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ABSTRACT

The influence of laser polarization on the laser-induced damage threshold of fused silica is presented. Measurements were performed using

femtosecond and nanosecond laser pulse durations. The impact of laser polarization on the laser damage varies with laser wavelength. =
While no difference in UV laser damage was observed between linear and circular polarizations, circular polarization improved the damage §
resistance of fused silica to infrared and visible laser radiation in comparison with linear polarization. By measuring the femtosecond laser &
damage of a SiO; thin film deposited onto a substrate, we show that the ratio between the bandgap of the sample and the photon energy 8
causes the polarization dependent laser damage to change. These experimental findings are explained by considering the photoionization <
theory for solids. g
@
o
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0242463
I. INTRODUCTION circular polarization is higher than for linear polarization when NA
. . . . . . is higher than 0.4. The reverse effect is observed when NA is
Various laser-plasma interaction studies require ultra intense . ) P
. . X 1 . shorter than 0.4. For collimated laser beams, Soileau et al” and
circularly polarized laser pulses. Macchi et al.” proposed to increase p . ) e .
. . . . Bonod et al.” showed that linear-to-circular polarization conversion
the efficiency of the laser-accelerated ions mechanism by using a . - A
. . 2 s s 3 mitigates the laser-induced filamentation inside the glass. They
circularly polarized laser beam.” Similarly, Bashmakov et al . . . e o
howed th reularly polarized 1 Ise should i ) linked this filamentation mitigation to the polarization-dependent
showe t. at a circularly polarized laser pulse should improve elec- Kerr effect” driven by the nonlinear refractive index (n,). However,
tron—positron pair production in the quantum electrodynamical fused silica filamentation develops from two concomitant processes:
cascj,ade. The next generation. of las.er facilities sl'lou}d certainly offer  Kerr effect-induced beam self-focusing and laser-induced ioniza-
a high-power laser beam with a c1rcula4r polarization such as that  tjon.” The dependence of the Kerr effect on laser polarization is
on the 10 PetaWatt Vulcan laser beam.” Thus, investigating howa ~ now well-characterized in isotropic media, for example, in glass.
circularly polarized laser pulse will modify the damage resistance of =~ The associated nonlinear index of refraction is reduced in circular
the optical components to laser radiation appears crucial for future polarization by a factor of 3/2 compared to linear polarization.”"’
laser facility development. However, few studies have been devoted to the laser polarization
Some research groups have already explored this question. Liu dependence of solid ionization, and more largely to the laser polari-
et al.” showed that for ultra-short laser pulses (120 fs), the numeri-  zation dependence of the laser-induced damage threshold (LIDT)
cal aperture (NA) of the focusing objective, used to focus the laser ~ by disregarding the effect of laser nonlinear propagation. Zhang
beam on the surface of the silica glass, causes the polarization et al.'' experimentally observed that the LIDT fluence of a Ta;Os/
dependent laser damage to change. The damage threshold for SiO, film is increased from 1.68 J/cm? for linear polarization (LP)
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up to 1.70 J/cm? for circular polarization (CP), when irradiated
with an 800 nm, 50 fs laser beam. They correlated the increase in
LIDT with the decrease in photoionization rate induced by circular
polarization, as measured by Temnov et al. in Ref. 12. On the other
hand, Venable and Kay'® experimentally measured that in a four-
photon process, the photoionization of quartz is more efficient
with a circularly polarized laser beam than with a linear one. By
measuring the refractive index change in waveguides, Little
et al"™" inferred that the photoionization rate for fused silica'
and Yb:QX phosphate glass'” is increased with the circular polari-
zation, while, for BK7 glass,15 no difference between linear and cir-
cular polarization is observed. Kozék et al.'® showed theoretically
and experimentally that linear polarization produces a larger
carrier density in diamond than circular polarization. These clearly
contrasting observations highlight the need to characterize the
impact of laser polarization on laser damage, by disregarding any
propagative effects, for example, the nonlinear propagation of the
laser beam into the optical component.

The current work displays laser damage measurements on the
front surface of a fused silica glass, irradiated by a laser beam with
a circular and linear polarization and that operates in the infrared
(IR), visible, and wultraviolet (UV) radiation spectrum. First, the
damage probabilities measured with a femtosecond laser beam
reveal the influence of laser polarization on LIDT values for three
different wavelengths. Femtosecond laser damage originates from
material intrinsic properties.’” A theoretical explanation for these
polarization-influenced measurements is provided by the photoion-
ization rates computed from the theory developed in Refs. 18 and
19. Indeed, femtosecond laser damage is known to be driven by the
photoionization process.”” Because theoretical photoionization rate
values vary with the material bandgap, experimental femtosecond
LIDT is also investigated by substituting fused silica glass for a
sample with a lower bandgap, that is, an SiO, thin film deposited
on a BK7 glass. Then, in the second part, we investigate the influ-
ence of polarization on LIDT in the nanosecond regime. Because,
our laser focal spots are small (near 10um), we assume that
ns-LIDT is driven by material intrinsic properties. Ns-LIDT is
measured by using different wavelengths, and we compare these
measurements to the photoionization theory for solid although a
direct comparison between nanosecond laser damage and ioniza-
tion rate is not obvious as it involves additional physical processes,
for example, heat transfer from electrons to the lattice or collisional
ionization. Thus, in this work, the impact of laser polarization on
laser damage is studied in the fast and ultrafast regimes.

Il. THEORETICAL TOOLS

Sudrie et al.” proposed a theoretical understanding of damage
induced in the bulk of fused silica by interaction with femtosecond
infrared laser pulses. The first step in the laser damage process is
the free electron generation through the laser-solid interaction. The
equation, governing the temporal evolution of the free electron
density, p, is

dp O 2 P
8t—Wp1(\8|)+ng|£\ - (1)
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where Wp(|€]) is the photoionization rate, o is the collisional joni-
zation cross section, B, is the bandgap of the solid, 7y is the recom-
bination time, and £ is the normalized laser electric field such that
the laser intensity is I = |£|*. Equation (1) shows that the photo-
ionization process (first term on the right hand side), promoting
electrons from the valence band to the conduction band of the
solid, triggers the free electron generation, which could result in the
bulk laser damage.

In Ref. 19, we have developed a theory modeling the ioniza-
tion of a solid irradiated with a linearly and a circularly polarized
laser beam. It provides an analytical expression for the Wp(|€])
term, resulting in a laser polarization depending rate. For a linear
laser polarization, the photoionization rate is given by

3
) 1 1Mo /B, (T
lin LAYV % gJ sinfd6

P 16v2rny? (hw)? Jo

lho 1 — RN 2
X ——1 __[]l—l(a7 ﬁ) —]l+l(a7 ﬁ)] )
; B, 4y?
B,
a:_ﬁl mﬁ_l_icosg’
y ho\| B, 4y?
1 B (2)
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where y = ¢ Ve; i , with 1, being the reduced electron-hole mass, e
the electron charge, @ the photon angular frequency, and E, the laser
electric field amplitude such that |E]* = Leqcno|Eo|* with ¢ being the

light velocity in vacuum, 7, the linear refractive index, and €, the per-

mittivity in vacuum. J,(u, v) are the generalized Bessel functions.”"
is the minimum number of photons required to promote electron
from the valence to the conduction band that is energetically shifted

by the ponderomotive energy equal to 48—;‘2. For a circular laser polari-
zation, the photoionization rate formula is different,

L 1uoty/By J <in 040

W, ir —
i 8v2zy?  (hw)* Jo

lho 1
— — 1 —— [+ )],
= Bg zyz[l 1 I+1 ]
\/EBg 710} 1
= V22 PO Gne, 3
n 7 fo\ B, 27/zsme (3)
) 1
lozlg“:min<m—w—1——>0),
1\ By 2y?

where Ji(x) denotes the Bessel functions of the first kind.”” In this
case, the ponderomotive energy is larger than in the linear case, it is
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equal to 23%. We have shown in Ref. 19 that the dependence of the

solid photoionization rate with the laser polarization varies with the
laser wavelength. This double dependency (polarization and wave-
length) originates from the difference in the selection rule for the
dipole quantum magnetic number: Am = 0 for linear polarization
and Am = +1 (Am = —1) for left (right) circular polarization. This
selection rule reduces the number of allowed electronic transition
channels for circular polarization in comparison with linear polariza-
tion, leading to a lower transition probability. Thus, an increase in the
B, /(hw) ratio results in a larger prevalence of the LP-ionization rate
over CP-ionization rate. The present work aims to make a connection
between the LIDT and the photoionization process, key process in the
laser damage. For this reason, we compare the laser damage threshold
with the electron density is only generated by the photoionization
process. We thus solve

P — Walew)), )

where £(t) models an electric field with a Gaussian and a “gate” tem-
poral function for femtosecond and nanosecond studies, respectively.
We assume that avalanche ionization does not depend on laser

polarization.”

Ill. FEMTOSECOND RESULTS

First, we consider a 500 fs, 1030 nm laser beam to investigate
the LIDT of the fused silica glass and the SiO, thin film deposited
onto a substrate. By employing appropriate nonlinear crystals, the
IR laser beam is frequency converted to a second (515nm) and a
third (343 nm) order harmonic beam. All experiments discussed in
this work have been performed using single-shot laser irradiation
(1-on-1).”* The experimental setup is presented in the Appendix.

A. Fused silica glass

We first measured the laser damage probability of a fused

silica glass irradiated on its front surface with a 1030 nm laser

beam. The irradiated samples were bare fused silica windows

(HERAEUS S312 10mm thickness), superpolished by
Thales-SESO. The LIDT measurements are summarized in Fig. 1

for circular (red circles) and linear (black crosses) laser polarization
according to laser intensity (bottom axis) and the laser fluence (top
axis). By considering a laser fluence uncertainty of 9%,” the laser
intensity uncertainty was estimated at 19%. Linear polarization dis-
played a weaker LIDT than circular polarization. For a quantitative
LIDT comparison, we defined the LIDT intensity as the averaged
value of the laser intensities for which the damage probability
varies from 0 to 1. The LIDT intensity uncertainty was computed
as the half difference between these two intensity values. It is equal
to 10.67 + 0.23 TW/cm? for linear polarization (LP) and
11.85 + 0.41 TW/cm? for circular one, meaning a LIDT increase
of 11% for the circular case. It is important to remember that the
laser beams are focused on the sample’s front surface, such that
this LIDT difference between linearly and circularly polarized laser
beams could not be attributed to the Kerr effect and its associated

ARTICLE pubs.aip.org/aip/jap
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FIG. 1. Damage probability of a fused silica sample vs laser intensity (bottom
axis) and laser fluence (top axis) for a linearly (black crosses and black dashed
curve) and circularly (red circles and red dashed curve) polarized laser beam.
Ao = 1030 nm and pulse duration equal to 500 fs.

nonlinear refractive index (n;), but only to the ionization of the
fused silica glass.

We duplicated these measurements for two other laser wave-
lengths: 515 and 343 nm. The LIDT intensity values are summa-
rized in Table I. Because the LIDT intensities were measured on
the same laser beam, we do not include the measurements of laser
intensity uncertainty but only the computation uncertainty which
is equal to the half difference between the laser intensities for
which the damage probability varies from 0 to 1.

First, we note that the LIDT intensity values are positively cor-
related to laser wavelength, which is in agreement with the results
in Ref. 26. For the three laser wavelengths, a circularly polarized
laser beam provides a higher LIDT intensity value than a linear
one. An increase of 11%, 20%, and 7% is observed for 1030, 515,
and 343 nm laser wavelength, respectively.

Figure 2(a) plots the fused silica ionization rate, computed
from Egs. (2) and (3), according to laser intensity for three laser
wavelengths (343, 515, and 1030 nm) and for both laser polariza-
tions (linear and circular). We consider a bandgap equal to 9 eV,”’
and the electron-hole reduced mass equal to u, = 0.3m,.'"® The
vertical dashed curves in Fig. 2(a) indicate the LIDT intensity
values measured for linear polarization (Table I). For the two

9€:€1:91 G20z Asenuer |

TABLE I. LIDT intensity values for fused silica (in TW/cm?) vs laser polarization
and laser wavelength. The LIDT intensity uncertainty is equal to the half difference
between the laser intensities for which the damage probability varies from 0 to 1.

1030 nm 515nm 343 nm
Linear polarization 10.67 +0.23 3.38+0.16 2.35+0.01
Circular polarization 11.85+0.42 4.07£0.31 2.51+0.01
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FIG. 2. (a) Theoretical values [Egs. (2) and (3)] of the fused silica ionization
rate with By = 9 eV? and u, = 0.3m, for three laser wavelengths: 1030 nm
(red), 515 nm (green), and 343 nm (blue) and for linear (solid curve) and circular
(crosses) laser polarization. Vertical dashed curves display the LIDT intensity
values for linear polarization (Table ). (b) Numerical (red) and experimental
(black) LIDT intensity values according to laser wavelength for linear (circle) and
circular (cross) polarization.

longer laser wavelengths (19 = 1030 and 515nm), the linearly
polarized laser beam generated a higher free electron density than
the circular one, while no difference was observed between both
polarizations for Ay = 343 nm.

These ionization rates were used to compute numerical values
for LIDT intensity, shown with red symbols in Fig. 2(b).
The numerical LIDT intensity corresponds to the laser intensity
for which the temporal integration of Eq. (4) results in
Pret = 3.57 x 107 cm™3. This reference value of electron density,
used to link experimental and numerical LIDT values, was com-
puted by solving Eq. (4) for a 343 nm, linearly polarized laser
beam with a laser intensity equal to 2.35 TW/cm? (see Table I).
Figure 2(b) shows a similar trend between numerical and

ARTICLE pubs.aip.org/aip/jap

experimental LIDT intensities. First, LIDT intensity increases as
the laser wavelength increases, irrespective of polarization. This
feature characterizes the multiphoton ionization regime and origi-
nates from the need for a larger number of photons to promote the
electron from the valence to the conduction band. Therefore, to
achieve the same level of ionization, laser intensity should be
higher for longer wavelengths. Then, while the UV wavelength
(343 nm) shows no difference in LIDT intensity value between
linear and circular polarizations, the visible and IR wavelengths
display a higher LIDT for circular polarization than for linear
polarization. As for the experimental measurements, numerical
LIDT values show a larger LIDT increase for circular polarization
for the visible wavelength (numerical = 78.7%, experimental =
20%) than for the IR wavelength (numerical = 48.6%, experimental
= 11%). Note that numerical LIDT values overestimate the experi-
mental values because the collisional ionization process is not
included in the electron density computation.

B. SiO, thin film

In order to investigate the link between femtosecond LIDT
measurements and the photoionization theory, similar measure-
ments were also performed on a sample with a lower bandgap than
fused silica glass, that is, an SiO, thin film deposited onto a sub-
strate. The silica (SiO,) layer was deposited by electron beam evap-
oration with ion assistance deposition onto a BK7 substrate. The
layer thickness was 149.9 nm, with a refractive index of 1.930 at
1053 nm determined by ellipsometry. The bandgap, B, = 7.5eV,”’
is weaker than for fused silica glass.

The LIDT-intensity values are summarized in Table II. A pos-
itive correlation between LIDT values and wavelength, similar to
the case of fused silica glass, was observed. By comparing the LIDT
values in Table II with those measured for the fused silica glass in
Table I, we observe that a lower bandgap value results in a reduc-
tion in LIDT intensity value. Moreover, we note that only the IR
wavelength (1030 nm) displayed a noticeable difference in LIDT
values, nearly 6%, between linear and circular polarization. In the
case of 515 and 343 nm wavelengths, circular polarization increased
the LIDT intensity value by 2% and 1.5%, respectively, which
reveals an insignificant difference between both polarizations.

This trend was highlighted in the SiO, photoionization rate
plotted in Fig. 3(a) and for which we consider B, = 7.5eV and
U, = 0.3m,. The two shortest laser wavelengths (343 and 515 nm)
displayed comparable ionization rates for linear and circular polari-
zation. Only the IR wavelength showed higher ionization rates for
linear polarization than for circular polarization. As in the previous
case, Fig. 3(b) compares the experimental and numerical LIDT

TABLE II. Intensity values in TW/cm? for the laser-induced damage threshold
(LIDT) in an SiO, thin film deposited on glass. The LIDT intensity uncertainty is
equal to half difference between the laser intensities for which the damage probabil-
ity varies from 0 to 1.

1030 nm 515nm 343 nm
Linear polarization 7.55%0.11 1.73 £ 0.02 1.54+0.01
Circular polarization 8.01 £0.00 1.76 £ 0.03 1.56 +0.01
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FIG. 3. Theoretical values for SiO; thin film ionization rate with By = 7.5eV
and u, = 0.3m, for three laser wavelengths: 1030 nm (red), 515 nm (green),
and 343 nm (blue) and for linear (solid curve) and circular (crosses) laser polari-
zation. Vertical dashed curves represent the LIDT intensity values for linear
polarization (Table Il). (b) Numerical (red) and experimental (black) LIDT inten-
sity values according to laser wavelength for linear (circle) and circular (cross)
polarization.

intensity values for three wavelengths and for two laser polariza-
tions, showing a relatively good agreement between theory and
experiment. Note that numerical LIDT intensity values correspond
to an electron density equal to p,s = 3.57 x 10!7 cm™3, the same
reference value as the one considered for fused silica.

The femtosecond LIDT measurements supported by the theo-
retical ionization rates confirm that the LIDT intensity values are
linked to the photoionization process, as was presented by Sudrie
et al. in Ref. 20. Circular polarization could be a convenient tool to
mitigate the laser-induced damage to the optical components in
the range of laser intensities and laser wavelengths, which reduces
the photoionization rate in comparison with linear polarization.

ARTICLE pubs.aip.org/aip/jap

IV. NANOSECOND RESULTS

Nanosecond LIDT measurements were performed with a
Q-switched Nd:YAG single mode laser, lasing at 1064 nm. Appropriate
frequency conversion units were used to generate harmonic beams.
The LIDT measurements were only performed on the front surface
of the fused silica (see the Appendix). For this case, we did not consider
the SiO, film deposited on a substrate. The same type of fused silica
glass as that used for femtosecond measurements was utilized. LIDT
measurements were performed using 1064, 532, and 355nm wave-
lengths with pulse durations of approximately 32, 11, and 10 ns, respec-
tively. All measurements correspond to a single-shot irradiation per site.
We have performed 20 shots per laser beam fluence.

Figure 4 presents the laser damage probability on a fused silica
sample measured for a 31.5 ns, 1064 nm laser for which polarization
is linear (black crosses) or circular (red circles). The damage probabil-
ity is equal to the ratio between the number of laser damaged sites
and the number of laser irradiated sites (equal to 20). The error bars
show the standard deviation in the experimental measurements. For a
linearly polarized laser beam (black crosses), the damage probability
is less than 10% (gray dotted line) for laser intensity below 33 GW/
cm?, increasing linearly for higher intensity values until the damage
probability is 100%. Since the nanosecond LIDT measurements
present large error bars, it is difficult to pinpoint the LIDT value. We,
thus, define the 50% LIDT that is the laser intensity for which the
damage probability is equal to 50% (gray dashed line). By applying a
linear regression on the increasing damage probability data, we find a
50% LIDT equal to 53.7 GW/cm? in the case of linear polarization.

Red circles, denoting circular polarization data, show damage proba-
bilities shifted to higher laser intensity compared to the linear case.
Fluence g/cmz)
0 500 1000 1500 2000 2500 3000
1.04
2o T A T
= y
3
S 0.6
e U, TN S, | ¥ 4 A U
L 0.4
£
AT
802 '&L L i + P
oo ] ol | T S e
ool 44TV, ’
0 20 40 60 80

Intensity [GW/cm?]

FIG. 4. Damage probability of a fused silica sample vs laser intensity (bottom
axis) and laser fluence (top axis) for a linearly (black crosses) and circularly
(red circles) polarized laser beam. A9 = 1064 nm and pulse duration equal to
31.5ns. The black and red dash-dotted curves display the linear regression of
experimental measurements for linearly and circularly polarized laser beams,
respectively. The gray dashed and dotted curves display the 50% and 10%
damage probabilities, respectively.
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The damage probability is less than 10% up to an intensity equal to
43.3 GW/cm?, before following an increasing slope like that of linear
polarization. For the circularly polarized beam, the linear regression
gives a 50% LIDT intensity equal to 61.1 GW/cm?, corresponding to
an increase of nearly 14%.

Similar LIDT measurements for a 11.3 ns long, 532 nm laser
wavelength are plotted in Fig. 5. The damage probability is lower
than 10% (gray dotted line) up to laser intensities of 13.4 and
20.7 GW/cm? in the case of linear and circular polarization, respec-
tively. The circularly polarized laser beam still presents a larger
LIDT value than the linearly polarized one. By applying linear
regression to the increasing damage probability values, we find that
50% LIDT (gray dashed line) is reached for an intensity of 37.8
GW/cm? for the linear case and of 56.1 GW/cm? for the circular
case, corresponding to an increase of 48%.

The damage probabilities measured in the UV domain
(Ao = 355 nm) are summarized in Fig. 6. By contrast with the two
previous cases, a very weak difference (5%) is observed between
both laser polarizations.

Table IIT summarizes the laser intensity for which the damage
probability is equal to 50% for three laser wavelengths and for both
laser polarizations. The laser intensity uncertainty is computed from the
numerical error estimated on the linear regression. The R? value mea-
sures the strength of the relationship between our experimental data
and the dependent variable on a convenient 0 to 1 scale. Since the laser
pulse length is in the nanosecond temporal range, the LIDT intensity
values (GW/cm?) are much weaker than the fs LIDT values (TW/cm?).
Table III shows a similar trend to Table I values: LIDT-intensity values
decrease as laser wavelength decreases for both laser polarizations.” We
note that for UV wavelength, LIDT intensity values are similar for
linear and circular polarizations, whereas for visible radiation, linear
polarization is characterized by a weaker 50% LIDT intensity than circu-
lar polarization. Because of large uncertainties on LIDT values mea-
sured for A =1064 nm, we cannot conclude.
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FIG. 5. Same as Fig. 4 but for A9 =532nm and pulse duration equal to
11.3ns.
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FIG. 6. Same as Fig. 4 but for 1o = 355nm and pulse duration equal to
10 ns.

Similar to the femtosecond laser damage measurements, we
compare nanosecond LIDT-intensity values to the fused silica pho-
toionization rates computed in Fig. 7(a). For a constant laser inten-
sity, the higher laser wavelengths result in a lower ionization rate,
originating from the necessity to have a higher number of photons
to promote electrons from the valence to the conduction band.
Thus, higher wavelengths require higher intensities to reach similar
ionization levels, as observed in Table III. Figure 7(b) compares the
experimental and numerical 50% LIDT intensities, where the
numerical values are obtained with a reference electron density
equal to 8.6 x 10> ¢cm™> (A4 = 355 nm and linear polarization). It
displays a similar behavior as in the case of femtosecond measure-
ments (Table III): a domination of the linear polarization over cir-
cular polarization in the photoionization processes for the two
longer laser wavelengths (49 = 1064 and 532 nm), and no differ-
ence in the photoionization process for the UV wavelength. We
still observe a higher LIDT increase for circular polarization for the
visible wavelength (numerical increase 220%, experimental increase
48.4%) than for the IR wavelength (numerical increase 121%,
experimental increase 14%). Note that LIDT values in Fig. 7(b) are
in log scale because numerical results strongly overestimate the

TABLE Ill. Laser intensity value in GW/cm? for a 50% damage probability in fused
silica bulk vs laser wavelength and laser polarization. R? is the coefficient of confi-
dence in the linear regression.

1064 nm 532 nm 355 nm
Linear polarization 53.69+8.3 37.78 £ 6.08 5.56 £0.32
R? value 0.82 0.97 0.96
Circular polarization = 61.07+7.59 56.10+13.67 529+0.86
R? value 0.9 0.95 0.86
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FIG. 7. Photoionization rate values vs laser intensity for the fused silica bulk
with By =9eV and u, = 0.3m, for three laser wavelengths: 1064 nm (red),
532nm (green), and 355nm (blue) and for linear (solid curve) and circular
(crosses) laser polarization. Vertical dashed curves display LIDT intensity values
for linear polarization (Table Ill). (b) Numerical (red) and experimental (black)
50% LIDT intensity values according to laser wavelength for linear (circle) and
circular (cross) polarization.

experimental ones. This clearly highlights that additional processes
play an important role in the nanosecond laser damage.

Thus, even though additional physical processes such as colli-
sional ionization, thermal conductivity, and mechanical dynamics
play an important role in the nanosecond laser damage process, we
find a similar trend between the polarization dependent LIDT
intensity values and the polarization dependent photoionization
rates'” for visible and UV radiations.

V. CONCLUSION

We investigated the impact of laser polarization on the LIDT
of optical components by varying the pulse duration, pulse

ARTICLE pubs.aip.org/aip/jap

wavelength, and material bandgap. We measured the damage prob-
ability by focusing the laser beam on the front surface of the
optical component. This experimental configuration enabled us to
disregard the effect of laser beam propagation on the LIDT and to
focus our attention exclusively on the impact of laser-induced
plasma generation.

For both femtosecond and nanosecond pulse duration
regimes, we found that the laser-induced damage threshold could
be linked to the photoionization rate. By varying the laser pulse
length, we explored the photoionization process in two different
laser intensity domains (GW/cm? and TW/cm?). For the fused
silica sample, these intensity domains correspond to the multipho-
ton ionization regime. In a high-order multiphoton-dominated ion-
ization regime, where a large number of photons is required to
promote electrons from the valence to the conduction band, linear
laser polarization produces a higher free carrier density than circu-
lar laser polarization for the same laser energy. This feature results
in a higher LIDT for circular than for linear polarization. In an
ionization regime where few photons ionize the material, such as
an ultraviolet laser beam for fused silica glass, linear and circular
laser polarizations provide a similar ionization level, resulting in
comparable LIDT intensity values.

We compared the LIDT values measured for fused silica glass
(bandgap equal to 9eV) and for a SiO, thin film deposited on a
glass (bandgap equal to 7.5 eV). We observed that a lower bandgap
value leads to a lower LIDT value, resulting in a reduced difference
between linear and circular polarization-induced laser damage.
Thus, the impact of laser polarization on laser-induced damage
depends strongly on the bandgap value and on the laser wave-
length. This could be estimated with the photoionization theory for
solid media. In summary, when high-order multiphoton ionization
is dominant, circular laser polarization provides significant resis-
tance against laser-induced damage compared to linear
polarization.
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APPENDIX: EXPERIMENTAL SETUP

Figure 8 presents the experimental setup considered for LIDT
measurements in both temporal regimes (femtosecond and
nanosecond).

While the laser operates at a repetition rate of 10 kHz, an
external electronic shutter picks out single pulses for the LIDT
measurements. A quarter-wave plate is used to convert the laser
beam polarization from linear to circular. An XY translational stage
is dedicated to mounting the sample. Meanwhile, the focusing lens
is mounted on an individual Z-axis translational stage that allows
the precise focalization of the laser on the sample surface. It is also
worth noting that all LIDT measurements discussed were per-
formed on the front surface of the sample, which was kept at
normal incidence. A half-wave plate polarizer combination accu-
rately controls the laser pulse energy. The energy per pulse focused
on the sample position is calibrated with respect to a reference
glass plate, placed in the laser beam path (as shown in Fig. 8).
More specifically, two power meters were simultaneously used, one
for measuring the energy at the sample position and the other one
for measuring the beam energy reflected from the reference glass
plate. A calibration database between the two energies is created for
several energy values. The input laser energy is controlled by rotat-
ing the half-wave plate. An example of such calibration data is
shown in Fig. 9. Each data point results from the averaged energy
of 3000 laser pulses. It is worth noting that this calibration is per-
formed before each measurement and for each laser polarization to
ensure the accuracy in estimating the fluence at the sample
position.

1. Femtosecond measurement

A CCD camera imaged the live modifications induced on the
sample surface. Plano-convex lenses of focal lengths (FL) 75, 75,
and 100 mm were used for the measurements on SiO, glass using
1030, 515, and 343 nm wavelengths, respectively. The associated
focal spot radii were 15, 12.7, and 10.9 um, respectively. The same
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FIG. 8. Experimental setup used for LIDT measurements in both temporal
regimes.
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FIG. 9. Beam energy at the sample position (iJ) vs the beam energy reflected
from glass plate (uJ) for linear (black cross) and circular (red circle) laser
polarization.

experimental parameters were used for the measurement of a SiO,
thin film deposited on the substrate, with the exception of 515 nm,
for which a 100 mm plano-convex lens was utilized. This gave a
16.5 um focal spot radius. The uncertainty of focal spot radius mea-
surements was estimated at 6%.”” Linear-to-circular polarization
conversion was performed using quarter-wave plates. The beam
profiles at the focal spot were analyzed separately for the circular
and linear polarizations. No difference in the focal spot was
observed between the two polarizations.

2. Nanosecond measurements

For all laser configurations, the beam was focused on the
sample surface using a plano-convex lens of focal length 100 mm.
The laser spot radii obtained at the focal spot for 1064, 532, and
355nm were 11.66 + 0.2, 9.36 + 0.57, and 13.81 + 0.61um,
respectively. The beam focal spots provide similar beam profiles for
linear and circular polarizations.
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