
RESEARCH ARTICLE
www.lpr-journal.org

Increasing Efficiency of Ultrafast Laser Writing Via
Nonlocality of Light-Matter Interaction

Huijun Wang,* Yuhao Lei, Gholamreza Shayeganrad, Yuri Svirko, and Peter G. Kazansky*

In ultrafast laser writing, and light-matter interaction in general, it has been
widely accepted that the higher the energy density, the stronger material
changes occur, unless thermal effects are involved. Here, this belief is
challenged by demonstrating that a decreased energy density—achieved
through increased scanning speed and without thermal
accumulation—surprisingly leads to a more significant modification of silica
glass, i.e, a higher increase in the isotropic refractive index or greater
birefringence of nanopore-mediated modification. This counterintuitive
phenomenon is attributed to the nonlocality of light-matter interaction at tight
focusing, where the intensity gradient of the light beam and associated
diffusion of charge carriers play a critical role in increasing material
modification. A tenfold increase in the writing speed of the polarization
multiplexed data storage with the potential to achieve MB s-1 using high
transmission nanopore-based modification.

1. Introduction

Advances in laser technology, such as chirped-pulse amplifica-
tion (CPA),[1,2] have made it possible to generate intense light
pulses in the femtosecond regime enabling light-matter inter-
action with rapid and precise deposition of energy in transpar-
ent materials. In the nonlinear regime, light produces free elec-
trons in bulk of transparent medium via multiphoton and/or
tunnelling,[3,4] and avalanche ionization.[5–7] Transferring en-
ergy of these electrons to the lattice causes irreversible material
modification,[8–10] which is often referred to as ultrafast laser writ-
ing. Depending on irradiation conditions, the permanent mate-
rial modification can result in positive refractive index changes
(type 1),[11–13] form birefringence produced by self-assembled
nanogratings (type 2)[14–17] or flattened nanopores (type X),[18]
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void structures (type 3),[19,20] and phase
transitions from the crystalline to
the amorphous state [21,22] or vice
versa.[23,24] Despite the fact that the
effect of laser writing parameters includ-
ing wavelength,[25] pulse duration,[26]

repetition rate,[27] and pulse/energy
density[28,29] on the strength of material
modification has been thoroughly inves-
tigated, the underlying physical mecha-
nisms have not been fully understood. As
a result, efficient energy deposition for
a wide range of applications of ultrafast
laser writing in transparent materials
that span from integrated optics[30,31] and
microfluidics[32] to polarization beam
shaping and optical data storage[33] still
remains a key challenge. In particular,
the inherent reduction of energy den-
sity with the increase in scan speed
results in reduced strength of material

modification and overall throughput. It should bementioned that
an increase of positive index change with an increase in the scan-
ning speed was observed at high repetition rates of tens of MHz
and high pulse energies and was explained by the mechanism
of a fictive temperature rise when it is not limited by the ther-
mal diffusion.[34] Increasing the write speed is also critical, for
the development of multidimensional data storage with polar-
ization multiplexing in glass. This is a world-first technology de-
signed and built from the media up to address humanity’s need
for a long-term, sustainable storage solutions.[35] Ultralow loss
ultrafast laser nanostructuring (type X), which has potential to
allow thousands of layers to be recorded, is of particular interest
for this application and next generation of cold storage in data
centers.[35,36] This advantage of nanopore-mediated X-type bire-
fringent modifications is limited by the reduced writing speed
since tens of pulses are required to create this type of modifica-
tion. By comparison, nanovoid-mediated lamella modifications
can be created in just a few pulses[37] at the cost of lower transmis-
sion requiring more sophisticated readout technology for multi-
layer recording (more than hundreds of layers).
Here, we demonstrate that stronger modification can be

imprinted at a lower energy density during high-speed scanning
writing of voxels (volumetric pixels) in silica glass. Surprisingly,
the positive refractive index change and birefringence produced
by nanopore formation are non-monotonous functions of the
scan speed, with the maximum shifting toward the higher scan
speed with fewer pulses. Due to the relatively low temperature
involved in the laser writing process to achieve ultralow loss
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modifications, the fictive temperature mechanism required
temperatures more than a thousand degrees in fused silica
is not applicable. We interpret the observed phenomenon in
terms of the nonlocal light-matter interaction, which leads to the
enhancement of the material modification due to charge carrier
separation in the tightly focused light beam with high intensity
gradient. This conclusion is of fundamental importance and has
implications far beyond just ultrafast laser writing in transparent
materials, but to light applications for material modification or
processing.[38,39] The phenomenon is used for type X, ultralow
loss ultrafast laser nanostructuring and demonstration of polar-
ization multiplexed optical data storage with increased writing
speed at high pulse repetition rate with the thermal accumu-
lation reduced by pulse energy modulation (PEM). A digital
document is optically encrypted into 42 layers in silica glass with
the writing speed of 72 kB s-1 and 100% readout accuracy.

2. Results and Discussion

Birefringent voxels with high transmittance produced by
nanopore formation were written at different scanning speeds
(vs from 2 mm s−1 to 50 mm s−1) and five different numbers of
pulses (Np from 15 to 35) while keeping repetition rate at 1 MHz
and other parameters the same (Figure 1a). During the writing
of the voxels, the laser beam remained stationary, and the trans-
lation stages moved at varying speeds. Precise control over the
pulse number for each voxel was achieved using a gate signal
from a signal generator to the pulse-picker within the laser. For
example, to achieve a pulse number of 30 at a 200 kHz repetition
rate, a 150 μs gate signal was used, equivalent to 30 × 5 μs. The
slow axis orientation of birefringent voxel was perpendicular to
the polarization azimuth of a laser writing beam. Contrary to in-
tuition, the retardance of birefringentmodification first increases
and then drops as the scanning speed increases (Figure 1b). Fur-
thermore, the peak value shifts to lower scanning speed as the
pulse number increases, i.e., the maximum retardance appears
at scanning speeds of 25 mm s−1, 30 mm s−1, 35 mm s−1, and
40 mm s−1 for pulse numbers of 35, 30, 25, and 20, respectively.
The diameter of each voxel was estimated from the birefringence
image as full width half maximum of retardance distribution fit-
ted with a Gaussian function (Section 1 in Supporting Informa-
tion). It is clearly illustrated that themodification size along scan-
ning direction increases with scan speed due to the relative posi-
tion shift of laser beam (Figure 1c). In addition, for Np = 30 and
Np = 20, the position shift of all pulses is larger than the modi-
fication size for speeds higher than 30 mm s−1 and 40 mm s−1,
respectively, indicating that the retardance of birefringent voxels
starts to decrease when the position shift is greater than themod-
ification size:

lshift = Np ⋅ vs ⋅ Δt > Dmod (1)

where Δt = 1∕RR is the time interval between pulses and Dmod
is the diameter of modification. Furthermore, no effect of voxel
length and lateral separation was observed in the relationship be-
tween retardance increase and scanning speed (Section 2 in Sup-
porting Information). In addition, the refractive index changes
indicate a non-monotonous trend of birefringence, consistent
with the findings from the retardance measurements (Section 3

in Supporting Information). It should be noted that the retar-
dance measurements shown in Figure 1b and Figure S4 (Sup-
porting Information) represent averages obtained from eight dif-
ferent polarizations of the writing laser beam. The polarization
dependent modification strength is also affected by the scan-
ning speed (Figure 1d,e). At relatively low scan speeds, the max-
imum retardance of birefringent modification occurs when the
polarization direction of the writing laser beam is parallel to the
scan direction (slow axis azimuth close to 90 degree). We pro-
pose that this phenomenon can be attributed to the nonlinear
currents,[40–42] which are driven by the concentration gradient
and directed along the polarization of the light. However, when
the scanning speed is higher than 25 mm s−1, the relationship
between modification strength and polarization is reversed. In
other words, the modification is strongest for the polarization
perpendicular to the scanning direction. This is due to the elon-
gation of voxels along scan direction when the slow axis is ori-
ented at 0 degree, resulting in larger modification size and shift
in maximum retardance to higher speeds.
The dependence of optical path difference (OPD) due to the

isotropic refractive index increase and the retardance dependence
for nanogratings-based birefringent modification on scanning
speed were also investigated. The voxel writing of type 1 modi-
fication has a similar tendency to type X, that is, the OPD first
increases and then decreases with scan speed (Figure 2a). Com-
pared to type X modifications, the maximum OPD of type 1 oc-
curs at a higher scanning speed for the same pulse number,
satisfying Equation (1). This is attributed to the larger modifi-
cation size of type 1 voxels (Section 4 in Supporting Informa-
tion). On the other hand, the writing pulse energy is larger for
the nanogratings regime of modification than that required for
the formation of anisotropic nanopores. A significant increase
in retardance (up to 2 times) was observed at a pulse energy of
≤ 200 nJ with a number of pulses of 30 (Figure 2b), in which all
modifications were of type X. When the energy increased to 205
nJ, the transition from modification of the nanograting type 2 to
the nanopore type X was observed with a change in the scanning
speed. The nanogratings were generated at vs ≤ 15mms−1 where
the retardance was almost unchanged, while flattened nanopores
were formed for vs > 15 mm s−1, after which the retardance first
increased and then decreased. Moreover, for pulse energy ≥ 200
nJ, only type 2 modification was imprinted and there was no in-
crease in retardance with scan speed, which was similar to the
trend for single nanolamella-like structures (Section 5 in Sup-
porting Information). The mechanism of anisotropic nanopores
generation in silica glass can be explained by two processes: for-
mation of randomly distributed nanopores and flattening of the
nanopores perpendicular to the laser beam polarization.[18,43] Ad-
ditionally, the retardance of type X voxel written in a nanopores
glass sample was not changing with scanning speeds, indicat-
ing that the extraordinary increasing phenomenon should be
associated with the formation rather than the reshaping of the
nanopores (Section 6 in Supporting Information).
The observed increase in the strength of both positive refrac-

tive index change and nanopores-based modification as well as
constant strength of modification for nanograting-type with in-
creasing scanning speed is puzzling. Indeed, at the same num-
ber of pulses, the higher the scan speed, the larger the irradiated
area and the lower the deposited energy density. The puzzle can
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Figure 1. Type X modification as a function of scanning speed. a) Birefringent images of voxels written at 3 different writing speeds andNp = 30. Lateral
voxel separation was 2 μm. Pseudo-colors (inset) indicate the local orientation of the slow axis. b) Retardance of the birefringent voxels versus scanning
speed for five different pulse numbers. c) Dependence of modification size along scanning direction and position shift of all pulses on scanning speed
for pulse numbers 20 and 30. d) Retardance and e) slow axis azimuth dependence on scanning speed for eight different polarizations andNp = 30. The
retardance is maximum in blue-circled regions in (c). Writing conditions: 1 MHz repetition rate, 300 fs pulse duration, 190 nJ pulse energy, 0.3 NA lens.

probably be solved if one assumes that the mechanism of mate-
rial modification is nonlocal, i.e., the modification depends not
only on the fluence or density of the photoexcited carriers, but
also on its gradient. This implies that the diffusion of the carri-
ers created by photo- and avalanche ionization of the silica atoms
should play an important role in the modification process.
To clarify the mechanism of the material modification we may

distinguish processes involved by their characteristic times. In
the sub-picosecond time frame, free carriers are generated in the
irradiated volume by laser pulse with duration of 𝜏 = 300 f s.

The temporal evolution of the electron density ne0 in the silica is
governed by the following equation:[5,44]

𝜕ne0
𝜕t

= 𝜎n I
n + 𝛼avne0I −

ne0
𝜏r

(2)

where I = I(r, t) is the intensity of the laser pulse, 𝜎n is n-photon
absorption cross section, 𝛼av determines the avalanche ionization
rate, and 𝜏r ≈ 150 fs is the electron trapping time.[45] The trap-
ping time is associated with the formation of self-tapped excitons
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Figure 2. Influence of scanning speed on different types of modification. a) Dependence of optical path difference (OPD) of refractive index increase on
scanning speed for three different pulse numbers. The pulse energy is 170 nJ, repetition rate is 1 MHz, pulse duration is 190 fs and numerical aperture
of the lens is 0.3. b) Retardance of birefringent voxels dependent on scanning speed with different pulse energies. The repetition rate is 1 MHz and the
pulse duration is 300 fs.

in silica glass, which really concerns exciton, i.e., simultaneous
trapping of hole and electron.[46] The ionization of SiO2 atoms
gives rise to the fast increase of the electron density, however the
number of electrons generated in the center of the beam is much
higher than that at the periphery. The gradient of the concentra-
tion initiates the diffusion current, i.e., the free electronsmove to-
ward the beam periphery leaving behind positively charged holes
(ionized silica atoms, O−) (Figure 3a,left).
The electrons are able to move during electron-phonon relax-

ation time 𝜏eph ≈ 1 ps.[47] In this timescale, the diffusion cur-
rent, which is governed by the concentration gradient, creates
an electric field (Ec) directed from the center to periphery of the
beam (Figure 3a,middle). Although the electron dynamics is ter-
minated at the timescale of less than 1 ps, the influence of the pre-
vious pulse will not disappear. The diffusion current of electrons
creates the separation of charges because electrons are trapped
at the boundaries of irradiated region. Then a positively charged
center and negatively charged boundaries are formed, affecting
the interactions between subsequent pulses and material. Free
electrons are trapped by defects in the glass structure, particu-
larly shallow traps produced by glass disorder. On the other hand,
the holes remaining in the irradiated region are self-trapped. The
lifetime of self-trapped holes (STH), especially with an excitation
energy of around 1 eV, is relatively long.[48] The lifetime of sep-
arated charges and the induced direct current (DC) field is very
long because the dark conductivity of silica glass is low. In other
words, when irradiated with a laser pulse, electrons are first ex-
cited and then diffuse from the center to the boundaries, produc-
ing an electric field. The second-order nonlinearity created by this
electric field is responsible for the second harmonic generation
signal upon the irradiation of subsequent intense femtosecond
laser pulses.
The second harmonic (SH) intensity distribution revealed a

two-lobe pattern aligned with the pump polarization azimuth for
linear polarization and a donut-shaped pattern for circular polar-
ization (Figure 3b). The axisymmetric SH intensity profiles are in
good agreement with the radial distribution of the space charge
field. Moreover, due to angular momentum conservation, the SH

generated by the pump with the circular polarization is indeed a
vortex SH beam.[49–51] The spatio-temporal evolution of the elec-
tron density ne and generated DC field Ec is governed by the fol-
lowing equations:

𝜕ne
𝜕t

= −∇
(
−𝜇eneEc − De∇ne

)
(3)

𝜀0𝜀∇ Ec = e
(
nh − ne

)
(4)

where 𝜇e and De are the mobility and diffusion coefficient of
electrons in silica, respectively, nh is holes density, 𝜀0 is the vac-
uum permittivity, and 𝜀 is the silica dielectric constant. Since
Equations (3) and (4) describe the behavior of the system after
the excitation pulse, it should be solved using initial conditions
ne (0, r) = neo (t = 𝜏, r), Ec (0, r) = 0. Since the holes do notmove
in this time scale, their spatial distribution in the irradiated vol-
ume does not depend on time and is determined by the initial
electron density, i.e., nh (t, r) = neo (t = 𝜏, r). (Section 7 in Sup-
porting Information).
For stationary writing of voxels, the induced electric field Ec

formed by the preceding pulses impedes diffusion of electrons
generated by subsequent pulses. However, under scanning writ-
ing, the center of the photoexcited region is shifted and the
hindering effect of Ec is reduced, resulting in more efficient
diffusion of electrons and larger density of self-trapped holes
(Figure 3a,right), the clustering of which could facilitate the for-
mation of nanopores and generate stronger modification. This
idea is also supported by our recent work on ultrafast laser writ-
ing in silica glasses of different grades.[42] The numerical sim-
ulation based on Equations (3) and (4) reveals that the electric
field increases with position shift and becomes saturated after
0.8 μm (Figure 3c), which is consistent with the observed increas-
ing strength of modification in the experiment. The density of
self-trapped holes, accompanied by the electric field, increases for
≈ 40% when the position of the beam center is shifted by 1 μm.
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Figure 3. Material modification by ultrashort laser pulses. a)Mechanism illustration of electron concentration gradient and diffusion (left), space charges
and build-up electric field (middle), and larger density of holes during scanning (right). b) Electric field induced SH patterns for different polarizations
under continuous irradiation. c) Simulated electric field generated by the last (40th) pulse with different position shifts. d) Spectrum of the light emission
with wide spectral distribution between 350 nm and 750 nm for the conditions of both type 2 and type X at scanning speed of 1 mm s-1. e) Retardance of
birefringent voxels versus scanning speed with different numerical apertures. f) Retardance versus position shift with different repetition rates varying
from 10 kHz to 1 MHz. Writing conditions: 1030 nm wavelength, 300 fs pulse duration, 190 nJ pulse energy, 30 pulse number, and 0.3 NA lens.

More specifically, we utilized a Matlab code to solve Equa-
tion (3) after each pulse. The initial electric field (Ec) of the first
pulse was set to 0:

ne (t) = ne (t − 1) + −∇
(
−𝜇ene (t − 1)Ec −De∇ne (t − 1)

)
dt (5)

After the diffusion of electrons, the separated electrons and
holes induce an electric field Ec, which is calculated using Equa-
tion (4). This allowed us to obtain the electron density and elec-
tric field over time. For multiple pulses, in the simulation of
the next pulse (nth, n ≥ 2), we used a newly generated electron
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density without adding the previous ne, that is ne(Δt(n − 1), r) =
neo (t = 𝜏, r) since the pulse interval is in the microsecond scale.
However, the electric field is “frozen” and added to the initial con-
dition of the next pulse: Ec (Δt(n − 1), r) = Ec (Δt(n − 2) + t, r) +
Ec(Δt(n − 2), r), where t is the diffusion time. The simulated elec-
tron density and electric field at the final pulse (40th) after diffu-
sion time for different position shifts are shown in Figure 3c and
Figure S10 (Supporting Information), respectively. The induced
electric field increases with the position shift of all pulses and
reaches saturation after 0.8 μm. This indicates that the density of
self-trapped holes increases with position shift/scanning speed,
resulting in increased birefringence. The simulation correlates
well with the experimental results, with themaximum retardance
occurring when the position shift is close to themodification size
of ≈ 0.9 μm. After this peak, the retardance decreases due to the
modification being clearly elongated in the scanning direction.
In order to prove the DC electric field generation in the irradi-

ated volume of the silica, we also measured the second harmonic
germination during writing experiments at RR = 500 kHz and
the pulse train of Np = 40 (Figure 3d) (Section 8 in Supporting
Information). The SH signal was indeed observed, evidenced by
the peak around 515 nm in the light emission spectrum. The es-
timated SH conversion efficiency is ≈ 3×10−9. Assuming inter-
action length of 10 μm, the effective second order nonlinearity in
our experiment is ≈ 2×10−16 m V−1, and the value of electric field
estimated by 𝜒

(2)
eff = 3Ec𝜒

(3) is 3×105 V m-1,[52] which is about
an order of magnitude larger than the value in the simulation,
probably due to the accumulation for all pulses in the SH mea-
surement.
Interestingly, in the nanograting formation regime (type 2), we

observed also emission band centered at 450 nm.We believe that
this emission originates from blue luminescence of self-trapped
excitons at 2.8 eV [53,54] rather than from plasma. On the contrary,
in the regime of nanopore formation (type X), no emission at
450 nmwas observed because of either luminescence quenching
or a lower concentration of self-trapped excitons. In this regime,
themechanism of thematerialmodification is different from that
responsible for the nanograting formation as one can observe
from the scanning speed dependence (Figure 2).
Furthermore, we found that the retardance dependence on

scanning speed is similar for three different numerical aper-
tures (Figure 3e). However, for the same pulse number, the scan-
ning speed at which themaximum retardance emerges is slightly
larger for smaller numerical aperture lens. For instance, for
Np = 30, maximum retardance is obtained at a scanning speed
of 30 mm s−1 with NA = 0.3, while that appears at 35 mm s−1

with NA = 0.16, which can be attributed to the larger modifi-
cation size with a 0.16 NA lens. On the other hand, the amount
of increase in retardance for different NAs is different, that is,
the retardance was increased by 105% for NA = 0.3, 58% for
NA = 0.23, and 50% for NA = 0.16, while the intensities
were almost the same, i.e., 9.3 TW cm−2, 9.2 TW cm−2 and 7.3
TW cm−2, respectively. Interestingly, more significant retardance
increase can be realized by utilizing a higher numerical aperture,
which confirms our conjecture about the importance of gradient
and is preferable for data storage with high writing speed and
data capacity.

According to Equation (1), for the same pulse number and
modification size,maximum retardance appears at a higher scan-
ning speed for a higher repetition rate. In order to further val-
idate the impact of repetition rate on the peculiar highly trans-
mitting birefringent voxels with increasing scanning speed, we
conducted experiments under NA = 0.3, Np = 30 and 𝜏 = 300
with a pulse energy of 190 nJ. We specifically altered the rep-
etition rates from 10 kHz to 1 MHz (Figure 3f) while keep-
ing the scanning speed range variable to maintain a consistent
pulse density/position shift of all pulses across different rates.
For instance, the scanning speeds ranged from 20 μm s−1 to
50 mm s−1 for a repetition rate of 1 MHz, from 2 μm s−1 to
5 mm s−1 for 100 kHz, and from 0.2 μm s−1 to 0.5 mm s−1

for 10 kHz. Across all different repetition rates, the observed
trend remained largely consistent, with the maximum retar-
dance occurring at a position shift of ≈ 800 nm. This corre-
sponds to ≈27 mm s−1 for 1 MHz, ≈2.7 mm s−1 for 100 kHz,
or ≈0.27 mm s−1 for 10 kHz. This confirms that the observed
increasing trend is related to the deposited energy density. In
other words, a faster writing speed can be achieved by us-
ing a higher repetition rate while maintaining the maximum
retardance.
Birefringent voxels were also written with increased repeti-

tion rates (RR from 1 to 5 MHz) to explore further the fea-
sibility of high-speed writing (Figure 4a). The scanning speed
varied from 50 mm s−1 to 250 mm s−1 to keep the same de-
posited energy density. X-type modification was observed at rep-
etition rates of both 1 MHz and 2 MHz, but unexpectedly,
the strength of the birefringent modification turned out to be
stronger at RR = 2 MHz, which can possibly be explained
by the accumulation of defects, for example, non-bridging oxy-
gen hole centers.[36,55] However, when the repetition rate was
increased to 3 MHz, damage emerged and the structures were
completely destroyed at RR = 4 MHz or 5 MHz, which could
be attributed to the heat accumulation. The thermal effects can
be mitigated if a modification is produced with an efficient
modulation of energy deposition, meaning more energy is used
to modify rather than heat the material (Figure 4b) (Section 9
in Supporting Information). Compared with nanolamella-like
structure generated via PEM,[37] multilayer data storage with
100% readout accuracy can be achieved due to high transmis-
sion of type X modifications, enabling data storage without error
correction.
Data recording of 4 bits per voxel with 3 MHz and 3 bits per

voxel with 5 MHz was demonstrated (Section 10 in Supporting
Information). In order to test the multi-layer data recording with
nanopore-based high transmission birefringent modification us-
ing high writing speed, the digital copy of an iconic book was
recorded in 42 layers (Figure 5a). The text data were encrypted
by randomly assigning numbers (from 0 to 7) to the 8 slow axis
orientations and encoded by American Standard Code for Infor-
mation Interchange code, where every three voxels correspond to
a character. The readout accuracy was 100% for both the 1st layer
and the 42nd layer (Figure 5b). Lateral voxel separation and layer
separation were only 1.3 μm and 14.6 μm, respectively, using a
0.3 numerical aperture lens, corresponding to a data capacity of
735 GB per 127 mm disk and a data write speed of 72 kB s−1.
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Figure 4. Femtosecond laser direct writing of birefringence structures with and without PEM. a) Images of birefringent voxels written by 15 laser pulses
with the energy of 182 nJ at different repetition rates from 1 to 5 MHz. b) Birefringent images of voxels imprinted with and without energy-modulated
pulses: 2 seeding pulses and 12 writing pulses (top), 14 pulses with seeding energy (middle top), 14 pulses with writing energy (middle), only 2 seeding
pulses (middle bottom), and only 12 writing pulses (bottom). The seeding and writing pulse energies are 222 nJ (212 nJ) and 166 nJ (158 nJ) for repetition
rate of 3 MHz (5 MHz). Processing conditions: 650 fs pulse duration, 1030 nm wavelength, 0.3 NA lens.

Figure 5. Optical data recording of a digital book with a high writing speed
of 72 kB s−1. a) Birefringence images of data voxels of different layers. b)
Polar diagram of the measured retardance and azimuth of all voxels in
(a). The scanning speed is 250 mm s-1 and the lateral voxel separation is
1.3 μm.

3. Conclusion

In conclusion, we demonstrated an increase in the birefrin-
gence of nanopore-based modification and positive refractive in-
dex change by ultrafast laser writing in silica glass when scanning
speed increases. Contrary to intuition, a stronger modification is
produced at lower energy density because of the nonlocality of
light matter interaction in strongly nonlinear regime, which is
confirmed by the observation of the second harmonic generation.
In contrast to the nanograting formation regime, we did not ob-
serve blue luminescence of self-trapped excitons at 2.8 eV in the
regime of nanopore formation. In addition, pulse energy mod-
ulation was demonstrated in the regime of nanopore formation
enabling high-speed ultrafast laser writing without heat accumu-
lation at high pulse repetition rates. By using a multi-channel ex-
perimental setup, it allows one to achieve the writing speed as
high as several megabytes per second (MBs-1) with advantages of
high transmission and high data accuracy.

4. Experimental Section
Two different laser systemswere used to cover a broad range of laser pa-

rameters, a mode-locked regeneratively amplified femtosecond (fs) laser

Laser Photonics Rev. 2024, 2301143 2301143 (7 of 9) © 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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system (PHAROS, Light Conversion Ltd.), operating at a wavelength of
1030 nm with a repetition rate (RR) varying from 10 kHz to 1 MHz and
a pulse duration (𝜏) of 300 fs and a Yb-doped fiber fs laser (Satsuma,
Amplitude), operating at 1030 nm with a repetition rate from 1 MHz to
10 MHz and a pulse duration tuned in the range of 250−650 fs. The pulse
energy modulation was achieved by controlling the electro-optic modula-
tor (EOM) in the fs laser system. The polarization of the writing laser beam
was controlled by a combination of a linear polarizer, an electro-opticmod-
ulator, and a quarter waveplate. Laser pulses were focused via an aspheric
lens with different effective numerical apertures (NA = 0.16, 0.23, or 0.4,
Newport) into silica glass sample, which was placed on a three-axial air-
bearing translation stage (Aerotech Ltd.).

The retardance and slow axis azimuths of birefringent voxels were quan-
titatively characterized with a birefringence measurement system (Cri,
Abrio imaging system) equipped on the Olympus BX51 optical micro-
scope operating at 546 nm wavelength. The refractive index changes were
characterized with a wavefront sensor (SID4-HR, Phasics)mounted on the
same microscope.
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