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Abstract

Two hundred years after Malus' discovery of optical anignt, the study of
polarizationdriven optical effects is as active as ever, generating interesvinphenomena
and potential applications However, in ultrafast opticsthe influence of polarization is
frequently overlooked being considered egher detrimental or negligible. Here we
demonstrate that spati@mporal couplings, which are inherent for ultrafast lasestems with
chirpedpulse amplificationaccumulate in muHpulse irradiation andlead to a strongly
anisotropic lightmatter interactionOur results identify angular dispersion in the focus as the
origin for the polarization dependence in modificatigielding an increase in modification
strength With tight focusingNA O~04), this non-paraxial effect leads to manfestation of
spatictemporal couplings in photmduced modificationWe devisa practical way to control
the polarization dependencand exploit itas a new degee of freedom in tailoring laser
induced modification in transparent materigh nearfocus, nonparaxial field structure
analysisof an optical beanprovides insight on the origin of thgolarization dependent
modification However single pulse noiaraxial corrected calculations are not sufficient to
explain the phenomena confirming the experimental observations and exemplifying the need

for multi-pulseanalysis
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1. Introduction

Broad spectrum is @wof the key requirementf ultrafast laser systems. The invention of
effective mechanisscapable of locking spectral components in phpsed the way towards
pulses as short as several femtosecd@o&n that hese ultrashort pulsésvedurationsnear
the timescales of fundamentablecularandatomicprocessedhey have found wide variety

of applications stretehg from observing photochemical processas femtosecond time
scalefl], to selectively instigating molecular excitation via atilgg quantum controf2]
Nonlinear processesiggered by ultrafast lasgoulses haverevolutionized the world of
microscopy througlargetednonlinear excitationechniques. In particulasecond and third
harmonic generation microscopy as well as multiphoton microsgopyide the best
norrinvasive means for biological imagjfi3] Femtosecond lasehave also leensuccessfully
applied to norinvasive surgeries in the bulk of human tissue with-midrometer resolution
without collateral damag@] This cones at the price diking extracareto control phase of
the pulse, which can be disturbed by dispersive media eplsaffe modulatigrand lead to a
significant decrease of pulse intensity. Normally, this is seen as a negativetédigeter, a
method alled chirpeebulse 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 tempsiratidiing out

a pulse before the gain medium. The amplified pulse is then recompressed back to the original
pulse widthin the same manner it was stretched by, enabling teraiwagetawatt
intensitied5,6] Recently simultaneos spatial and temporal focusin@3TH has shown
promisein overcoming nonlinear sieeffectswhen reaching the critical poweear the focus
not only in material modificatidii 12], but also in microscopy and tissaiglatiorj13i 16] and
atmospheric propagatigt7] This isaccomplishedby separating the spatial comporeot the

incident light pulseEach portion of the beathencarriesa reduced locabandwidth, resulting
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in an increaseaverall pulse duratiorand reduced intensityJpon focusing, the separated
componentsare brought back togethexcovering the initial bandwid#éind duratiorof the bser
pulse.As a resultthe maximumnight intensityis only observedearthe focusThus nonlinear
phenomenaare localized at the focus as opposed to conventional focusing transform

limited femtosecongbicosecondaser pulse

Normally working with temporal and spatial dependences like those seen within &8TF
CPA, the vectorial nature of the spatiemporal couplings is overlookeSpatial chirp(spread
of frequency components across the beam fr86}f18], pulse front tilt(inclination of the
intensityfront with respect to the propagation directiBT)[19], angular dispersioangular
separation of light rays of differg frequenciesAD)[20,21] andwavefront rotationfime vs.
Angle (otation of wavefront in time lighthouse effect WFRTVA)[22,23] have all been
discussed individually from a theoretigaiint of viewand thorouglexperimentatechniques
have beendevelopedo characterize thef24] Previous gidies haveclearly indicated that
spatietemporalcouplingscan give rise to strongjrectional dependence amaore importantly
anisotropic photosensitivity in isotropic homogenemegeriaf[25i 29], which is thought to
depemnl on the polarizatiomrientation with respect to the azimuth of BT and isknown as
thebladeeffed.[25] With no effective control of the vectorial dependencesbéresfits of the
phenomenon cannot be exploitédd a result, thipolarization dependebehavior is normally
seen as detrimental for applications where precision of the process is esskangalve
demonstrat¢hatspatial and temporal componentn beseparatelyxontrolledwith the use of
an external grating pair, in conjunction with the stretcher/compressor system built into the CPA
setup, allowing us toinvesigate spatiecemporal dependems on ultrafast laser induced
material modificationWith this, wedemonstrat¢éhatthis observegolarization dependence in
modificationis an inherent properin the interaction ofransparent media thefemtosecond

domainandit can beobserved in a range of materigdsalysis of the linear behavior of spatio
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temporalcouplingsin and out of the focus usinmeéar propagation simulatioradlows usto
understanchow different potentialmechanismsvolve in the focal volume~rom here, the
spatietemporal coupling which plays a dominant rolén the polarization dependent

modification,is determined.

2. Spatio-Temporal Couplings

In ultrafast laser systemBFT can easily occubecausef CPA, where the pulse is stretched
before entering an amplifieAlthough the pulse is afterwards compressed, the residual
spatietemporal couplings can still be present. AD will cause the different frequency
components of the laser pulse to propagate at different ages result, the beam would
expand in thelirection of the dispersion upon propagation yielding a constantly redipg
elliptical shape Whereasa pulse with SGifter enteing a dispersive mediurwill come out
with the bluer side of the pulse lagging behind its redder counterpart, due tenrperal

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

0 "O°YD "O°Y 0 OY [30,31] (1)
where PFTap represents the PFT component due tD And PFTsc+tc represents the
component due to SC and TI€all couplingsare present in the laser pulse, the spatioporal
effects become complicated and hard to understand. It is also important to note that alongside
PFT, there can benather manifesttion of a spatietemporal couplindknown aswavefront
rotation, WFH31], which has been used experimentally fattosecond pulse
generatiof22,23], photonic streakir{§2], pulse characterization and phase metra[8§Y It
is then important to discern what spatémporalcouplingsare physically inherent in the beam

to understand ultrafast laser induced phenomena.
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3. Methods

Our experiments were carrienit with a modelocked regenerative amplifiei@mtosecond
laser system PHAROS (Light Conversion Ltd.) base®lbiKGW lasing medium emitting a
train of femtosecond pulses at 1030 nm w2B0 kHz repetition rateA set of grating
compressorareused to inducd C and SC separately in order to have direct control on the
PFT (Figure 1). The first set is built into the laser 21 to compress or stah the pulse
duration byTC. By doing so, we increase/decreasedhaup delay dispersio(GDD) of the
pulse accordinglyThesecondpulsecompressor is used irsangle pass geometwith a single
grating and retraeflectorto induceSC, whichis controlled by varying the distance between
these two element$he lasebeamis then sent to translation stagand focused intthe bulk

of fused silica with a 0.55 NA aspheric singlet lems..4 NA oil immersion objectivelhe
polarization state is controlled withe#2 waveplate to change the polarization orientation to

be either parallel with the direction 8C(0°) or perpendtular toSC(90°).

In this experiment, the secolgdating compressaemairs stationary over a fixed separation
length.Thus,the SC is held constant-at nmmnvt. The amount of residu&Cfrom the first
grating setupis ten times smallen compariso to the amount of the frequency gradient from
the secondyrating setup. This alongside the compressor control for giGvidesa complete

methodfor control ofspatictemporal couplingn the laser pulses.

As substantial spatial chirp is addedhe bea, it becomeelliptical. Thus it is important to
ensure that the spectral components of the lmamotclipped by the aperture of the focusing
lens to reconstruct theitial bandwidth of the pulseorrectlynearthe focus. To ensure this,
Galilean telescope is used to fit the elliptical beam intd#ekapertureof the focusing lens
As a resultthe aperture of the lensusder filledreducingthe effective numerical aperture.

Considering thisall numerical apertures quoted in thidgticationarein theireffective values.
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In our experiment, angular dispersion is not prebefdre the focusing lenshen the SSTF
setup is in place thus spatial and temporal chirp can be independently contrdied
measuring the slope of the wavedéimvs. position usingfiber attached to apectrometewe
characterizéhe SC. The TC is controlledwith the first compressor andiigdirectly measured
with an APE pulseChecknulti-shot autocorrelator. ThesDD is then calculated by the

following equation:

(2)

wherentoutis the measured pulse duratipm,is the pulse bandwidth amd is a dimensionless
constant dependingn the pulse profile for the timbandwidth prduct. The GDD values
confirmed by a second harmonic FROGnd crosshecked with Kostenbauder matrix
formalisms to ensure the experimental measurements match theoretical pref8diidgh
the measurements of TC and ,S8e remainingPFT term in Emation 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 talterconsideratioras it may
have a decisive effeain the oveall PFT of the beam. Most objective lensasntain a
considerable amount of glass, whaan significantlyincrease the GDD of the puldepending
on the bandwidth of the puls&his can drasticallaffectthe PFT of the pulsandintroduce
other inwanted abeations[35] In our experiment, the bandwidth of our laserédatively
small (~8 nm); the effect of glass is negligible so all spat&hporalcouplingsare controlled
solelyby the grating setips

In our experimental conditions, we haiveo case®f spatietemporal coupling In the first
case, the lasqulseis transform limited before the second gratinguggtwhich then stretches

the pulse to ~4 pJhis increases the PFT at the focusing optics tof8.Ge™ (With PFT). In
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the second cas&he GDD induced by the second gratinggetis pree.compensated with the
internal grating compressor in the lgseaking PFT = ®efore the focusing ler(dlo FFT) so
that the pulseemainstransform limitedwith SC(~400 fslocally). The beam is then focused
in a wide SSTF configurationvhichyields acircularly symmetric focus despite ellipticiat

the focusing lensaused by spatial chiff35]

4. Observations

To demonstrate the importance of the residual sgatigporalcouplingsevident in typical
ultrafast laserghe beam emitted lilielasersystemwas directly bcused into the bulk of fused
silica. Characterization othe spatietemporalcouplingsin the beam emitted by oulaser
systemcleaty indicatedthat both AD and SC are present. In the horizontal direction of the
beam, the SC is changing along propagat@aning AD is present. In the vertical direction,
SC remains somewhat constant along propagation. At the focusing lerrsp3Gmmm?

and SG=0.08nmmm. This laser beam was focusedtiwa NA = 0.55lens anden 300 fs,
0.5eJpulses were shot into the bulk with varying polarization with respect ®Qlagrection
resulting in void modification within the buliigure 2). Inspectingthe crosssectionsunder

an optical microscope clear difference was observed tioe polarization parallel toSC(0°),
wherea long chain of voidstretching to the focus seenas opposed tthe polarization
perpendicular toSC (90°), wheae only a single void is seen at the top of the structure
(Figure23g). Also during the exposure, the whiight emission was visibly brighter when
polarization was perpendiculartivze SC, confirming the observation made in the preliminary
study[25] The observed difference dfrgctures is corroborated with experimep&formed

in fused silicawith a typical titaniursapphire lasgiCoherent RegA 900Jigure2b).

With respect t@olarization multiplexed data stordg8], precise spot modification in the bulk
of a transparent medium with tailored birefringence niscessaryfor the encoding of
information. The lasefinduced birefringence was characterized with the quantitative
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birefringence measurement syste@R({ Abrio; Olympus BX51). Focusing into the bulk of
fused silica withNA = 0.75 a strongsinusoidalmodulation in birefringence is observed with
respect to the resulting sleaxis orientation of the structuréSigure 3). The modulation is
apparent for dferent pulse energies astliftsin polarization dependeneehen changing the
repetition rate from 20RHz to 500kHz (Figure3). This proves that spattemporalcouplings
that exist in typical ultrafast laser systems are extremely complex and canlsigeeffects

on the overall modification induced in glass.

To determine what causes tipslarization dependence modification, the SSTF seip was
placednto the experimental desigRigurel). The ADwasremoved in the horizontal direction
with thesecond grating compressor amdadditionalSC wasinduced.A series of dots were
thenprintedinto the bulk of a fused silica sample wkiA = 0.43using the SSTF seip. The
gualitative analysis of thiaserinducedstructures was performed binspectirg themunder a
Olympus BX51optical microscopand withquantitative phase microscdgy] (QPM). When
varying the polarization statef the writing laser bearfrom 0° to 90° with respect to SCa
clear difference in the morphology of the structwas observedrom the top and the
crosssection(Figure 4). Whenpolarization isparallelto the direction ofSC, the structures
exhibitspherical symmetrwith and without PFTThe modification is loca&edslightly above

the focal regionbeing~11 2 um in diameterWhenpolarization ipempendicular(i.e. 909 to

the SC direction the modification isobserved to betronger Stress is induced along the
direction of SC andthe modified regions elongated in that directicdio ~3-5 pm. From the
crosssedion, thelaserinducedstructureis larger andmore disperseth stark contrast t@
circularly symmetric structuréor 0°. The area around the structure shows a larger phase
difference, due to the larger stress in the modificaitioluced 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, confirntimaf the polarization dependence

observed in modificatiois a nonlinear effect.

When investigating how thpolarization dependenaavolves within the first 10 pulses, it
becomes clear that the effect increases with lomggosure(Figure 5). No observale
differences can be seen with the fipstise;however,the void modification becomes larger

with subsequent pulse$he polarization dependendetween orthogonal polarization states
become more apparent after a few pulses, exhibiting elongation instmickure when
polarization is perpendicular to SC and circularly symmetoas when polarization is
parallel. After 56 pulses, the elongation increases while the parallel polarization based
structures remain circularly symmetric, further separatiegrbdification induced by the two
polarization states. The evolution in void structure emphasizes how the effect becomes stronger

for longer exposursimilar to what is observed in the bare beam cagpi(e2b).

Whenincreasing th@umber of pulses oveppingin one spoeven furtherthevoid formation

turns intoa nanogratingype of modification, revealed via birefringence formatjd8] and

with NA = 0.43 the difference between the orthogopakrtationsbecomedess apparent
(Figure 6). In both cases, the greatest difference in measured retardance is seen within the first
100 pulsewvith nanograting formation being initiated earlier when polarization is orthogonal
to SC But as thenumber ofpulsesincreasegast 100the ratioof retardancéetween 90° and

0° drops from 0.6 0.8 to 0. Thepolarization dependende modificationis also less apparent

at higher pulse energies fiWA = 0.43 even thoughlght differences reside in the struatur
closer to the geometric focuBhis indicates that thpolarization dependendg dependent on

the location where the nonlinear effects are initiated. Sufficient superposition of the spectral
components igecessaryo maximize the benefits seen by SSThereforedepending on the
locationof the nonlinear interactioor if focusing is not tight enougthe benefits ofSSTFare

minimized as well as th@olarization dependendEigure6).
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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 poistee equivalent pulse
parameter®f the two cases discussed. It should also be noted that the maximum retardance
achieved within 100000 pulses in tN® PFTcase is roughly twice the retardance achieved
under CF conditions. The ability to minimize thenhinear 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 hypothesisabout the location of nonlinear interaction with respect to the
polarization dependent modificatiol series of structuresere writtenwith tighter focusing.

When focusing into the bulk of fused silica using a &£8.9 oil immersion objetive, the
modification is localizedcloserto the focus and thenore apparent manifestatiaf the
polarization dependendgobservedFigure 7). In this caseType Il modification is induced

anda clearsinusoidal dependendg observedn the retardancef the structuresvith highest
values measured for thgolarization perpendicular to the direction €. The sinusoidal
dependenceés observed through range ofpulse densiés but the ratio of the strength of
retardancéetween 0° and 90° lowelr®m roughly 3:1 to 1.5:Wvhen increasing pulse density

This can be explainedy a combination othermal effects wittthe lateral growth of the
structures when regions further from the focus are modifi@@| These two factors will
contribute to diminishing the effect of spatemporalcouplings Moreovet the shape ohe
structure is indicating asimilar behaviour observed at weaker focusing conditiome T
structureswritten with parallel polarizatiorwere circularly symmetric whereasstructures

induced with perpendicular polarizatisrereelongatedn the SC direction

10
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5. Discussion

It is quite evidenthatspatictemporalcouplingsplay a significant rolevith respect to material
modification. What is not well understood is howgéeouplingsare altered byocusing.
Recently, snulationsand experimenthiave been develegd to evaluatethe effect optical
aberrations would play in SSTF experimerf#b], while others have shown how
spatietemporal couplings behave at the focus iniraand in glass for particular
situation$8,40,41] demonstrating how importarnthese couplings are to the focusing

propagation.

For the two cases discusséd this study propagation simulations were conducted to
demonstrate thevolution ofspatictemporalcouplingswhen going from the lens to the focus.
This sheds light on therigin of the anisotropy induced by polarizatidine pulsebefore the

lens has the followinglectric field distributior(Figure 8) [31]:

W

- s R ©)
Quiv QAGD: g Nweo— Qo Mo

whereQ andQ are the beam widths along the x and y axes in the plane perpendicular to the
beam propagation axisUis the temporal widtt) is theTC, ¥ is the laser frequency apds

the spacdime coupling termlt is acomplexnumberwith the real part representing the PFT
and the imaginary part representing IMER (or TVA).[31] Its value is controlled by the
grating pair introduced between the laser and the focusingfens€1). Based on the two
cases discussed in this publicatidhe induced SC is the samEigure 8c) introducing
ellipticity into the fluene distribution at the focusing lens with the aspect ratia = 1.3
(FigureBa)while AD is zera However the TC is differentor both cases. In the first ca@#ith

PFT), the SC alongside the TC leads to PFT before the Fegsré8b) with a negligible WFR

(Figure8e). In contrast, in the second cae PFT), SC is the same as the previous case but

11
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with no TC presentby the grating setip effectively makingPFT zero (Figure 8d) while

introducingWFR (Figure8f).

To understand whacauses this polarization dependeneaa idatification of the major
spatietemporal coupling that is seen in and out of the focus is neefdedever,a paraxial
approximationin focusing assumes no polarization dependefderefore,to explain
guantitaively how the coupling between polarizatiand spatiectemporal couplingsn the
focus operates, a ngraraxialanalysis of the field structure near the focuaesad. When
focusing a spatially chirped laser pulse with a Figh lend42,43], the spectral components
propagate at angles relative to threginal propagation directigthus implying a dependence
of the focusing conditions on the beam polarization and Ai@. propagation of eonverging

laser beam is described by the wave equation for the emadltpe vector potentiamplitude

& @ ahuion Q

RO R (4)
whered 0 —is the retarded tima) is the refractive index ant® £ | is the laser
wave numberln the paraxial approximation, the second derivative of the amplitude thleng
propagation direction is small and neglected. In this case, the electric field is defined by the
time derivative of the potenti® "Q &. Beyond the paraxial approximatiahge right hand
side of Equation eeds to be accounted for since it becomes of the ordéAdf44,45]
Furthermore, a beam convergence leads to the appearance of the scalar potemtiadh
arises from the Lorentz gau® ¢ 5 N JPand maintains the zero divergence of the
laser electric fieldTo calculate the neparaxial correctiongor an optical beam, techniques
involving a circular crossection have been develoddd,45]We extended it to the case of

anelliptical beam(Refer to Supporting Information)

12
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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 polarizatitn respect to the
spatietemporal couplinggnd thus introduce an anisotropy in the eledield distribution.
Therefore, the fluence in the focal plane and the distribution along the propagatiohtaeis
beamplays a vital role irthe origin of theolarization dependence in modificatidxccording

to the experimental observations, tipmlarization dependencis a multi-pulse irradiation

effect This is in agreement with the theoretical analysis showivgry smallpolarization

effect in the second order on the parapalameterNA (Figure 9). Whencompared against

a case similar to thHo PFT case but without spatitemporal coupling (no ;[ ) the
SCleads to broadening of the focal spot in the chirp direction, thus producing an almost circular
symmetric shape of the fluen(feigure 9a)

The laser characteristics in the foptdne for bth cases are shown (Figure-8b While the
fluence distribution is the same, in both cases, the intensity distributions are quite different.
Previous studies showed there is always azeyn PFT at the focus when focusing a spatially
chirpedbeam due to the AD induced by the I1g#5,46], which is confirmed imurnon-paraxial
calculation However,when focusing in glass,&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 thevolution of PFT in and out of the foci&/hile PFT is observed in the

first case at théens, there is practically no PFT in the focal spot (Figuredpbincethe laser
intensityis at a maximum in the spot centsgcause of TCConversely, in th&lo PFTcase,

the PFT at the focus is evident (Figure 8c Therefore, PFimay notbe the oigin of the
observed effect as originally thought since the polarization dependence is observed in both
cases, while their intensity distributions are drastically diffeddotvever,in both cases, SC

remains the same. Focusing transforms the SC in thdinate space into AD in theector

13
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spaceWe 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 ngaraxialityin itself affects the polarization contributions at the
focus, introducing anisotropic effects in lighiatter interactionf47] Therefore, the electric

field contributions at the focus need to be taken into conside&tigure 10, Figure 11). The
transverse electric field components at the focus forWoth PFTandNo PFTcases are very
similar to the laser intensity distributionbserved at the focy&igure9b-e). In opposite, lte

axial canponentfor both With PFT (Figure 103 ¢) andNo 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 ngaraxial
focusing are indeed present, the anisotropic anepaoaxial terms are relatively small making
them difficult to observe in singlpulse irradiation. The contribution could be quite imtant

with further irradiation of 100 or more pulses but would not become noticeable within the first
few pulses Therefore, the anisotropic photosensitivityserved in this studipetween the
parallel and perpendicular polarimats is primarily due tohe AD.

Interestingly, the observed damageanisotropic(Figure5) even thougtthe fluence shape in

the focusis round(Figure9a). At the moment, there is no complete explanatiortHisrfact.

In experiment, we observe that the phenoometcurs aftemultiple pulsesTheeffectof 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 torgadingmodificationin that plane. However, the mufiulse
simulations accounting for material modification effects are extremely difficult to model
because of complicated physics intervening thepemaxial propagation and swavelength
material inhomogeneities in the focal zonalongside theincubation effects. Once some

macroscopic modification is induced, it behaves as a scattering center for further pulse

14
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irradiation. The difference in structure for the orthogonal polarization states can saatter th
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 lomggosureWith the inital modification after

the first pulse, the observed anisotropic behavior would emerge with further pulse irradiation.
The concept of the initial pul se developing
polarization dependences for further putsadiation have been discussed befdi®& 49] But

these studies do not involve spatimporal couplings or neparaxial effectsA 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 dhdt the WideSSTF geometry usedn the
experiment leads to a circularly symmetric fd83$, the only spatigemporal coupling that

can cause the observpdlarization dependends theinduced SCIt becomes apparent that
when using typical ultrafast laser systems with chirp amplificatioug®t thepolarization
dependencewill be present affecting the materialnanostructuring.In some casesthe
polarization dependence in modificatican be minimized by overlapping adjacent trd@4
However, this is not always possible and dpplications like waveguide manufacturing and
polarization multiplexedlata storage, thpolarization dependengaays a major role. This
motivates adiscussion of how to deal with this issue when modifying glass in a singular
position. Ongossibilityis toadd a dynamic compensatiorechanismsuch as using a spatial

light modulator (SLM).[29] This inherently is difficult for many reans. One is power
limitations due to the damage threshold of typical SLM®ther is the difficulty in producing
holograms on the SLM to compensate for the sgatigporalcouplingsacross the entire beam
spot of the laser puls&his can be overcome ligingtraditional dispersive element techniques

like grating or prism compressorglowever, depending onthe quantity and type of

15
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spatietemporalkouplinginherent in the laser beam, large propagation distances may be needed
which can be detrimental to tleam spot and overall beam quality factor. One also needs to
take into consideration the correction of aberrations from the focusing epgiecially when

working with lasers of higher bandwidths.

Instead of correcting for theolarization dependence modification one mightharness it for

an extra degree of control for modification. Once understanding what -sp@uporal
couplingdie within thelaser beam being usedd how they behave in modification, utilization

of the polarization dependencdlows 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 plne, polarization should be oriented perpendicular to the SC diredios. is
highlighted by the observation of stronger white light emission during laser expgstiia.

this regime, the modification is elongatetbng the chirpdirection, whichcould 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
modificationreache<closer to thefocal plane but is observablyeaker than the orthogonal

case with longer exposures needed to reach the same modification thredbpldsnply
rotating the polarization state with respect to the orientation of SC, the relative strength of
modification in a spot can be controlled @atially reducing the manufacturing time for larger
scale applications. Another method to use alongside the dpatmoral couplingss to rotate

the spatietemporal couplingswith rotational optics, such as a dove piis@j, 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 feffeitteto be

dominantMoreover, it is clear that SSTF is beneficial in inducing stronger modification under
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shorter irradiation timed=(gure6). Simply by adding SC to the beam, the nonlinear interaction
is localized closer to the focal plane as oppdee@F, similar to what has been discussed in
previous studief/,9,12] Providing an avenue to attain stronger modification wiphto 10x

less the amount of pulsesncagain potentially reduce the manufacturing time for larger scale
applicationsor improve the writing speed associated wgblarization multiplexed data

storage

6. Conclusion

Spatio-temporal couplingsplay a pivotal role inthe dynamics ofultrafast laser material
modification Theyare present iall ultrafast laser systems anduse unpredictable results in
laser nanostructuringlo alleviate this issue, we have successfully untangleatial and
temporal chirpwith the use of grating copnessors and illustrated additional level of control

on the strength of modification. In doing so,polarization dependence in modificatisn
obseved in fused silicafter multipulse exposurenaking itan inherent physical phenomenon

in ultrafastlight-matter interactionThis effect arises fronangular dispersiom the focus that
originates from a frequency gradient in the laser pats® notpulse front tiltas originally
thought. Modification can be tailored by changing the polarization stéte ¢dser pulse with
respect to the direction spatial chirpThe nodification is also stronger under these conditions

in comparison t@onventional focusingproviding an avenue to attain stronger modification in
asmaller volume with shorter pulseadiation timesThis effect isa norparaxial, multipulse
phenomenorbecoming more apparent toghter focusingegimes antbnger exposureshen

the modification takes place close to theal planeWhile currently there is no full explanation
behindthe 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 timeifioe consurmg base@pplications

to deliver stronger modification in a shorter time
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Figure 1. Double Grating Setup 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 8er lseam is not clipped by thear aperture

of thefocusing 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, whenattight
interaction takes places circularly symmetric. (F£ 200mm, F2 =-100 mm, GR = Grating,

RR = Retroreflector, MU = Mi r r o r-\VBayeplatd, l= Focusthgdng).
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Figure 2. Optical Images of Fused Silica Regions Modified by Transforniimited

Ultrafast Pulses(a)10 pulses,F= 0. 5 ¢J,p,=NB89®00f55, #1030nn2 00 Kk Hz
b)Ep= 2.4 =01 6,5NA0O s, f = 2\WlenpolHrizationds paralleB 00 nr
to SC (0°), long chains of narnwids are observed acrosket structure. Whereas, for
perpendicular arrangement, only a single, enlarged void is seen at the top of the siroeture.
propagation direction of the laser,s 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 Enerdg) 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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Figure 4. Optical and Phase Contrast Images of Modified Region after Irradiation with

10 Pulses(a) With PFT, E=0.5¢ J , NA = 0.43 pand.@Bb) eNg MNRAT , =
Clear difference is observed when polarization rotates from parallel to S€ (g to
perpendicular to SC (E = B0 The crosssection of the structuris 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 ¥, @dicating stronger structural change. The

white dashed line in the optical images indicates the geometrical focal point. The scale bar is

4 pum.
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Figure 5. Evolution of Polarization Dependence over First 10 Pulses, Top View.ulse
energy 0.5 ¢J, NA = 0.43 (a) With PFT and (b
for the two polarization states are identical. Upon further pulse irradiation, fleeeddes

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 E90°). The difference continues to incseaand becomes stronger

with longer irradiation. Polarization is oriented as depicted by the black arrows. The scale bar

is 5 um.ThePFT state beforthelensis schematically showfor 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 Densitya) With PFT,E= 0. 5 €J (p&) ONGBS5PET,
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, |R8t{®et(Q)|/Ret(90)) is 0.60.8 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 cagvtional focusing (CF, green diamonds) the transition does

not occur until after pulses. The retardance achieved under SSTF conditions is larger,
especially in the No PFT case where the total retardance aftpuls@s is roughly twice that
achieved nder 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. Rat
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 0O (light blue structure) and elliptically elongatdédr 90° (red structure)
similarly to what is observed in NA = 0.43 case. The color of the struckpessentshe 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, da3drebeam 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 caseSC). (e, f) The WFR of the
beam at the lens in the plane y = 0 for the c@agth PFT) and (No PFT), respectively.
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Figure 9. Distribution of the Laser Fluence (a) and Laser Intensity (be) in the Focal Plane
z = F for polarization 0° (b, ¢) and 90° (d, e)(b, d) With PFT, (¢ € No PFT. Theluence
distribution is the same in both casegardless of the polarization staf€hen looking in the

focal plane, the PFT observed is opposite of what is observed before the lens for both cases

even with norparaxial corrections. This furthers the cluston that PFT is not the origin of

thepolarization dependengas originally theorized, and that the polarization dependersce is

multi-pulse phenomenaas 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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