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ATR-FTIR spectroscopic studies on density changes of fused silica
induced by localized CO2 laser treatment
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The surface density changes of the central region of the sites treated by using the CO2 laser-based non-evaporative
damage mitigation for fused silica are investigated by attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR). The ATR-FTIR peak shifts of the treated sites of fused silica are monitored to determine the changes of the
corresponding density. For the quenching treated sites, the surface density is increased by (0.24±0.01)% compared with the
initial density but the laser annealing by the exposure of a power ramp down after damage mitigation effectively suppresses
the structural changes of treated sites, which could reduce the increase of the corresponding density to (0.08±0.01)%. The
results provide sufficient evidence that the laser annealing by a power ramp down after damage mitigation has a positive
effect on the control of the structural change induced by CO2 laser-based damage mitigation.

Keywords: fused silica, damage mitigation, ATR-FTIR, laser annealing

PACS: 42.70.Ce, 61.80.–x, 63.50.–x, 78.20.–e DOI: 10.1088/1674-1056/24/2/024220

1. Introduction
Fused silica is universally used to make large aperture op-

tics, such as windows, lenses, gratings, and debris shields, in
high-power UV laser systems. One of the major concerns
encountered for these high-cost fused silica optics is laser-
induced surface damage under the exposure of high-fluence
UV laser.[1–6] For the high-power UV laser facilities, such as
the National Ignition Facility (NIF) in USA,[7] the Laser Mega
Joule in France,[8] and the SGIII laser facility in China,[9,10]

the routine operation is above the damage growth threshold of
fused silica optics. Once the surface damages are initiated un-
der the high-fluence UV laser irradiation, they will grow expo-
nentially with subsequent laser shots, and will result in exces-
sive light scattering and beam modulation, and they will finally
lead to a shortening of the lifetime of fused silica optics.[11]

Surface damage of the fused silica optics intensively restricts
the maximum output fluence of the high-power UV laser fa-
cilities, and abilities to mitigate the laser damage and enhance
the damage growth threshold are necessary for the routine op-
eration of these facilities.

A variety of techniques have been developed to mitigate
the growth of surface damage and the most effective technique
is the CO2 laser processing technique to locally melt or evap-
orate the damage[12] There are two kinds of CO2 laser miti-
gation protocols, i.e., evaporative protocol and no-evaporative
protocol.[8,13–16] Compared with the evaporative mitigation

protocol, the non-evaporative mitigation protocol has the ad-
vantage of minimal surface perturbation or material removal
and it only needs a simple system setup.[8,15,16] However,
some problems, such as raised rims, re-deposited debris, bub-
bles or residual stress at the mitigated damage sites, may occur
when using the non-evaporative mitigation protocol and they
will lead to problematic damage re-initiation and growth, as
well as downstream intensification. Extensive investigations
have been conducted to solve these problems,[4,8,15–24] and the
non-evaporative mitigation protocol with the combination of
particular powers and exposure times of CO2 laser can effec-
tively eliminate raised rims, re-deposited debris, and bubbles
at the mitigated damage sites.[8,15–22] In addition, high temper-
ature oven annealing or laser annealing can effectively control
the residual stress to an acceptable level.[21–24] These modi-
fications of the mitigated damage sites induced by intensive
CO2 laser treatment are associated with the local structural
changes of fused silica. However, few studies on the structural
changes of fused silica treated with localized CO2 laser heat-
ing have been reported. Only recently have Matthews et al.
reported their study on fused-silica microstructural changes in-
duced by CO2 laser treatment by using Raman microscopy.[25]

Considering the fact that the properties of fused silica are
strongly dependent on the structure, it is important to system-
atically study the structural changes of fused silica for non-
evaporative mitigation.
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In fused silica, each silicon atom is surrounded by four
tetrahedrally co-ordinated oxygen atoms, and adjacent sili-
con atoms are bridge-bonded through a single oxygen atom.
Interatomic vibrational modes of Si–O–Si bonding strongly
depend on Si–O–Si bonding angle.[26] Infrared (IR) spec-
troscopy has been widely used to characterize the structure
of fused silica, and the correlation between the IR peak po-
sition of silica structural band and the frozen-in temperature
of fused silica, i.e., fictive temperature of fused silica, has
been established.[26,27] The structure of fused silica depends
on the fictive temperature, and the relationship between fic-
tive temperature and glass density has been reported.[28] Thus,
the density change of fused silica induced by localized CO2

laser treatment can be measured by the IR technique. Attenu-
ated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) is a powerful means for the direct surface char-
acterization of solids. In this work, systematic investigations
of the fused silica treated by the CO2 laser non-evaporative
mitigation are performed by using ATR-FTIR technique. The
density change of fused silica during CO2 laser treatment is es-
timated by the shift of the IR peak position of the silica struc-
tural band.

2. Experimental details
The fused silica samples used in this study are polished

UV-grade Corning 7980 fused silica, 40-mm square by 4-mm
thick. Before being treated by CO2 laser, the fused silica sam-
ples were slightly etched in a buffered hydrofluoric (HF) acid
solution and then cleaned by deionized water. A commercial
radio frequency power excited CO2 laser (Coherent GEM-100
L) with a maximum output power of 100 W and power sta-
bility of ±3% was used to treat the fused silica samples. The
spatial profile of the CO2 laser beam is a Gaussian distribution.
A beam spot with a diameter of 3 mm, where the beam spot
intensity decreases to 1/e times of its central intensity, at the
sample surface was obtained by a ZnSe lens with a 200-mm
focal length for the treatment of the samples. For the non-
evaporative mitigation protocol, the fused silica samples were
first preheated at a low laser power of 13.7 W for 30 seconds.
They were next irradiated under a high power of 25.3 W for
4 seconds to heat the fused silica to above the melting point
and heal the damages. Then, laser annealing by a variety of
linear decreases in the CO2 laser power with lower power heat-
ing silica below the melting point from 19.7 W to 8.7 W with
different exposure times was performed to minimize the struc-
tural changes of the irradiated sites on the surface of the fused
silica sample.

The treated sites of fused silica were first characterized

with a photoelastic tool (PTC-702) to determinate the mea-
surement region of the irradiated sites. The ATR-FTIR spectra
were measured by a Nicolet 5700 spectrometer equipped with
an ATR accessory. The measurements were carried out in a
range of 700 cm−1–1400 cm−1, with a Ge ATR crystal, 64
scans and resolution of 1 cm−1.

To calibrate the fictive temperature of the measurement
region of fused silica, a thin fused silica slice with 10-mm
square by 1-mm thick was treated by the CO2 laser with a
4-mm diameter beam spot and 26.3-W power for the sufficient
length of time of about 100 seconds to establish a metastable
equilibrium state at the central portion of the irradiated site,
and it was then air quenched. The ATR-FTIR spectra of the
central portion of the irradiated site were measured, and the
corresponding FTIR transmission spectra were also measured
for calibration.

3. Results and discussion

Figure 1(a) shows a typical image of a site treated with
the non-evaporative mitigation protocol by a photoelastic tool
(PTC-702). Generally, for a typical non-evaporative mitiga-
tion protocol, the irradiated zone of the fused silica sample
intensively absorbs the energy of a CO2 laser beam, which
induces a rapid temperature increase in the irradiated zone.
As the fused silica in the irradiated zone is heated up to a
peak temperature exceeding the glass transition temperature,
the material of the damage site is melted and healed, and then
a rapid thermal quench ensues following the switching-off of
the CO2 laser. The melt zone of the treated site cannot com-
pletely relax the strained material over a time that is much
shorter than the corresponding structural relaxation time, and a
structure corresponding to a high metastable equilibrium tem-
perature is frozen at higher density. Consequently, the melt
zone is intensively plastically deformed, which will induce the
change of the morphology profile of the irradiated zone and
the formation of residual stress at the treated site.

For a typical treated site, the distribution of the residual
stress is shown in Fig. 1(a). If a small damage is introduced at
the treated site, the residual stress may cause the cracks of the
introduced damage to propagate away, as shown in Fig. 1(b),
which leads to a catastrophic failure of the fused silica op-
tics. Meanwhile, the laser annealing by a linear ramp down
of the CO2 laser power following the damage mitigation can
effectively suppress the residual stress. As shown in Fig. 1(c),
large damages are introduced at the treated site and the resid-
ual stress does not cause the cracks of the introduced damages
to propagate away, which suggests that the local structure of
the treated site must be changed during the laser annealing.
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Fig. 1. (color online) (a) Typical image of a treated site observed by a photoelastic tool (PTC-702), (b) a typical image of fracture
extending induced by introduced small damages for the treated site, and (c) a typical image of introduced large damages for the treated
site with laser annealing following the damage mitigation, no fracture extension is observed.
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Fig. 2. ATR-FTIR spectra in various exposure times of the laser anneal-
ing by the linear power ramp down after the damage mitigation.

To precisely determine the structural changes of the
treated sites, the central region of the irradiated site, as shown
in Fig. 1(a), is measured by the ATR-FTIR technique. The
ATR-FTIR spectra with laser annealing in various exposure
times of the power ramp down after the damage mitigation are
shown in Fig. 2. For the pristine fused silica, three main peaks
at 804.1 cm−1, 1036.9 cm−1, and 1130.4 cm−1 are observed
in a range of 700 cm−1–1400 cm−1. According to the reported
literature,[27,29] the reflection peak at 804.1 cm−1 is attributed
to the bending vibration of Si–O–Si bridges, and the reflection
peak at 1036.9 cm−1 is ascribed to the transverse-optic (TO)
component of the asymmetric stretching vibration of Si–O–Si
bridges, and the reflection peak at 1130.4 cm−1 arises from the
longitudinal-optic (LO) component of the asymmetric stretch-
ing vibration of Si–O–Si bridges. The TO asymmetric stretch-
ing vibrational mode of Si–O–Si bridge has been widely used
to determine the fictive temperature of fused silica and in the

present study the shift in this main band is monitored to char-
acterize the structural changes of the treated sites of fused sil-
ica by a CO2 laser. As shown in Fig. 2, the TO vibrational
mode with quenching after the damage mitigation has shifted
to a lower wavenumber than that of the pristine sample, the
peak position gradually increases with the increasing exposure
time of the laser annealing by the power ramp down after the
damage mitigation.

The changes of the TO asymmetric stretching vibrational
mode of Si–O–Si bridges indicate the structural changes of the
treated sites during the non-evaporative mitigation. The peak
position of the TO vibrational mode as a function of exposure
time of the laser annealing by the power ramp down after the
damage mitigation is shown in Fig. 3. From the reported em-
pirical relation between the fictive temperature and the peak
position of TO vibrational mode, the fictive temperature of the
mitigated sites can be directly determined by using the non-
evaporative mitigation. Unfortunately, the peak position of TO
vibrational mode varies with incidence angle,[29] and the inci-
dence angle in the present ATR-FTIR study is different from
the almost normal incidence angle for the reported empirical
relation between fictive temperature and the peak position,[27]

so we cannot directly use the reported empirical relation to
estimate the corresponding fictive temperature of the treated
sites. Meanwhile, it is reported that the peak position of the
structural band near 2260 cm−1 in IR transmission spectrum,
which is attributed to the overtone of the asymmetric stretch-
ing vibration of the Si–O–Si bridges, is linearly correlated with
the peak position of the TO asymmetric stretching vibration
of Si–O–Si bridges.[27] The peak position of IR transmission
spectrum at around 2260 cm−1 is also widely useful for deter-
mining the fictive temperature of fused silica, and the precise
relation between the peak position and the corresponding fic-
tive temperature from 1000 ◦C to 1550 ◦C has been established
as,[26]

νp = 2221.2+6.1086
(

104

Tf

)
−0.097385

(
104

Tf

)2

, (1)
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where, νp is the peak position of IR transmission spectrum at
around 2260 cm−1 and Tf is the fictive temperature of fused
silica.
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Fig. 3. Peak position of the TO asymmetric stretching vibration of Si–
O–Si bridges as a function of exposure time of the laser annealing by
the power ramp down after damage mitigation.

The relation between the peak position of the overtone of
the asymmetric stretching vibration of Si–O–Si bridge in IR
transmission spectrum and the peak position of the TO asym-
metric stretching vibration of Si–O–Si bridge in ATR-FTIR
spectra is calibrated by a thin fused silica slice. The thin fused
silica slice is treated by CO2 laser for a sufficient length of
time to establish a metastable equilibrium state at the central
portion of the irradiated zone. Figures 4(a) and 4(b) show the
ATR-FTIR spectra and IR transmission spectra of the pristine
sample and the treated sample, respectively. For the pristine
sample, the peak position of TO asymmetric stretching vibra-
tional mode is at 1036.9 cm−1 and the peak position of the
overtone of the asymmetric stretching vibrational mode is at
2262.7 cm−1. For the treated sample, the peak position of TO
asymmetric stretching vibrational mode is at 1026.3 cm−1 and
the peak position of the overtone of the asymmetric stretching
vibrational mode is at 2253.6 cm−1. According to the linear
relationship,[27] the relation of the peak position of the over-
tone of the asymmetric stretching vibrational mode to the peak
position of TO asymmetric stretching vibrational mode can be
written as,

νp = 1376.8+0.8544νTO, (2)

where, νTO is the peak position of TO asymmetric stretching
vibration of Si–O–Si bridge in the ATR-FTIR spectra.

Thus, the fictive temperature of the treated site can be
evaluated by the combination of Eq. (1) and Eq. (2). In ad-
dition, νTO as a function of exposure time of the laser anneal-
ing by the power ramp down after the damage mitigation, as
shown in Fig. 3, can be converted into Tf as a function of expo-
sure time of the laser annealing by the power ramp down after
the damage mitigation, as shown in Fig. 5. One of the major
concerns is whether the combination of Eq. (1) and Eq. (2)
can correctly evaluate the fictive temperature of the treated

site. For the quenching mitigated site without the exposure
of the laser annealing by the power ramp down after damage
mitigation, νTO = (1023.5±0.5) cm−1, and from Eqs. (1) and
(2), Tf = (1880±30) K, which is consistent with the reported
∼ 1900 K for the surface of quenching mitigated sites.[24] For
the pristine fused silica sample, νTO = (1036.9± 0.5) cm−1,
and from Eqs. (1) and (2), Tf = (1286± 15) K, which is con-
sistent with the annealing temperature 1315 K for the Corn-
ing 7980 fused silica. These results evidently indicate that the
combination of Eq. (1) and Eq. (2) can correctly estimate the
fictive temperature of the mitigated site from the TO vibra-
tional mode νTO. Figure 5 indicates that the fictive tempera-
ture first decreases abruptly with the increase of the exposure
time and then gradually changes to a steady value. With the in-
crease of the exposure time of the laser annealing by the power
ramp down, the cooling rate of the material at the treated site
is slower and the structure of the material, which reaches the
high equilibrium temperature, has sufficient time to gradually
relax to the state corresponding to the low fictive temperature
during the decrease of the thermodynamic temperature. The
minimum fictive temperature is stable at (1505±28) K for the
non-evaporative mitigation by the 3-mm-diameter beam spot,
which indicates that the laser annealing by the power ramp
down can control the mitigated sites to lower the fictive tem-
perature.
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Fig. 4. (color online) ATR-FTIR spectra (a) and IR transmission spectra
(b) of pristine sample and the central portion of the sample treated by
26.3-W power with a 4-mm diameter CO2 laser spot.
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The fictive temperature changes with exposure time of
the laser annealing by the power ramp down after the damage
mitigation have been converted into the corresponding den-
sity change. The UV-grade Corning 7980 fused silica used in
this experiment belongs to the Type III silica glass.[30] For the
Type III silica glass at a temperature in a range from 1000 ◦C
to 1450 ◦C, the relationship between the normalized density
difference and the fictive temperature of fused silica is linear
and can be described as[28]

∆ρ/ρ (ppm) = 4.265Tf (
◦C)−5370. (3)

Since the density of the Corning 7980 fused silica at room
temperature for the sample with 1042-◦C fictive temperature
is 2.20 g/cm3 in this experiment, from Eq. (3), the relation be-
tween the density and the fictive temperature of the Corning
7980 fused silica can be written as

ρ (g/cm3) = 9.39×10−6Tf (
◦C)+2.1902. (4)

Using this relation, the density near the surface of the cen-
tral region of the treated site can be evaluated from the fictive
temperature, and the results are shown in Fig. 5. Because the
density is linear with respect to the fictive temperature, the
change evolution of the density is similar to that of the fic-
tive temperature. For the quenching treated sites without laser
annealing after damage mitigation, the surface density of the
central portion enhances (0.24±0.01)% compared with for the
pristine sample site. The laser annealing by the power ramp
down after damage mitigation effectively suppresses the den-
sity change and the minimum increase of surface density of
the mitigated sites can be reduced to (0.08±0.01)% compared
with that of the pristine sample site.

The experimental data of the surface density of the cen-
tral region of the treated site with increasing exposure time of
the laser annealing by the power ramp down are well fitted to
the following equation:

ρ (t) = ρ0 +A× exp(−(t/τ)β ), (5)

where ρ (t) is the surface density of the central portion of
the treated sites with exposure time t of the power ramp
down, ρ0 = (2.2042 ± 0.0002) g/cm3 is the surface density
of the central portion of the treated sites with infinite expo-
sure time, A = (0.0037±0.0002) g/cm3 is a time-independent
constant, τ = (23± 4) s is the average relaxation time, and
β = (0.60±0.08) is the stretched exponential parameter. This
density evolution of the treated sites with increasing exposure
time of the laser annealing by the power ramp down is con-
sistent with the stretched exponential Kohlrausch–William–
Watts function for the structural relaxation of glass that was
reported by Scherer.[31]
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Fig. 5. Fictive temperature and average density of the central surface
of the mitigated site, each as a function of exposure time of the laser
annealing by the power ramp down after damage mitigation.

4. Conclusions
The surface density changes of the central portion of the

sites treated by using the CO2 laser-based non-evaporative
mitigation are investigated by ATR-FTIR spectra. The ATR-
FTIR peak shifts of the treated sites of fused silica are moni-
tored to determine the changes of the fictive temperature and
the corresponding density. For the quenching treated sites, the
surface fictive temperature of the treated site increases up to
(1880±30) K, and the corresponding density is increased by
(0.24±0.01)% compared with the initial density. Laser an-
nealing by the exposure of a power ramp down after damage
mitigation effectively suppresses the structural change, which
could reduce the fictive temperature of the treated sites to
(1505±28) K and minimize the increase of the corresponding
density to (0.08±0.01)% of the initial density. These results
provide sufficient evidence that laser annealing by a power
ramp down after damage mitigation has a positive effect on the
control of the structural change induced by CO2 laser-based
damage mitigation.
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