up, allowing us to investigate spatio-temporal dependences on ultrafast laser induced
material modification. With this, we demonstrate that this observed polarization dependence in
modification is an inherent property in the interaction of transparent media in the femtosecond

domain and it can be observed in a range of materials. Analysis of the linear behavior of spatio-
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temporal couplings in and out of the focus using linear propagation simulations allows us to
understand how different potential mechanisms evolve in the focal volume. From here, the
spatio-temporal coupling, which plays a dominant role in the polarization dependent

modification, is determined.

2. Spatio-Temporal Couplings

In ultrafast laser systems, PFT can easily occur because of CPA, where the pulse is stretched
before entering an amplifier. Although the pulse is afterwards compressed, the residual
spatio-temporal couplings can still be present. AD will cause the different frequency
components of the laser pulse to propagate at different angles. As a result, the beam would
expand in the direction of the dispersion upon propagation yielding a constantly expanding
elliptical shape. Whereas, a pulse with SC after entering a dispersive medium will come out
with the bluer side of the pulse lagging behind its redder counterpart, due to the temporal

dispersion induced by the medium. From this, PFT is calculated by the following equation:

PFT = PFT,p + PFTsc,7c[30,31] (1)
where PFTap represents the PFT component due to AD and PFTsc+tc represents the
component due to SC and TC. If all couplings are present in the laser pulse, the spatio-temporal
effects become complicated and hard to understand. It is also important to note that alongside
PFT, there can be another manifestation of a spatio-temporal coupling known as wavefront
rotation, WFR[31], which has been wused experimentally for attosecond pulse
generation[22,23], photonic streaking[32], pulse characterization and phase metrology.[33] It
is then important to discern what spatio-temporal couplings are physically inherent in the beam

to understand ultrafast laser induced phenomena.
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3. Methods

Our experiments were carried out with a mode-locked regenerative amplified femtosecond
laser system PHARQOS (Light Conversion Ltd.) based on Yb:KGW lasing medium emitting a
train of femtosecond pulses at 1030 nm with 200 kHz repetition rate. A set of grating
compressors are used to induce TC and SC separately in order to have direct control on the
PFT (Figure 1). The first set is built into the laser set-up to compress or stretch the pulse
duration by TC. By doing so, we increase/decrease the group delay dispersion (GDD) of the
pulse accordingly. The second pulse compressor is used in a single pass geometry with a single
grating and retro-reflector to induce SC, which is controlled by varying the distance between
these two elements. The laser beam is then sent to a translation stage and focused into the bulk
of fused silica with a 0.55 NA aspheric singlet lens or 1.4 NA oil immersion objective. The
polarization state is controlled with a A/2 waveplate to change the polarization orientation to

be either parallel with the direction of SC (0°) or perpendicular to SC (90°).

In this experiment, the second grating compressor remains stationary over a fixed separation
length. Thus, the SC is held constant at ~1 nm mm™. The amount of residual SC from the first
grating set-up is ten times smaller in comparison to the amount of the frequency gradient from
the second grating set-up. This alongside the compressor control for TC provides a complete

method for control of spatio-temporal coupling in the laser pulses.

As substantial spatial chirp is added to the beam, it becomes elliptical. Thus, it is important to
ensure that the spectral components of the beam are not clipped by the aperture of the focusing
lens to reconstruct the initial bandwidth of the pulse correctly near the focus. To ensure this, a
Galilean telescope is used to fit the elliptical beam into the back aperture of the focusing lens.
As a result, the aperture of the lens is under filled reducing the effective numerical aperture.

Considering this, all numerical apertures quoted in this publication are in their effective values.
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In our experiment, angular dispersion is not present before the focusing lens when the SSTF
set-up is in place, thus spatial and temporal chirp can be independently controlled. By
measuring the slope of the wavelength vs. position using a fiber attached to a spectrometer we
characterize the SC. The TC is controlled with the first compressor and is indirectly measured
with an APE pulseCheck multi-shot autocorrelator. The GDD is then calculated by the

following equation:

— 1 cpAtoys 2 cg\* @
GDD_4(1n2) ( Av ) _(A_v)

where Atoyt is the measured pulse duration, Av is the pulse bandwidth and cg is a dimensionless
constant depending on the pulse profile for the time-bandwidth product. The GDD value is
confirmed by a second harmonic FROG and cross-checked with Kostenbauder matrix
formalisms to ensure the experimental measurements match theoretical predictions.[34] With
the measurements of TC and SC, the remaining PFT term in Equation 1 is calculated by
multiplying the frequency gradient measured with the GDD of the characterized pulse yielding
the PFT.

It is important to mention the focusing optics must also be taken into consideration as it may
have a decisive effect on the overall PFT of the beam. Most objective lenses contain a
considerable amount of glass, which can significantly increase the GDD of the pulse depending
on the bandwidth of the pulse. This can drastically affect the PFT of the pulse and introduce
other unwanted aberrations.[35] In our experiment, the bandwidth of our laser is relatively
small (~ 8 nm); the effect of glass is negligible so all spatial-temporal couplings are controlled
solely by the grating set-ups.

In our experimental conditions, we have two cases of spatio-temporal couplings. In the first
case, the laser pulse is transform limited before the second grating set-up, which then stretches

the pulse to ~4 ps. This increases the PFT at the focusing optics to 0.64 fs um™ (With PFT). In
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the second case, the GDD induced by the second grating set-up is pre-compensated with the
internal grating compressor in the laser, making PFT = 0 before the focusing lens (No PFT) so
that the pulse remains transform limited with SC (~400 fs locally). The beam is then focused
in a wide SSTF configuration, which yields a circularly symmetric focus despite ellipticity at

the focusing lens caused by spatial chirp.[35]

4. Observations

To demonstrate the importance of the residual spatio-temporal couplings evident in typical
ultrafast lasers, the beam emitted by the laser system was directly focused into the bulk of fused
silica. Characterization of the spatio-temporal couplings in the beam emitted by our laser
system clearly indicated that both AD and SC are present. In the horizontal direction of the
beam, the SC is changing along propagation meaning AD is present. In the vertical direction,
SC remains somewhat constant along propagation. At the focusing lens, SCx= 0.1 nm mm*
and SCy=0.08 nm mm. This laser beam was focused with a NA = 0.55 lens and ten 300 fs,
0.5 uJ pulses were shot into the bulk with varying polarization with respect to the SC direction,
resulting in void modification within the bulk (Figure 2). Inspecting the cross-sections under
an optical microscope, a clear difference was observed for the polarization parallel to SC (0°),
where a long chain of voids stretching to the focus is seen, as opposed to the polarization
perpendicular to SC (90°), where only a single void is seen at the top of the structure
(Figure 2a). Also during the exposure, the white light emission was visibly brighter when
polarization was perpendicular to the SC, confirming the observation made in the preliminary
study.[25] The observed difference of structures is corroborated with experiments performed

in fused silica with a typical titanium-sapphire laser (Coherent RegA 9000) (Figure 2b).

With respect to polarization multiplexed data storage[36], precise spot modification in the bulk
of a transparent medium with tailored birefringence is necessary for the encoding of
information. The laser-induced birefringence was characterized with the quantitative
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birefringence measurement system (CRi Abrio; Olympus BX51). Focusing into the bulk of
fused silica with NA = 0.75, a strong sinusoidal modulation in birefringence is observed with
respect to the resulting slow-axis orientation of the structures (Figure 3). The modulation is
apparent for different pulse energies and shifts in polarization dependence when changing the
repetition rate from 200 kHz to 500 kHz (Figure 3). This proves that spatio-temporal couplings
that exist in typical ultrafast laser systems are extremely complex and can cause drastic effects

on the overall modification induced in glass.

To determine what causes this polarization dependence in modification, the SSTF set-up was
placed into the experimental design (Figure 1). The AD was removed in the horizontal direction
with the second grating compressor and an additional SC was induced. A series of dots were
then printed into the bulk of a fused silica sample with NA = 0.43 using the SSTF set-up. The
qualitative analysis of the laser induced structures was performed by inspecting them under an
Olympus BX51 optical microscope and with quantitative phase microscopy[37] (QPM). When
varying the polarization state of the writing laser beam from 0° to 90° with respect to SC, a
clear difference in the morphology of the structure was observed from the top and the
cross-section (Figure 4). When polarization is parallel to the direction of SC, the structures
exhibit spherical symmetry with and without PFT. The modification is localized slightly above
the focal region, being ~1 — 2 um in diameter. When polarization is perpendicular (i.e. 90°) to
the SC direction, the modification is observed to be stronger. Stress is induced along the
direction of SC and the modified region is elongated in that direction to ~3-5 um. From the
cross-section, the laser-induced structure is larger and more dispersed in stark contrast to a
circularly symmetric structure for 0°. The area around the structure shows a larger phase
difference, due to the larger stress in the modification-induced region. The difference in
modification for the two polarization states is observed within the bulk at various depths.

However, when focusing on the surface of the fused silica, no observable difference is seen
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between the orthogonal polarization states, confirming that the polarization dependence

observed in modification is a nonlinear effect.

When investigating how the polarization dependence evolves within the first 10 pulses, it
becomes clear that the effect increases with longer exposure (Figure 5). No observable
differences can be seen with the first pulse; however, the void modification becomes larger
with subsequent pulses. The polarization dependence between orthogonal polarization states
become more apparent after a few pulses, exhibiting elongation in void structure when
polarization is perpendicular to SC and circularly symmetric voids when polarization is
parallel. After 5-6 pulses, the elongation increases while the parallel polarization based
structures remain circularly symmetric, further separating the modification induced by the two
polarization states. The evolution in void structure emphasizes how the effect becomes stronger

for longer exposure similar to what is observed in the bare beam case (Figure 2b).

When increasing the number of pulses overlapping in one spot even further, the void formation
turns into a nanograting type of modification, revealed via birefringence formation [38] and
with NA = 0.43, the difference between the orthogonal orientations becomes less apparent
(Figure 6). In both cases, the greatest difference in measured retardance is seen within the first
100 pulses with nanograting formation being initiated earlier when polarization is orthogonal
to SC. But as the number of pulses increased past 100, the ratio of retardance between 90° and
0° drops from 0.6 - 0.8 to 0. The polarization dependence in modification is also less apparent
at higher pulse energies for NA = 0.43, even though slight differences reside in the structure
closer to the geometric focus. This indicates that the polarization dependence is dependent on
the location where the nonlinear effects are initiated. Sufficient superposition of the spectral
components is necessary to maximize the benefits seen by SSTF. Therefore, depending on the
location of the nonlinear interaction or if focusing is not tight enough, the benefits of SSTF are

minimized, as well as the polarization dependence (Figure 6).
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In comparison to modification under conventional focusing conditions (CF), the transition to
nanograting occurs much earlier. With SSTF, the transition occurs within the first tens of pulses
whereas with CF, nanograting formation appears around 100 pulses for the equivalent pulse
parameters of the two cases discussed. It should also be noted that the maximum retardance
achieved within 100000 pulses in the No PFT case is roughly twice the retardance achieved
under CF conditions. The ability to minimize the nonlinear interaction in the bulk with SSTF
to a smaller volume near the focal plane provides an avenue to have stronger modification than
what would be observed with CF, allowing one to attain stronger modification in a shorter
period of exposure.

To check the hypothesis about the location of nonlinear interaction with respect to the
polarization dependent modification, a series of structures were written with tighter focusing.
When focusing into the bulk of fused silica using a NA = 0.9 oil immersion objective, the
modification is localized closer to the focus and the more apparent manifestation of the
polarization dependence is observed (Figure 7). In this case, Type Il modification is induced
and a clear sinusoidal dependence is observed in the retardance of the structures with highest
values measured for the polarization perpendicular to the direction of SC. The sinusoidal
dependence is observed through a range of pulse densities but the ratio of the strength of
retardance between 0° and 90° lowers from roughly 3:1 to 1.5:1 when increasing pulse density.
This can be explained by a combination of thermal effects with the lateral growth of the
structures, when regions further from the focus are modified.[39] These two factors will
contribute to diminishing the effect of spatio-temporal couplings. Moreover, the shape of the
structures is indicating a similar behaviour observed at weaker focusing conditions. The
structures written with parallel polarization were circularly symmetric, whereas structures

induced with perpendicular polarization were elongated in the SC direction.
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5. Discussion

It is quite evident that spatio-temporal couplings play a significant role with respect to material
modification. What is not well understood is how these couplings are altered by focusing.
Recently, simulations and experiments have been developed to evaluate the effect optical
aberrations would play in SSTF experiments[35], while others have shown how
spatio-temporal couplings behave at the focus in air and in glass for particular
situations[8,40,41], demonstrating how important these couplings are to the focusing

propagation.

For the two cases discussed in this study, propagation simulations were conducted to
demonstrate the evolution of spatio-temporal couplings when going from the lens to the focus.
This sheds light on the origin of the anisotropy induced by polarization. The pulse before the

lens has the following electric field distribution (Figure 8) [31]:

R . x? 2 1 3
E(x,y,t) = E, exp{—ﬁ—Z—Z—prct—<T—2—iﬁ>t2—iwot} ®)
x y

where d3 and d? are the beam widths along the x and y axes in the plane perpendicular to the
beam propagation axis z, z is the temporal width, £ is the TC, wo is the laser frequency and p is
the space-time coupling term. It is a complex number with the real part representing the PFT
and the imaginary part representing the WFR (or TVA).[31] Its value is controlled by the
grating pair introduced between the laser and the focusing lens (Figure 1). Based on the two
cases discussed in this publication, the induced SC is the same (Figure 8c) introducing
ellipticity into the fluence distribution at the focusing lens with the aspect ratio a = 1.3
(Figure 8a) while AD is zero. However, the TC is different for both cases. In the first case (With
PFT), the SC alongside the TC leads to PFT before the lens (Figure 8b) with a negligible WFR

(Figure 8e). In contrast, in the second case (No PFT), SC is the same as the previous case but
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with no TC present by the grating set-up effectively making PFT zero (Figure 8d) while

introducing WFR (Figure 8f).

To understand what causes this polarization dependence, an identification of the major
spatio-temporal coupling that is seen in and out of the focus is needed. However, a paraxial
approximation in focusing assumes no polarization dependence. Therefore, to explain
quantitatively how the coupling between polarization and spatio-temporal couplings in the
focus operates, a non-paraxial analysis of the field structure near the focus is needed. When
focusing a spatially chirped laser pulse with a high-NA lens[42,43], the spectral components
propagate at angles relative to the original propagation direction, thus implying a dependence
of the focusing conditions on the beam polarization and AD. The propagation of a converging

laser beam is described by the wave equation for the envelope of the vector potential amplitude,

A = A(x,y,z,t")eiwot+ikos):

—

2ikod, A+ V, A= —3,%4 (4)
wheret' =t — % is the retarded time, n is the refractive index and k, = nw,/c is the laser
wave number. In the paraxial approximation, the second derivative of the amplitude along the
propagation direction is small and neglected. In this case, the electric field is defined by the
time derivative of the potential E= iwoff. Beyond the paraxial approximation, the right hand
side of Equation 4 needs to be accounted for since it becomes of the order of NA? .[44,45]
Furthermore, a beam convergence leads to the appearance of the scalar potential, @, which
arises from the Lorentz gauge iwon?® = ¢2V - 4 and maintains the zero divergence of the
laser electric field. To calculate the non-paraxial corrections for an optical beam, techniques
involving a circular cross-section have been developed.[44,45] We extended it to the case of

an elliptical beam (Refer to Supporting Information).
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The nonlinear effects observed during the experiment are defined by the local strength of the
electric field. The nonlocal effects depend on the laser polarization with respect to the
spatio-temporal couplings and thus introduce an anisotropy in the electric field distribution.
Therefore, the fluence in the focal plane and the distribution along the propagation axis of the
beam plays a vital role in the origin of the polarization dependence in modification. According
to the experimental observations, the polarization dependence is a multi-pulse irradiation
effect. This is in agreement with the theoretical analysis showing a very small polarization
effect in the second order on the paraxial parameter, NA (Figure 9). When compared against
a case similar to the No PFT case but without spatio-temporal couplings (no SC; y = 0) the
SC leads to broadening of the focal spot in the chirp direction, thus producing an almost circular
symmetric shape of the fluence (Figure 9a).

The laser characteristics in the focal plane for both cases are shown (Figure 9b-e). While the
fluence distribution is the same, in both cases, the intensity distributions are quite different.
Previous studies showed there is always a non-zero PFT at the focus when focusing a spatially
chirped beam due to the AD induced by the lens [41,46], which is confirmed in our non-paraxial
calculation. However, when focusing in glass, the PFT evolution in and out of the focus can be
drastically different due to the initial state of the pulse at the lens. Inducing TC to the pulse
drastically alters the evolution of PFT in and out of the focus. While PFT is observed in the
first case at the lens, there is practically no PFT in the focal spot (Figure 9b, d) since the laser
intensity is at a maximum in the spot center because of TC. Conversely, in the No PFT case,
the PFT at the focus is evident (Figure 9c, e). Therefore, PFT may not be the origin of the
observed effect as originally thought since the polarization dependence is observed in both
cases, while their intensity distributions are drastically different. However, in both cases, SC

remains the same. Focusing transforms the SC in the coordinate space into AD in the k-vector
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space. We then conclude that this polarization dependence in modification originates from the
angular dispersion upon tight focusing that derives from the initial spatial chirp.

It should be noted that non-paraxiality in itself affects the polarization contributions at the
focus, introducing anisotropic effects in light-matter interactions.[47] Therefore, the electric
field contributions at the focus need to be taken into consideration (Figure 10, Figure 11). The
transverse electric field components at the focus for both With PFT and No PFT cases are very
similar to the laser intensity distributions observed at the focus (Figure 9b-e). In opposite, the
axial component for both With PFT (Figure 10a, c) and No PFT (Figure 11a, c) are quite
different. However, the axial components contribute about 2% to the overall electric field at
the focus (Figure 10b, d, Figure 11b, d). While anisotropic effects from the non-paraxial
focusing are indeed present, the anisotropic and non-paraxial terms are relatively small making
them difficult to observe in single-pulse irradiation. The contribution could be quite important
with further irradiation of 100 or more pulses but would not become noticeable within the first
few pulses. Therefore, the anisotropic photosensitivity observed in this study between the
parallel and perpendicular polarizations is primarily due to the AD.

Interestingly, the observed damage is anisotropic (Figure 5) even though the fluence shape in
the focus is round (Figure 9a). At the moment, there is no complete explanation for this fact.
In experiment, we observe that the phenomenon occurs after multiple pulses. The effect of the
subsequent pulse scattering on the material modifications induced by the previous pulse could
be an origin of this effect. The scattering takes place in the plane perpendicular to the laser
polarization and may lead to spreading modification in that plane. However, the multi-pulse
simulations accounting for material modification effects are extremely difficult to model
because of complicated physics intervening the non-paraxial propagation and sub-wavelength
material inhomogeneities in the focal zone alongside the incubation effects. Once some

macroscopic modification is induced, it behaves as a scattering center for further pulse
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irradiation. The difference in structure for the orthogonal polarization states can scatter the
incoming light differently, altering the modification for longer irradiation and change the
distribution of the modification. The contrast in modification between the orthogonal
polarization states would then increase with longer exposure. With the initial modification after
the first pulse, the observed anisotropic behavior would emerge with further pulse irradiation.
The concept of the initial pulse developing a “seed” in the glass, which eventually introduces
polarization dependences for further pulse irradiation have been discussed before.[48,49] But
these studies do not involve spatio-temporal couplings or non-paraxial effects. A multi-pulse
model is currently under development to see how the polarization coupling with SC evolves
with further pulse irradiation.

Ensuring that AD before the lens is zero and that the Wide-SSTF geometry used in the
experiment leads to a circularly symmetric focus[35], the only spatio-temporal coupling that
can cause the observed polarization dependence is the induced SC. It becomes apparent that
when using typical ultrafast laser systems with chirp amplification set-ups, the polarization
dependence will be present, affecting the material nanostructuring. In some cases, the
polarization dependence in modification can be minimized by overlapping adjacent tracks.[27]
However, this is not always possible and for applications like waveguide manufacturing and
polarization multiplexed data storage, the polarization dependence plays a major role. This
motivates a discussion of how to deal with this issue when modifying glass in a singular
position. One possibility is to add a dynamic compensation mechanism, such as using a spatial
light modulator (SLM).[29] This inherently is difficult for many reasons. One is power
limitations due to the damage threshold of typical SLMs. Another is the difficulty in producing
holograms on the SLM to compensate for the spatio-temporal couplings across the entire beam
spot of the laser pulse. This can be overcome by using traditional dispersive element techniques

like grating or prism compressors. However, depending on the quantity and type of
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spatio-temporal coupling inherent in the laser beam, large propagation distances may be needed
which can be detrimental to the beam spot and overall beam quality factor. One also needs to
take into consideration the correction of aberrations from the focusing optics especially when

working with lasers of higher bandwidths.

Instead of correcting for the polarization dependence in modification, one might harness it for
an extra degree of control for modification. Once understanding what spatio-temporal
couplings lie within the laser beam being used and how they behave in modification, utilization
of the polarization dependence allows tailoring of the relative strength of the modification.
Depending on the application, different polarization orientations with respect to the SC will
appear more beneficial. For overall larger retardance and stronger modification outside of the
focal plane, polarization should be oriented perpendicular to the SC direction. This is
highlighted by the observation of stronger white light emission during laser exposure. Yet in
this regime, the modification is elongated along the chirp direction, which could hinder
applications where symmetrical modification is needed. On the other side, symmetrical
modification is attained by setting the polarization to be parallel to the SC. In this regime, the
modification reaches closer to the focal plane but is observably weaker than the orthogonal
case, with longer exposures needed to reach the same modification thresholds. By simply
rotating the polarization state with respect to the orientation of SC, the relative strength of
modification in a spot can be controlled potentially reducing the manufacturing time for larger
scale applications. Another method to use alongside the spatio-temporal couplings is to rotate
the spatio-temporal couplings with rotational optics, such as a dove prism[50], with the
polarization to ensure modification is symmetric and of the same strength.

A balance between SC and the effective NA of the focusing optic needs to be determined
depending on the laser source used in order to ensure tight focusing for the effect to be

dominant. Moreover, it is clear that SSTF is beneficial in inducing stronger modification under
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shorter irradiation times (Figure 6). Simply by adding SC to the beam, the nonlinear interaction
is localized closer to the focal plane as opposed to CF, similar to what has been discussed in
previous studies.[7,9,12] Providing an avenue to attain stronger modification with up to 10x
less the amount of pulses can again potentially reduce the manufacturing time for larger scale
applications or improve the writing speed associated with polarization multiplexed data

storage.

6. Conclusion

Spatio-temporal couplings play a pivotal role in the dynamics of ultrafast laser material
modification. They are present in all ultrafast laser systems and cause unpredictable results in
laser nanostructuring. To alleviate this issue, we have successfully untangled spatial and
temporal chirp with the use of grating compressors and illustrated an additional level of control
on the strength of modification. In doing so, a polarization dependence in modification is
observed in fused silica after multi-pulse exposure, making it an inherent physical phenomenon
in ultrafast light-matter interaction. This effect arises from angular dispersion in the focus that
originates from a frequency gradient in the laser pulse and not pulse front tilt as originally
thought. Modification can be tailored by changing the polarization state of the laser pulse with
respect to the direction of spatial chirp. The modification is also stronger under these conditions
in comparison to conventional focusing, providing an avenue to attain stronger modification in
a smaller volume with shorter pulse irradiation times. This effect is a non-paraxial, multi-pulse
phenomenon, becoming more apparent for tighter focusing regimes and longer exposures when
the modification takes place close to the focal plane. While currently there is no full explanation
behind the mechanism of the phenomenon, it is potentially due to the observed axial component
of the electric field alongside the interaction with the modification that takes place in the first
pulse. As SSTF becomes more attractive in ultrafast laser nanostructuring, the ability to control

the strength of modification with the polarization state can benefit not only tailoring the
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strength of modification but also the manufacturing time for time consuming based applications

to deliver stronger modification in a shorter time.
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Figure 1. Double Grating Set-up for Full Spatio-Temporal Control. The first diffraction
grating is integrated in the laser system and controls TC. The second grating in combination
with a retroreflector enables tailoring of SC by simply varying the distance between these
elements. A Galilean telescope ensures that the laser beam is not clipped by the rear aperture
of the focusing lens. The addition of SC introduces ellipticity into the laser beam. However, a
wide SSTF focusing geometry ensures that the beam spot near the focus, where light-matter
interaction takes place, is circularly symmetric. (F1 = 200 mm, F2 = -100 mm, GR = Grating,
RR = Retroreflector, M1-4 = Mirrors, A/2 = Half-Waveplate, SL = Focusing lens).
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Figure 2. Optical Images of Fused Silica Regions Modified by Transform Limited
Ultrafast Pulses (a) 10 pulses, Ep = 0.5 uJ, NA=0.55, tp= 300 fs, f= 200 kHz, A = 1030 nm;
(b) Ep=2.4 uJ, NA = 0.65, 1p= 70 fs, f =250 kHz, A = 800 nm. When polarization is parallel
to SC (0°), long chains of nano-voids are observed across the structure. Whereas, for
perpendicular arrangement, only a single, enlarged void is seen at the top of the structure. The
propagation direction of the laser, z, is indicated by the black arrow.
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Figure 3. Retardance Measurements of Fused Silica Regions Modified by Tightly Focused
(NA = 0.75) Femtosecond Pulses with Varying Polarization and Pulse Energy. (a) f = 200
kHz and (b) f = 500 kHz. The retardance value exhibits a sinusoidal modulation when varying
the azimuth of the polarization plane. This modulation shifts when changing repetition rate
making it difficult to understand the origin of the modulation and control strength of
birefringence for digital information encoding.
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E=0° E=90°

Figure 4. Optical and Phase Contrast Images of Modified Region after Irradiation with
10 Pulses. (a) With PFT, Ep= 0.5 uJ, NA = 0.43 and (b) No PFT, Ep = 0.35 puJ, NA = 0.43.
Clear difference is observed when polarization rotates from parallel to SC (E = 09) to
perpendicular to SC (E = 90°). The cross-section of the structure is circularly symmetric if
E = 0°. However, if E = 90°, it becomes strongly elongated. The modification is more dispersed
and exhibits larger phase variation when E = 90°, indicating stronger structural change. The
white dashed line in the optical images indicates the geometrical focal point. The scale bar is
4 pm.
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Figure 5. Evolution of Polarization Dependence over First 10 Pulses, Top View. Pulse
energy 0.5 wJ, NA = 0.43 (a) With PFT and (b) No PFT. After the first pulse, the modification
for the two polarization states are identical. Upon further pulse irradiation, the differences
between the two polarization states emerge showing circularly symmetric structures when the
polarization is parallel to the SC (E = 0°) and elongated along the SC direction when
perpendicular to the SC (E = 90°). The difference continues to increase and becomes stronger
with longer irradiation. Polarization is oriented as depicted by the black arrows. The scale bar
iS5 um. The PFT state before the lens is schematically shown for both cases.
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Figure 6. Retardance of Regions Modified with Femtosecond Pulses Focused with NA =
0.43 as a Function of Pulse Density. (a) With PFT, E, = 0.5 pJ (b) No PFT, Ep = 0.35 pJ.
Within the first 100 pulses, the structures printed with polarization orthogonal to SC (red
circles) have larger retardance than those parallel (black squares). The relative change
measured between 90° and 0° (blue triangles, |Ret(90°) - Ret(0°%)|/Ret(90°)) is 0.6-0.8 within
the first 30 pulses and then begins to drop to zero as the pulse density increases. For the two
cases discussed, the transition to nanograting occurs within the first tens of pulses whereas in
equivalent conditions under conventional focusing (CF, green diamonds) the transition does
not occur until after 102 pulses. The retardance achieved under SSTF conditions is larger,
especially in the No PFT case where the total retardance after 10° pulses is roughly twice that
achieved under CF, providing an avenue to attain stronger modification in a smaller focal
volume under shorter irradiation times.
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Figure 7. Retardance of Regions Modified with 100 nJ Femtosecond Pulses as a Function
of Exposure Time and Polarization. (a) With PFT and (b) No PFT. Sinusoidal dependence
of retardance is observed for perpendicular polarization yielding strongest birefringence. Ratio
of birefringence strength diminishes with larger exposure times as a result of thermal effects
but modulation in retardance is still evident. Structures (inset in figure) are circularly
symmetric for 0° (light blue structure) and elliptically elongated for 90° (red structure)
similarly to what is observed in NA = 0.43 case. The color of the structures represents the slow
axis orientation, illustrated by the inset color wheel.
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Figure 8. Distribution of the Laser Beam at the Lens for the Two Cases Conducted in
Experiment. (a) Laser beam fluence for both cases at the lens. (b, d) The laser beam intensity
distribution in the plane y = 0 for the cases (With PFT) and (No PFT), respectively. (c) The
frequency distribution across the laser beam for both cases (i.e. SC). (e, f) The WFR of the
beam at the lens in the plane y = 0 for the cases (With PFT) and (No PFT), respectively.
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Figure 9. Distribution of the Laser Fluence (a) and Laser Intensity (b-e) in the Focal Plane
z = F for polarization 0° (b, c) and 90° (d, e). (b, d) With PFT, (c, €) No PFT. The fluence
distribution is the same in both cases regardless of the polarization state. When looking in the
focal plane, the PFT observed is opposite of what is observed before the lens for both cases
even with non-paraxial corrections. This furthers the conclusion that PFT is not the origin of
the polarization dependence, as originally theorized, and that the polarization dependence is a
multi-pulse phenomenon as observed in experiment.
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Figure 10. Axial Electric Field Contribution for the With PFT case at the focus z = F for
polarization 0° (a, b) and 90° (c, d). (b, d) Relative amplitudes of components as a function
of time. While the axial contribution is evident and different from its transverse counterparts,
it results in roughly 2% of the overall electric field at the focus.
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Figure 11. Axial Electric Field Contribution for the No PFT case at the focus z = F for
polarization 0° (a, b) and 90° (c, d). (b, d) Relative amplitudes of components as a function
of time. While the axial contribution is evident and different from its transverse counterparts,

it results in roughly 2% of the overall electric field at the focus.
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