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Abstract

The morphology and microstructure induced in high quality fused silica by UV (355 nm) laser pulses at high fluence (10–45 J/cm2)
have been investigated using a suite of microscopic and spectroscopic tools. The laser beam has a near-Gaussian profile with a 1/e2 diam-
eter of �0.98 mm at the sample plane and a pulse length FWHM (full width at half maximum) of 7.5 ns. The damage craters consist of a
molten core region (thermal explosion), surrounded by a near concentric region of fractured material. The latter arises from propagation
of lateral cracks induced by the laser-generated shock waves, which also compact the crater wall, �10 lm thick and �20% higher in den-
sity. The size of the damage crater varies with laser fluence, number of pulses, and laser irradiation history. In the compaction layer, there
is no detectable change in the Si/O stoichiometry to within ±1.6% and no crystalline nano-particles of Si were observed. Micro-
(1–10 lm) and nano- (20–200 nm) cracks are found, however. A lower valence Si3+ species on the top 2–3 nm of the compaction layer
is evident from the Si 2p XPS. The results are used to construct a physical model of the damage crater and to gain critical insight into
laser damage process.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Because of its excellent optical transparency and unifor-
mity in the UV (ultraviolet) region, high quality fused silica
(SiO2) is the material of choice for use in high-average and
high-peak power laser systems [1–3]. Recent technological
applications in telecommunication and far UV lithography
for microelectronics [4] have led to considerable scientific
interest in UV laser-induced morphological and micro-
structural modification (damage) in fused silica used for
transparent optics [5–7]. Obscuration loss and near-field
intensity modulation resulting from laser-induced damage
on the optical surfaces largely determines the operational
lifetime of SiO2 components. The obscuration may concep-
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tually arise from two processes: initiation of damage at an
absorbing site at or near the exit surface, and damage
growth upon subsequent irradiation [8,9].

To establish a knowledge-based methodology to miti-
gate or obviate laser-induced damage growth at the exit
surface [10], it is beneficial to elucidate the mechanism
associated with the damage process and to identify the
damage initiators. Critical to this process is the knowledge
of various microstructural and morphological features of
the damage sites created under various laser parameters
and environmental conditions. The goal is to seek techni-
cally viable solutions to prolong the lifetime of optical
components by reducing susceptibilities to laser-induced
catastrophic breakdown.

This paper reports a systematic microscopic and spec-
troscopic study to elucidate in detail the morphology and
microstructure over a large length scale from nm to mm
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of the damage craters induced on high quality fused silica
by high fluence UV 3x (355 mm) laser pulses. The data
are used to construct a realistic model of the damage site
and to acquire physical insight into the laser damage
process.

2. Experimental

2.1. Samples and damage generation

The fused silica substrates were 50 mm diameter by
10 mm thick, and optically polished on both surfaces.
The fused silica was manufactured by flame hydrolysis
and contained 800–1000 ppm by weight of OH (Corning
7980) [11]. Low conductivity water was first used to rinse
off any particles on the optic surface due to storage and
handling. This was followed sequentially by a soap clean-
ing with a surfactant, rinsing the soap off with de-ionized
water and a final alcohol rinse with absolute (200 proof)
ethanol to remove residual water. The optics were then
air dried in a laminar hood prior to irradiation with the
3x laser pulses.

Laser damage sites were created at ambient conditions
using a 3x, 355 nm beam from a frequency tripled Spectra
Physics GCR Nd-YAG laser with pulse length FWHM
(full width at half maximum) of 7.5 ns and laser repetition
rate of 10 Hz [12]. The beam profile was near-Gaussian
with a 1/e2 diameter of �0.98 mm at the sample plane.
Damage sites were produced exclusively on the laser exit
surface [10] using single or multiple pulses with fluences
ranging from 10 to 45 J/cm2. The energy of each pulse
was measured using a calorimeter. A second beam pickoff
was directed to a CCD beam profiling system which images
the beam in an equivalent plane to the sample and deter-
mines the peak fluence upon calibration with the energy.
The layout of the laser system and associated optics is
shown schematically in Fig. 1. Details of the components
and system operation have been described elsewhere [12].
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Fig. 1. Schematic layout of the 3x laser system and associ
2.2. SEM

The microscope was a Hitachi S-4500, cold cathode,
field emission scanning electron microscope (SEM). The
specimen chamber was operated at a vacuum level of
7 · 10�4 Pa. The specimens were lightly coated with
�200 Å of carbon, and imaged at acceleration voltages
ranging from 1.5 to 10.0 kV and probe current �200 pA.
Imaging was done primarily with secondary electrons using
an Everhart-Thornley electron detector. The SEM Images
were captured digitally with Quartz PCI digital imaging
system controlled by a PC computer.

2.3. White light interferometry

A WYKO NT-2000 interferometer was used to record
the depth profiles of the damaged craters by combining
the light reflected off the sample surface and an internal ref-
erence surface to produce interference fringes when the
sample is aligned and in focus. In the vertical scanning
interferometry (VSI) mode used in this work, the surface
was profiled by scanning the interferometric objective ver-
tically downward so that each point on the surface pro-
duced an interference signal. A linearized piezoelectric
transducer controlled the vertical motion. The white-light
beam used in VSI mode had a short coherence length
and interference fringes were present only over a very shal-
low depth for each focus position. At equally spaced inter-
vals during the scan, frames of interference data imaged by
the video camera were captured and processed. The system
located the peak of the interference signal for each point on
the surface and processed them in parallel to determine the
surface height profile.

The detector used was a 736 · 480 pixel CCD. The lat-
eral resolution was a function of the detector size and
objective magnification. At an objective magnification of
50.1·, the lateral resolution is 0.18 lm/pixel for an actual
areal map of 120 lm · 90 lm. For depth measurement,
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the vertical resolution is 3 nm RMS for a flat surface. Ver-
tical and lateral accuracy was checked periodically with
calibration standards.

2.4. Phase shift interferometry

A phase shift Fizeau interferometer (Zygo, model Mar-
kIV XP) was used to measure surface topography of the 3x
damage sites in fused silica. The device utilizes a low-
power, circularly polarized helium–neon laser as a light
source. The laser beam is de-magnified to a 4-inch diame-
ter, collimated and exits the system through the aperture.
A transmission element mounted in front of the aperture
reflects some of the laser light back into the interferometer
creating a reference wave front. The remainder of the light
is transmitted through and illuminates the sample and is
then returned to the interferometer and interferes with
the reference wave front. The phase differences between
these wave fronts result in an image of light and dark
band (fringes). This image is converted into an electrical
Fig. 2. Nomarsky optical micrographs of damage sites on fused silica surfaces (
and (b) regular polish surface. The laser parameters are: fluence = 35 J/cm2, 1/
signal by a CID (charge injection device) camera with a
260(H) · 210(V) resolution.

A piezoelectric crystal was used to precisely move the
transmission element back and forth, causing the constant
phase variations between the two wave fronts. During data
acquisition the camera recorded measurements at each
point when the interfering wave fronts underwent a 90-
degree phase shift in relation to one another. These were
then processed by a PC to determine the phase at each
point of interference resulting in an accurate map of the
wave front of the sample under test.

2.5. XMT

The XMT (X-ray microtomography) experiments were
conducted on the 31-pole wiggler beam line, BL 10-2 [13]
at the Stanford Synchrotron Radiation Laboratory with
SPEAR (Stanford Positron–Electron Accumulation Ring)
operating at an electron energy of 3 GeV and an injec-
tion current of �100 mA. The synchrotron white beam
exit) as a function of number of 3x laser pulses for (a) super polish surface
e2 = 0.98 mm, pulse length (FWHM) = 7.5 ns and repetition rate = 10 Hz.
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Fig. 3. Diameter of damage crater as a function of number of 3x pulses
(a) at laser fluences of 24 and 35 J/cm2 on a regular polish surface, and (b)
for regular and super polish surfaces at 35 J/cm2. The lines are drawn as
visual aid only. All other laser parameters are: 1/e2 = 0.98 mm, pulse
length (FWHM) = 7.5 ns and repetition rate = 10 Hz.
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emerging from the 31 pole wiggler was monochromatized
downstream with an asymmetric double-crystal Si(220)
monochromator. The photon energy selected, 17 keV,
was chosen to make the specimen diameter, 2.5 mm, equiv-
alent to two absorption path lengths as this gives the best
balance of contrast and resolution for most tomographic
imaging. The XMT samples were cored ultrasonically from
fused silica disks, 50 mm diameter · 10 mm thick, to form
rods, 2.5 mm diameter · 10 mm high, prior to 3x laser irra-
diation. The laser entrance and exit surfaces were protected
with wax during coring.

The XMT apparatus [14] consisted of three translational
stages used for overall specimen positioning and a fourth
precision rotary stage for executing the angular increments.
Two-dimensional radiographic images of the specimens
were collected on a Photometrics CH350 camera having
9 lm pixels. Optical magnification of 5.4· and re-binning
of the camera 2 · 2 was applied to give a net resolution
of 3.33 lm per pixel. The camera records 12 bits of infor-
mation per pixel or 4096 levels of intensity. The CH350
camera had a chilled detector running at �35 �C and has
a very low dark current noise level. An angular increment
of 0.25� was used.

Each scan began with an initial dark (background)
reading, which was subtracted from each subsequent
image. Then, at regular intervals of 7.5� beginning at 0�,
reference images were taken with the sample moved out
of the beam so that just the details of the beam itself are
recorded. Care was taken that the exposure time did not
lead to saturation of any bin in the camera. Generally,
the maximum count was kept just below 4000. The refer-
ence images were used for the important purpose of nor-
malizing all the specimen images to produce corrected
radiographs in which no features attributable to the beam
were present.

For a given XMT specimen, each of the 1440 radio-
graphic images was transformed into a sinogram. The
sinograms were used as input to the tomographic recon-
struction algorithm utilizing a Fourier filtered back projec-
tion method and converted the data into the form of a 3D
volume set of X-ray absorption values. A computer graphic
package such as the IDL (Interactive Data Language,
Kodak) cuts it on any plane or surface and displays a
tomographic image of the specimen in a ‘false’ color
scheme. Details of the image reconstruction and tomo-
graphic rendering have been described elsewhere [14].

2.6. HRTEM

High resolution and bright field TEM images were
recorded using an FEI CM300FEG scanning transmission
electron microscope operated at 300 keV. The point to
point resolution is 1.9 Å with an image information limit
of 1.2 Å. The microscope is also equipped with a Gatan
GIF2000 image filtering system for chemical mapping
and an Oxford SiLi detector with an Emispec digital acqui-
sition system for energy dispersive analysis.
2.7. XPS

XPS spectra for Si were acquired on a Physical electron-
ics Quantum 2000 ESCA system. The X-ray source was
a monochromatic AlKa (1486.7 eV) beam which was toroi-
dally focused before collominated to a spot size of �10 lm.
The acceptance angle was ±23� to yield an analysis area of
50 lm. Prior to XPS measurements, the silica surface was
first sputter-cleaned for 216 s with a 500 eV Ar+ beam,
rastering an area of 4 · 4 mm2. This process removed 7–
8 Å top contamination layer (mostly carboneous material).
The energy resolution of the spectrometer was ±0.25 eV.

2.8. Microprobe analysis

Microprobe analyses for the Si/O stoichiometry in the
damaged area were performed using a JEOL 733 Superp-
robe electron microprobe operated with a 10 keV, 5 nA
electron beam, focused into a �0.1 lm diameter spot.
Due to indications of beam damage, two traverses were
performed with modified protocols; these traverses are dis-
cussed in the next section. Quantitative analyses of O and
Si contents were carried out by wavelength dispersive
X-ray spectrometry. A polished, undamaged fused silica



Fig. 4. (a) SEM micrograph of a damage region on a fused silica surface induced by a pulse of 3x light at 45 J/cm2, showing a cluster of pits and craters
within the 1/e2 beam diameter (0.98 mm) on sample. The craters may be isolated (b), or as doublet (c), or multiplet (d). All other laser parameters are:
pulse length (FWHM) = 7.5 ns and repetition rate = 10 Hz.
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glass was used as the primary standard for both O and Si;
natural quartz (SiO2) was used as a secondary standard.
These standards were carbon-coated at the same time as
the damaged optic to avoid any systematic errors associ-
ated with differential absorption of low energy OKa X-rays
in the carbon-coat. X-ray intensities were converted to
element concentrations using a commercial CIT-ZAF
algorithm.

2.9. SIMS analysis

The hydrogen content in the damaged sites was analyzed
with a modified Cameca ims-3f ion microprobe. A 1 nA
16O� primary ion beam focused into a �3 lm diameter
spot was rastered over a 12 · 12 lm2 area of the sample
at each point of analysis. An aperture inserted in the sam-
ple image plane allowed only positive secondary ions aris-
ing from a 4 lm diameter circular region in the center of
the rastered area, and with a nominal energy of 4500 eV,
to enter the mass spectrometer. Analyses were performed
in a step-scan mode. Each traverse began at least 50 lm
from the sample edge and proceeded toward the contact
with the epoxy and Si marker (see Fig. 18 later). Each posi-
tion along a traverse was analyzed with the following pro-
tocol. The area was pre-cleaned by rastering the primary
beam for �5 min. Once the H+/Si+ ratio had stabilized,
indicating removal of surficial H, the data collection was
begun and 3–5 blocks of 10 cycles each were collected.
Each cycle comprised the mass sequence 0.95, 1H, 30Si. Fol-
lowing the end of each analysis, the stage was moved to the
next position and the sequence was repeated. To reduce the
background from adsorbed water vapor, the sample was
loaded 24 h prior to commencement of analyses and was
surrounded by an annular plate cooled with liquid nitro-
gen. The pressure in the sample chamber during the analy-
sis was �2 · 10�9 mbar.

3. Results

3.1. Overall size of damage craters

The size and morphology of 3x damage sites in a silica
are strongly dependent on the laser fluence, number of
pulses and nature of the optic surface, e.g.: regular polish
vs super polish [15]. Fig. 2 shows a series of Nomarsky opti-
cal micrographs of damage sites, each irradiated with a 3x
beam at 35 J/cm2 as a function of number of pulses for (a) a
super polish surface (RMS surface roughness �0.1 Å) and
(b) a regular polish surface (RMS surface roughness
�0.5 Å). Qualitatively, the super polish surface is more
resistant to damage in terms of fluence threshold and areal
extent of the damage site. Quantitatively, the diameter of
the damage crater increases monotonically with the number
of pulses and is also a function of the laser fluence as shown



Fig. 5. High magnification SEM micrographs of the center region of the
damage crater shown in Fig. 4(b) showing (a) a molten and (b) fibrous
morphology, evident of a thermal explosion at the core region of the
crater.

Fig. 6. SEM micrographs at higher magnification showing sub-micron digs,

260 J. Wong et al. / Journal of Non-Crystalline Solids 352 (2006) 255–272
in Fig. 3(a). The damage growth rate is also a function of
the nature of the silica surface as shown in Fig. 3(b) for
super polish vs regular polish.

3.2. Morphology of damage craters

The morphology of damage regions in fused silica
resulted from irradiation of a pulse of high fluence 3x light
consists of a collection of erosion pits (craters) spanning a
fraction of the 1/e2 beam size on sample. Fig. 4(a) shows
such a damage morphology induced by a pulse of 45 J/
cm2 3x light with a temporal pulse width of 7.6 ns and a
1/e2 beam diameter of 0.98 mm on sample. The craters
may be isolated as shown in Fig. 4(b), or a doublet shown
in Fig. 4(c), or as a cluster of multiple craters shown in
Fig. 4(d). SEM examinations at higher magnification
revealed that these damage craters consist of a core of mol-
ten nodules with a botryoidal morphology (Fig. 5(a)) and
fibers (Fig. 5(b)) evident of a thermal explosion followed
by quenching from the liquid state at this high-energy
absorption region. The molten core is surrounded concen-
trically by an annulus of fractured material, indicative of
mechanical damage accompanied by spallation of material
as evident in Fig. 4(b). At yet a higher magnification,
micron and sub-micron digs, pits and surface cracks are
also identified. These sub-micron features are shown in
Fig. 6. No molten core was evident in these pits, but instead
fractured debris was found as shown in Fig. 6(d).

The depth morphology of the craters shown in Fig. 4(a)
was determined using stereographic SEM imaging. The
depth profile along a selected cross section may be obtained
quantitatively by simple geometry using

z ¼ P=½2Mðsin a=2Þ�; ð1Þ
pits and surface cracks in the same irradiated region shown in Fig. 4(a).



Fig. 7. Depth profiling of damage crater: (a) stereo-SEM stereo micrograph of same crater shown in Fig. 4(a) and (b) corresponding depth profile of a
vertical section X–X, and (c) plot of the aspect ratio of depth to diameter as a function of crater diameter using stereo SEM and white light interferometry.
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where z is the depth, P is the parallax, M is the magni-
fication of the SEM measurement and a is the tilt angle
between the stereo pair of images [16]. The results are
illustrated in Fig. 7. The damage crater shown in
Fig. 4(b) is reproduced as a stereo SEM micrograph
in Fig. 7(a) [17]. The depth profile along a vertical cut
X–X computed using the above equation is also shown
in Fig. 7(b). By repeating the same procedure for all the
isolated craters shown in Fig. 4(a), the width and
depth of some 20 isolated crater were determined. The
results are given in Table 1 from which an average
aspect ratio of depth to width was determined to be
0.24 ± 0.06. The results are plotted in Fig. 7(c) as the red
histogram.



Table 1
Aspect ratio of depth to diameter (z/d) of damage crater in fused silica
induced by 3x irradiation determined by stereo SEM and WYKO white
light interferometry

Crater dSEM zSEM z/d (SEM) dWYKO zWYKO z/dWYKO

1 4 1.2 0.3 1 4 0.25
2 5 1.2 0.24 – –
3 7.4 3.18 0.335 2.06 7.4 0.28
4 7.7 3.15 0.285 2 6 0.3
5 13 3.7 0.285 5.95 21 0.283
6 15 3.3 0.22 – – –
7 18.5 3.4 0.183 – – –
8 16.5 3.6 0.21 – – –
9 20 4 0.20 – – –
10 20 3 0.15 – – –
11 23 10.1 0.239 4.5 23 0.195
12 23 3.8 0.165 8.25 40 0.206
13 32 – – 6.9 32 0.215
14 33.5 9.65 0.229 6 30 0.20
15 33.5 11.58 0.345 5 30 0.166
16 38 8.12 0.21 – – –
17 39.3 12.37 0.314 7.3 30 0.24
18 43 9.58 0.232 9.4 45 0.18
19 44 9.68 0.22 7.9 41 0.192

Mean: 0.24(3) ± 0.05(8) Mean: 0.22(5) ± 0.04(4)

The craters enumerated are shown in Fig. 4(a). All dimensions in lm.

Fig. 8. White light interferogram and depth profile of an area in the
vicinity of the 3x damage crater in fused silica shown in Fig. 4(a) using a
WYKO interferometer. The WYKO data are used to calibrate the depth
profile from the SEM anaglyphs like that shown in Fig. 7(a).
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The stereographic SEM depth profile measurements
were calibrated with white light interferometry using a
WYKO NT-2000 microscope operating in a VSI mode. A
typical areal interferogram is shown in Fig. 8, the crater
Fig. 9. (a) Crater size variation along a fluence gradient on sample as shown in
45 J/cm2. All other laser parameters are: 1/e2 = 0.98 mm, pulse length (FWHM
in the center of which corresponds to the same crater
shown in Fig. 4(b) and Fig. 7(a). The interferometric results
are also given in Table 1, and plotted in Fig. 7(c) as the blue
histogram which yields an average value for the aspect
ratio of 0.22 ± 0.04. This corroborates well with the ste-
reo-SEM result. Interestingly, this ratio is similar to an
aspect ratio of �0.20 observed and calculated for craters
created by both meteor impact as well as underground
explosion [18–20].
(b) at p, q, r, s and t within the same 3x laser pulse having a peak fluence of
) = 7.5 ns and repetition rate = 10 Hz.



Fig. 10. Surface topography of the same damage site induced in fused
silica by a pulse of 3x laser at 45 J/cm2 similar to the one shown in
Fig. 4(a). (a) SEM micrograph of the damage site, (b) laser-shift
interferogram of the site covering a 600 lm diameter and (c) topographic
profiles of three representative vertical traverses. The zero of the height
level in (c) is that of the surface RMS value as described in the text.

Table 2
Surface topography of damage craters determined by laser phase shift
interferometry

Crater RMS surface pv v pv–v Rim diameter (lm)

1 1.2 16 11 5 133
2 2.4 30 22 8 162
3 1.8 26 20 6 130
4 2.4 20 15 5 125

Mean 1.9 ± 0.6 23 ± 6 17 ± 5 6 ± 1.4 137 ± 16

Dimensions for RMS surface, pv (pile-up peak to valley), v (surface to
valley) and pv–v are in nm. See Fig. 10(c).

Fig. 11. (a) HRTEM micrograph of the bottom of a damage crater
induced in fused silica by 2 pulses of 3x light at 35 J/cm2, revealing an
amorphous structure and absence of crystalline nano-particles to a depth
of �10 nm, and (b) nano-size cracks below the crater bottom. All other
laser parameters are: 1/e2 = 0.98 mm, pulse length (FWHM) = 7.5 ns and
repetition rate = 10 Hz.
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It is interesting to note that the Gaussian profile of the
3x beam having a 1/e2 beam diameter of 0.98 mm
(980 lm) at the sample plane produces a radial fluence gra-
dient on the irradiated silica glass. This in turn would give
rise to variation of crater size and morphology on the silica
glass. Such morphology variation is illustrated in Fig. 9(a)
which shows a series of SEM images of damage craters
along the fluence gradient on sample. Fig. 9(b) is the mea-
sured beam profile having a peak value of 45 J/cm2. From
this profile and the distances from the SEM micrograph
(Fig. 9(a)) of the various craters at q, r, s and t from the
main crater at p, which was presumably created at the
beam peak fluence, a local fluence of 36, 24.8, 9.7 and
8.1 J/cm2 can be deduced at the respective sites. As evident
in Fig. 9(a), the size and overall morphology of the crater
vary with the beam fluence at location. More interestingly,
the ‘molten core + fracture annulus’ morphology is retained



Fig. 12. (i) Cross sectional optical micrograph of a damage crater induced in fused silica by 6 pulses of 3x light at 24 J/cm2 showing the crack morphology.
All other laser parameters are: 1/e2 = 0.98 mm, pulse length (FWHM) = 7.5 ns and repetition rate = 10 Hz. (ii) Schematics of plastic deformation to
brittle fracture transition in a glassy material with increasing load and resultant crack morphology upon load removal (after Lawn and Swain [23]).
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down to a fluence of �10 J/cm2. Below this fluence, no
molten core is evident and the morphology of the damage
site is not as dramatic.

3.3. Surface depression and rim pile-up

The surface topography of the damage sites was exam-
ined using laser phase shift interferometry. The results for
a typical damage site are given in Fig. 10. Fig. 10(b) is an
interferogram of a damage site created with one pulse of
3x light at 45 J/cm2. Various representative depth profiles,
r–r, p–p and s–s across a 600 lm diameter of the damage
site (Fig. 10(c)) indicate that there is a general surface
depression of �10 nm with respect to the surface RMS
value. In addition, these profiles also show that there is a
4–5 nm pile-up at a rim with a diameter of �140 lm. Topo-
graphic data for four similar damage sites were collected
and summarized in Table 2. These results rendered an aver-
age surface depression of 17 ± 5 nm, and a pile-up of
6 ± 1.4 nm with an average rim diameter of 137 ± 16 lm.

3.4. Cracks

HRTEM was employed to search for nano-particles and
nano-cracks in the 3x damaged silica. Fig. 11(a) is a
HRTEM micrograph of a representative location at the
bottom of the damage crater created by 2 pulses of 3x light
at 35 J/cm2 having the usual laser parameters. The micro-
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graph is typical of an amorphous solid and no nano-crys-
talline particles are evident due to the absence of any regu-
lar lattice domains characteristic of crystalline materials
[21,22]. However, nano-cracks varying from 10 to 200 nm
wide are observed at regions in the bulk material well
below the bottom of the crater as shown in Fig. 11(b).
These nano-cracks can grow into micro-cracks (microns
in width) with increased number of pulses (damage growth)
and become observable with optical microscopy. Fig. 12(i)
is a cross sectional optical micrograph showing the crack
pattern beneath a damage crater created with 6 pulses of
3x light at 24 J/cm2. Median cracks at the bottom of the
damage crater and lateral cracks flanking on both sides
Fig. 13. (a) SEM micrograph, and (b)–(h) X-ray tomographic cross sections, o
12 J/cm2. All other laser parameters are: 1/e2 = 0.98 mm, pulse length (FWHM
vertical xz cross sections, each 3.3 lm thick at equal intervals at 98 lm along
layer.
are evident. Such a pattern conforms qualitatively to
those discussed by Lawn and Swain [23] for a plastically
deformed material under a permanent impression at
increasing load as shown schematically in Fig. 12(ii).

4. Discussion

4.1. Compaction layer

Fig. 13 displays a series of XMT cross sectional images
of a 3x damage crater on the laser exit surface of the fused
silica rod. The crater was created at ambient conditions in
air with 310 pulses of 3x beam with a peak fluence of 12 J/
f a damage crater in fused silica induced by 310 pulses of 3x laser light at
) = 7.5 ns and repetition rate = 10 Hz. (a) and (b) are top views; (c)–(h) are
y. The white arrows in panels (d)–(g) indicate location of the compaction



Fig. 14. X-ray absorption profiles showing a 20–22% compaction layer,
�10 lm thick at the bottom of the crater along the dotted lines shown (a)
in Fig. 13(f), and (b) in Fig. 13(g).

Fig. 15. A three-dimensional rendering of the compaction layer associated
with the damage crater show in Fig. 13. The compaction layer is rather
continuous at the bottom, but somewhat discontinuous at the walls.
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cm2. Fig. 13(a) is a top-view SEM image of the damage site
�600 lm in diameter. The corresponding XMT image is
shown in Fig. 13(b). Tomographic slices in the x–z plane,
each 3.3 lm thick, and at an even y-spacing of 98 lm are
shown in Fig. 13(c)–(h). Red color in the XMT image
denotes void space in the damage crater and dark green
denotes silica material. Careful inspection of the images
reveals a bright (continuous) yellow fringe at the bottom
and (somewhat discontinuous) at walls of the crater (white
arrows in Fig. 13(d)–(g)).

High resolution electron microprobe analysis (next sec-
tion) shows that the Si/O stoichiometry at the bottom of
damage crater to a depth of 100 lm was invariant with
that of an undamaged fused silica standard within exper-
imental accuracy. Thus, at a given chemical composition,
the X-ray absorption value of a material is a direct mea-
sure of its physical density as evident from Lambert law:
l = 1/t log(Io/I) = lmq, since X-ray attenuation in matter
as determined by the linear absorption coefficient, l, is
a mass absorption effect, lmq, where lm is the mass
absorption coefficient of the given element or compound
and q, its physical density. Line profiles at locations (dot-
ted lines) indicated in Fig. 13(f) and (g) show a 20–22%
overshot in absorption value above the constant bulk
value at the bottom of the crater to a depth of �10 lm.
The absorption profiles (Fig. 14) were performed using
a step size of 1.1 lm. A three-dimensional tomographic
rendering of the whole compaction layer is given in
Fig. 15, which indeed shows that it is rather continuous
at the crater bottom, but somewhat discontinuous on
the walls.

Similar XMT measurements and analyses have been
performed on other 3x damage craters in fused silica pro-
duced under different laser parameters. All yield a �20%
compaction layer and �10 lm thick. For example,
Fig. 16 show results for a damage site created by a single
3x laser pulse at 35 J/cm2, other laser parameters being
the same. The damage site consists of a cluster of small cra-
ters clearly evident in the SEM micrograph (Fig. 16(e)).
Top views of tomographic slices, each 3.3 lm thick and
at a spacing of 5.5 lm in the z direction toward the bottom
are shown in Fig. 16(b)–(d). Bright yellow fringes are again
evident at the bottom of each individual crater as shown in
Fig. 16(d). Fig. 16(a) is a tomographic cross section along
p–p shown in Fig. 16(b). Fig. 16(f) shows an absorption
profile along a v–v cut from the surface to the bottom of
the one of the isolated crater, Fig. 16(e). The results again
yield a compaction layer with �20% densification and
10 lm thick as shown in Fig. 16(f).

Furthermore, it is of interest to correlate the current
densification result with the equation of state of fused silica
from shock measurements [24]. As can be seen in Fig. 17,
fused silica is highly compressible to �30 GPa. Assuming
negligible density relaxation after the passage of the shock
wave, it may be inferred that the compaction of fused silica
by 3x laser irradiation occurs at �10 GPa (and higher
pressure, if density relaxation took place). This is consis-
tent with the gas-gun results of Sugiura et al. [25] that per-
manent densification in fused silica starts at �8.8 GPa and
completes at 16 GPa.



Fig. 16. (a)–(d) X-ray tomographic cross sections, each 3.3 lm thick, of a damage site induced by a pulse of 3x laser light at 35 J/cm2 in fused silica. All
other laser parameters are: 1/e2 = 0.98 mm, pulse length (FWHM) = 7.5 ns and repetition rate = 10 Hz. (e) is an SEM micrograph (top view) and (f) an
absorption line profile along v–v in (a) of an isolated crater shown in (e). Again, a �20% compaction layer, �10 lm thick is identified.
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4.2. Si/O ratio, H in SiO2 and low valence Si3+ species

4.2.1. Si/O stoichiometry

The Si/O stoichiometry in the region of the damaged
crater has been determined with electron microprobe anal-
ysis. A damage crater, created with one pulse of 3x beam
at 35 J/cm2 was used for the analysis. Seven traverses, each
100 lm in length, in locations corresponding to the map
shown in Fig. 18(a) were probed: three traverses A, B,
and E in the center of the damage crater, two traverses L
and R on opposite sides, each roughly midway between
the crater center and the crater rim and two traverses in
an undamaged region, a few crater-diameters away from
the crater (not shown in Fig. 18(a)). Initially, the spacing
of the analyses along the traverses was adjusted to provide
�1–2 lm spatial resolution in the vicinity of the crater,
increasing to 10 lm at distances exceeding 50 lm.



Fig. 18. (a) Cross sectional optical micrograph of a damage crater induced in fused silica by a pulse of 3x light at 35 J/cm2 showing various traverses taken
for microprobe analyses. All other laser parameters are: 1/e2 = 0.98 mm, pulse length (FWHM) = 7.5 ns and repetition rate = 10 Hz. (b) Si/O ratio
determined for a fused silica standard (undamaged). (c) Si/O ratio determined along traverse E shown in (a). The distance is measured relative to the
sample edge adjacent to the Si marker shown in (a).
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To establish the reproducibility of the Si/O ratio mea-
surements, a fused silica standard was analyzed 40 times
over several days. The results are shown in Fig. 18(b).
The Si and O concentrations at each point are reported
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yses of this standard yield an Si/O ratio differing by more
than 0.7% (relative) from the mean value of 0.4968 ±
0.0033, Fig. 18(b).

Fused silica is known [26] to be susceptible to damage
created by the incident electron beam. Whenever the spac-
ing between analysis points is 2 lm or less, the measured
concentrations of Si and O exhibit anti-correlated varia-
tions, with O increasing and Si decreasing, in response to
electron beam induced subsurface charging and localized
heating of the material. Five of the seven traverses, includ-
ing the two away from the crater, show essentially indistin-
guishable behavior of the Si/O ratio as a function of
distance. For distances greater than �40 lm, where the
spacing between analyses is at least 5 lm, the Si/O ratio
is constant at a value of 0.5 (±0.005). At distances between
40 and 10 lm the Si/O ratio is systematically lower in all
traverses, with values between 0.485 and 0.493. Within 10
microns of the edge the Si/O decreases significantly and
yields values between 0.473 and 0.487. The distance is
reported in micrometers with 0 representing the bottom
surface of the crater, i.e., the distance increases with depth
below the crater.

To ameliorate the changes in Si/O related to beam dam-
age, as deployed in traverse E, a 0.1 lm diameter electron
beam was scanned in a line 20 lm long, oriented parallel
to the top surface of the sample. Each ‘point’ in traverse
E thus represents the Si and O concentration at a specific
distance averaged over a ±10 lm wide swath, centered on
the midline of the traverse. This protocol was very effective
at alleviating the effects of beam damage while maintaining
high precision, Fig. 18(c). For this traverse, a Si/O ratio of
0.497 ± 0.002 was determined. It is concluded therefore
that within experimental accuracy of the microprobe anal-
ysis, the Si/O ratio at the bottom of the damage crater to a



Table 3
Summary of observed 3x laser-induced defects in fused silica: their optical
and ESR properties (reproduced with permission of authors of Ref. [30])

Defect Structure Optical spectra (eV) ESR

NBOHC „Si–O • Abs: 2.0, 4.8 gc = 2.0095
CL, PL: 1.9

STE * Abs: 4.6, 5.7
CL, PL: 2.3

ODC „Si:� � �(Si„) Abs: 3.15, 5.0, 6.9 Diamagnetic
!j�4.4 Åj CL, PL: 2.7, 4.4

O2 O–O Abs: 0.978
CL, PL: 0.97

E0c „Si•� � �+(Si„) Abs: 5.85 gc = 2.00053
No. CL and PL obs.

E074 @HSi•� � �+(Si„) No. CL and PL obs. gc = 2.00125

Notes: „ denotes Si bonding to 3 bridging oxygens in the silica glass
structure; • = an unpaired electron; Abs. = absorption; CL = cathodolu-
minescence; PL = photoluminescence; * models for STE are known, but
we do not know which type dominates here.
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depth of 100 lm was invariant with that of an undamaged
fused silica standard.

4.2.2. Water content

Corning 7980 fused silica contains 800–1000 ppm of
‘water’ [11]. SIMS depth profiling was employed to investi-
gate the H content (loss) in the vicinity of the damage site.
The same microprobe sample was used for this study.
SIMS analyses for H content along four traverses, three
outside the damage crater and one through the center of
the damage crater were performed. The data are presented
as the 1H+/30Si+ secondary ion ratio measured at each
position along the four traverses. The distance is measured
relative to the sample edge adjacent to the Si marker. Tra-
verses 1, 2 and 4 correspond to undamaged regions, while
traverse 3 runs through the center of the damage crater.
The three traverses in undamaged regions yield similar
results; the 1H+/30Si+ ratio remains constant along each
traverse to within 4 lm of the surface with an average value
of 0.0014 ± 0.0002.

To calculate the best representative value for the H/Si
ratio in the undamaged silica, the data for the three tra-
verses in the undamaged regions were averaged. These data
are shown in Fig. 19(a) together with the data for traverse
through the crater. The uncertainties for the ‘background’
points are one standard deviation of the mean based on
these three traverses. The data in Fig. 19(a) show a signif-
icant offset between the damaged and undamaged regions,
which is most pronounced at distances between 10 and
24 lm. This suggests that the H/Si ratio is systematically
lower in the damaged region of the silica.

However, the 1H+/30Si+ secondary ion ratio is known to
decrease with increased residence time of the sample under
high vacuum. Since the first background traverse was initi-
ated �8 h before traverse #3, through the damaged region,
and the last background traverse was not completed until
�8 h after traverse #3, we renormalized the data for the
undamaged regions to correct for any instrumental bias.
The renormalization factor was calculated using the offset
between the background value of the 1H+/30Si+ ion ratio
at a distance of 40 lm and the value in the damaged region
at a distance of 43 lm (0.936). The normalized data, shown
in Fig. 19(b), still indicate a systematic difference in the
1H+/30Si+ ion ratio between damaged and undamaged
regions, although the difference is smaller than suggested
by the un-normalized data. It is concluded therefore, that
the silica immediately below the crater has a discernable
lower water content than undamaged material as a result
of water loss occurring during the crater-forming event.

4.2.3. Lower valence Si3+ species

Si 2p photoemission spectra were measured on sputter
cleaned silica surfaces in both damaged and control
(undamaged) areas. The latter was about �4 mm away
from the center of the damage crater. Systematic and care-
ful analyses show that for the damage craters there is a sub-
stantial reduction in the integrated intensity and �8%
broadening (FWHM) of the Si 2p photoemission peak
when compared with those of the corresponding control
area. The Si 2p spectra for a damage site created with
one pulse of 3x light at 35 J/cm2 and the associated control
area are shown in Fig. 20. Each spectrum was fitted to a
model function consisting of a linear background and
Gaussian(s), and convoluted with the experimentally deter-
mined resolution function by using a standard v2 minimiza-
tion procedure. As seen in Fig. 20(a), the undamaged area
composes of a single Si 2p peak at a binding energy of
102.9 eV characteristic of Si4+, whereas the damage crater
consists of an additional Gaussian at a lower binding
energy of 101.3 eV characteristic of the Si3+ species in Si–
O films [27].

4.3. Point defects and their spatial distribution

It is well documented that a host of point defects can be
generated in the fused silica structure upon irradiation with
energetic particles such as neutrons, ions and electrons, and
high energy electromagnetic radiations such as hard X-rays
and gamma rays [28]. These defects may be electronic in
nature involving a re-distribution of the local electron den-
sity to give rise to paramagnetic as well as diamagnetic cen-
ters, or structural in nature involving local atomic
displacements from the normal random network glass
structure. The latter defects may be oxygen-deficient or
oxygen-excess. These radiation induced defects have been
extensively studied and characterized over the last few dec-
ades using a variety of spectroscopic probes [29].

More recently, the point defects and their spatial dis-
tribution in fused silica induced by high fluence 3x laser
irradiation have been studied and characterized by
Stevens-Kalceff et al. [30]. Using a combination of
cathodoluminescence (CL) micro-spectroscopy and high
sensitive ESR spectroscopy, six defects have been identi-
fied. These are: a non-bridging oxygen hole center
(NBOHC), an oxygen deficient center (ODC(II)), a self



Fig. 21. Schematics of damage crater model, morphology, microstructure and point defects induced in fused silica by 3x laser pulses at high fluences of
10–45 J/cm2. All other laser parameters are take to be: 1/e2 = 0.98 mm, pulse length (FWHM) = 7.5 ns and repetition rate = 10 Hz.
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trapped exciton (STE), a interstitial molecular oxygen cen-
ter (O2), the E0c and E074, centers. The latter two were
detected using ESR spectroscopy and the former four with
CL. The concentration of the E0c defect was determined to
be 5.0 ± 0.5 · 1011/pulse at 30 J/cm2 and that for the E074
was �2.2 · 1011/pulse at 30 J/cm2. For completeness, a
summary of the 3x laser-induced defects in fused silica is
reproduced in Table 3.

Using monochromatic imaging with the respective CL
emission energies of 1.9 eV for NBOHC and 2.7 eV for
ODC, the spatial distribution of the NBOHC and ODC(II)
defects about the damage crater has been determined [31].
It was found that the NBOHC defect is rather delocalized
around the damage crater in the fractured annulus,
whereas the ODC(II) defect is spatially concentrated at
the center of damage pit associated with the molten nod-
ules shown in the SEM micrograph in Fig. 4(b). By varying
the energy of the electron beam in the CL microscope, dif-
ferent penetration depths in the fused silica may be tuned
and depth profiling of these defects has been obtained.
Quantitative analysis shows that the maximum concentra-
tion of defects resulting from the laser-induced damage was
found at the surface, consistent with damage initiation at
the surface. The concentration of laser damage induced
defects continuously decreases within the specimen, extend-
ing to a maximum depth of �10 lm. The majority of the
laser damage induced defects are found within the first
�5 lm [31].

4.4. Proposed model for 3x damage crater in fused

silica – the high fluence case

The above multi-length scale morphological and micro-
structural results lend credence to a recent phenomenolog-
ical model for 3x laser damage initiation craters in fused
silica proposed by Feit et al. [18]. The model postulates
the absorption of laser energy at a subsurface nano-particle
in the glass and ‘instantaneous’ energy release due to a pos-
sible thermal explosion. Three regions of interest may be
discernible. (i) An inner region in which material is subject
to high pressure (shock wave from the micro-explosion)
and high temperature to yield a resultant molten morphol-
ogy, which was observed experimentally (Figs. 4 and 5).
This resultant region suffers a H loss, undergoes densifica-
tion (Figs. 13 and 14) and houses a concentration of oxy-
gen deficient center [30] to yield a Si3+ signal in the XPS
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spectrum (Fig. 20). (ii) A second region, annular to the
first, has spalled material due to the shock wave reflected
off the free surface. This region has a fractured morphology
(Fig. 4(b)–(d)). (iii) An outermost region with high plastic
deformation causing material cracking but no ejection
(Fig. 12(a)).

The tomographic identification of a compaction layer at
the bottom and wall of the damage crater (Fig. 15) substan-
tiates the occurrence of a thermal explosion process which
generates the shock wave needed for the compaction pro-
cess. The current work also renders a quantitative valida-
tion for the (unusually) high compaction (20%+) in fused
silica as predicted earlier by Woodcock et al. [32]. in their
pioneering molecular dynamics (MD) study of silica glass.
More recently, Kubota et al. [33] conducted a large-scale
MD simulation (240000 atoms) and reported a thickness
of 300 Å for the compaction layer in fused silica for a shock
pulse of 10 ps. Linear scaling of the simulated compaction
layer with the duration of the shock to 7.5 ns yields
22.5 lm which is a factor of �2· larger than the current
XMT value of 10 lm. The damage crater may be schemat-
ically represented in Fig. 21 by its morphology, microstruc-
ture, cracks, compaction layer, point defects and local
chemistry.

5. Conclusion

In summary, a suite of microscopic and spectroscopic
techniques has been employed to characterize and elucidate
quantitatively the morphology, densification and defects in
fused silica induced by high fluence 3x (355 nm) laser
pulses. The high fluence structural data serve as an experi-
mental baseline to explore the damage morphology and
modified chemistry in NIF (National Ignition Facility)
optics at the relevant fluences of 10–12 J/cm2 at 3 ns pulse
width. Furthermore, knowledge of the high fluence induced
microstructure and defects may serve a dual function as (i)
clues to understanding the laser-material interaction pro-
cesses leading to damage and (ii) test for various viable mit-
igation processes for damage growth in NIF optics.
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