
Advances in Condensed Matter Physics

Laser and Ion Beams Interactions 
with Materials

Guest Editors: Xiaotao Zu, Kai Sun, Wanguo Zheng, and Haiyan Xiao 



Laser and Ion Beams Interactions
with Materials



Advances in Condensed Matter Physics

Laser and Ion Beams Interactions
with Materials

Guest Editors: Xiaotao Zu, Kai Sun, Wanguo Zheng,
and Haiyan Xiao



Copyright © 2014 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “Advances in Condensed Matter Physics.” All articles are open access articles distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.



Editorial Board

Alexandre Alexandrov, UK
Dario Alfe, UK
Bohdan Andraka, USA
Daniel Arovas, USA
Veer P. S. Awana, India
Arun Bansil, USA
Ward Beyermann, USA
Golam Bhuiyan, Bangladesh
Luis L. Bonilla, Spain
Mark Bowick, USA
Gang Cao, USA
Ashok Chatterjee, India
Ram Choudhary, India
Kim Chow, Canada
Oleg Derzhko, Ukraine
Gayanath Fernando, USA
Jörg Fink, Germany

Yuri Galperin, Norway
Russell Giannetta, USA
Gabriele F. Giuliani, USA
James L. Gole, USA
Prasenjit Guptasarma, USA
Da-Ren Hang, Taiwan
M. Zahid Hasan, USA
Yurij Holovatch, Ukraine
Chia-Ren Hu, USA
David Huber, USA
Nigel E. Hussey, UK
Philippe Jacquod, USA
Jan A. Jung, Canada
Feo V. Kusmartsev, UK
Rosa Lukaszew, USA
Dmitrii Maslov, USA
Victor Moshchalkov, Belgium

Charles Myles, USA
Vladimir Osipov, Russia
Rolfe Petschek, USA
Joseph S. Poon, USA
Ruslan Prozorov, USA
Leonid Pryadko, USA
Charles Rosenblatt, USA
Mohindar S. Seehra, USA
Sergei Sergeenkov, Brazil
Ivan Smalyukh, USA
Daniel L. Stein, USA
Michael C. Tringides, USA
Sergio E. Ulloa, USA
Attila Virosztek, Hungary
Markus R. Wagner, Germany
Gary Wysin, USA
Fajun Zhang, Germany



Contents

Laser and Ion Beams Interactions with Materials, Xiaotao Zu, Kai Sun, Wanguo Zheng, and Haiyan Xiao
Volume 2014, Article ID 890520, 2 pages

Laser-Induced Point Defects in Fused Silica Irradiated by UV Laser in Vacuum, Xiaoyan Zhou,
Xinda Zhou, Jin Huang, Qiang Cheng, Fengrui Wang, Xin Ye, Xiaodong Jiang, and Weidong Wu
Volume 2014, Article ID 853764, 7 pages

Full Aperture CO2 Laser Process to Improve Laser Damage Resistance of Fused Silica Optical Surface,
Wei Liao, Chuanchao Zhang, Xiaofen Sun, Lijuan Zhang, and Xiaodong Yuan
Volume 2014, Article ID 676108, 5 pages

Laser-Induced Damage Initiation and Growth of Optical Materials, Jingxia Yu, Xia Xiang, Shaobo He,
Xiaodong Yuan, Wanguo Zheng, Haibing Lü, and Xiaotao Zu
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Laser and ion beams, as important energetic sources, provide
the ability to accurately deliver large amounts of energy
into confined regions of a material and induce changes to
the local geometrical and electronic structure, consequently
affecting materials properties and behaviors in a given appli-
cation. They have become indispensible and powerful tools
in the fields ranging from materials science to biomedicine
and can be used for various applications, including surface
modification, thin-film deposition, materials processing, and
nanostructure formation. Understanding of laser and ion
beams interactions with materials will enable scientists to
explore materials structures and properties under extreme
conditions like intense laser and irradiation, to manipulate
and engineer materials properties, as well as to design novel
and innovative materials and devices with enhanced and
improved performance or desirable properties.

This special issue encompasses the fundamentals of laser-
material and ion beam-material interactions and the applica-
tion of laser and ion beams for modifying, processing, and
manufacturing of electronic, photonic, optical, mechanical,
and energy materials. It covers the intense laser beam and
operation environment induced damage and damage growth
behaviors of optical materials and components such as fused
silica glass and KDP crystals in the large high power laser
facilities, the damagemitigationmethods and technologies by
using ultraviolet or infrared laser conditioning, laser cladding
and laser cleaning, and the on-line detection and control of
contaminations in the laser facilities. Ion beam interaction
with materials mainly focuses on the neutron and helium ion
irradiation of metals such as aluminum and zirconium. Both
experimental and theoretical investigations are included.

Fused silica glass and KDP crystals have excellent ultra-
violet transparency, optical homogeneity, and good damage
resistance, so they are usually used as optical windowmateri-
als in the large high power laser systems such asNational Igni-
tion Facility (NIF) in USA, Laser Megajoule (LMJ) in France,
and Shenguang-III (SG-III) facility in China. However, the
effects of laser interaction with materials may become obvi-
ous with the increasing laser fluency, including temperature
rise, expansion, strain, distortion, nonlinear absorption, and
transmittance change. As the laser intensity increases further,
some nonreversible changes may occur in the optical materi-
als or components, such as melting and evaporation, material
softening and bending, pitting, cracking, and shattering.
Interaction between laser and optical components can cause
permanent changes which are called laser-induced damage
(LID) in the material. The laser-induced damage threshold
(LIDT) is the level of laser radiation which initiates some
alteration of the optics under examination. At present, how
to improve the LIDT becomes a very important issue in the
fields of laser design, optical engineering, optical materials,
contamination control, and so forth. In this special issue,
the investigations on laser induced point defects, damage
initiation, and damage growth behaviors of fused silica. The
most important several methods to improve the LIDT of
fused silica and KDP materials are also reported in this spe-
cial issue, including ultraviolet laser conditioning, infrared
CO
2
laser conditioning and damage mitigation, and surface

contaminant detection based on nanostructured sensors and
contaminant control. Three papers about laser application
are the laser ignition of triaminotrinitrobenzene (TATB)
explosives, laser cladding of blades materials to improve its
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water erosion resistance, and laser cleaning of low carbon
steel alloys, respectively.

As a conventional and important topic, the radiation
effects of ion beams and neutrons on the nuclear materials
always attract many interests. In this special issue, the
structure and properties of helium in𝛼-zirconiumare studied
by the first principles and the evolution of helium with
temperature in the neutron-irradiated 10B-doped aluminum
is studied by small-angle X-ray scattering.
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High-purity fused silica irradiated by third harmonic of the Nd:YAG laser in vacuum with different laser pulse parameters was
studied experimentally. Laser-induced defects are investigated by UV spectroscopy, and fluorescence spectra and correlated to the
structural modifications in the glass matrix through Raman spectroscopy. Results show that, for laser fluence below laser-induced
damage threshold (LIDT), the absorbance and intensity of fluorescence bands increase with laser energies and/or number of laser
pulses, which indicates that laser-induced defects are enhanced by laser energies and/or number of laser pulses in vacuum. The
optical properties of these point defects were discussed in detail.

1. Introduction

Fused silica has excellent ultraviolet (UV, 𝜆 ≦ 400 nm)
transparency, optical homogeneity, and high antidamage per-
formance inUVpulse laser [1, 2].This optical property allows
this material to be used in optical materials for large high
power output systems such as Laser Megajoule and National
Ignition Facility [3, 4]. However, UV optical properties of
fused silica are often degraded by preexisting and laser-
induced point defects, since they induce optical absorption
and fluctuation of the refractive index [5]. Moreover, the
concentration of laser-induced defects can be increased
by laser irradiation, and light absorption caused by laser-
induced defects may further produce laser-induced damage
[6–8]. Hence, elucidating the nature of light absorption and
fluorescence of point defects in the laser modified fused silica
is important for controlling the evolution of laser damage
and designing an effective damage mitigation procedure in
excimer laser applications and power solid laser facility [9].

Defects induced in fused silica in atmospheric air have
been widely investigated [10–12]. For many practical appli-
cations, a vacuum environment is necessary. In recent years,
laser-induced defects in fused silica under high power UV
irradiation have aroused considerable interest [13–16]. How-
ever, relatively low laser fluence but large number of shots

is the most commonly used situation for fused silica optics.
Lowfluence lasermay induce transmission loss, unacceptable
refractive index change, and surface roughing in fused silica
[17, 18]. Besides, characterization of material modifications
induced by low fluence laser provides a physical basis for
understanding the laser damage mechanism. In this paper,
we attempted to characterize the point defects in fused
silica induced by low fluence laser (355 nm Nd:YAG laser
pulses) with different laser pulse parameters in vacuum.
Laser-induced point defects were characterized by UV-vis,
fluorescence, and Raman spectra. The formations of point
defects before and during the laser-induced material damage
were also discussed in detail.

2. Experiment Procedures

Optically polished high-purity fused silica specimens (Corn-
ing 7980) were specially monitored during preparation to
ensure no defects were introduced. In the experiment, fused
silica (25 × 25 × 3mm3) was mounted on an electromotion
manipulator in the vacuum chamber. Prior to laser irradia-
tion, all samples were thoroughly cleaned in order to prevent
external contamination on studied surfaces, which could
interact with the excitation radiation. The vacuum chamber
was evacuated to a base pressure of 10−2 Pa. Fused silica was
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irradiated by 355 nm beam from a frequency tripled Nd-YAG
laser. The pulse length (full width at half maximum) was
9.3 ns and laser repetition rate was 1Hz. Fluence fluctuations
have a standard deviation of about ±4.5% at 355 nm. During
the test, the beam is focused on the sample surface in order
to achieve high fluence. The modulation of irradiated area is
a factor of 2.5. During damage threshold testing, laser beam
was focused on 7mm2 at the sample plane. Typical R-on-1
laser damage test was performed on untreated fused silica
surface in air and vacuum, and the fluence gradually ramps
up to the damaging fluence. The damage of fused silica is
always ignited at themaximumof the beamfluence. An image
of the irradiated zone is acquired by a digital microscope
before and after each shot in order to observe the surface
of fused silica. The point defects were produced exclusively
on the exit surface of the optics using multiple pulses with
fluence ranging from4 to 12 J/cm2, whichwas below the laser-
induced damage threshold.The damage crater on fused silica
was irradiated by the fluence (11.6 J/cm2) below laser-induced
damage threshold (LIDT) with multiple pulses.

Fluorescence spectra were measured by fluorescence
spectrometer (FLS900, Edinburgh) furnished with a photo-
multiplier used as a detector and a Xe lamp used as an excita-
tion source (emitting in the wavelength range from 265 nm to
500 nm). Luminescence measurements were performed with
a single-grating spectrograph. UV-vis spectra were measured
by Lambda 950 (PerkinElmer) spectrophotometer, and the
absorbance of sample is relative value. Laser Raman spectra of
fused silica were obtained using a Horiba Jobin Yvon Xplora
confocal spectrometer. All these spectra were measured at
three different positions on the sample and the scatter in the
intensity of bands due to position was less than 5%.

3. Results and Discussion

3.1. Damage Threshold. In order to understand the effect of
vacuum on the damage threshold, the damage performance
of fused silica in air and vacuum (10−2 Pa) was measured
by R:1 test method. The result showed that damage thresh-
olds were 19.3 J/cm2 (in air) and 16.4 J/cm2 (in vacuum),
respectively. Compared with the damage threshold of fused
silica optics measured in vacuum and air, laser-induced
damage threshold of fused silica was slightly decreased in
vacuum, which implies that vacuum can degrade the damage
performance of fused silica. We presume that vacuum may
accelerate the generation process of laser-induced point
defects on fused silica.

3.2. Absorption Spectra. The absorption spectrum is fre-
quently used to analyze the internal structure of fused silica
[19]. In order to characterize the point defects induced by
355 nm laser pulses in vacuum (10−2Pa), we measured the
absorption spectra of original and preirradiated fused silica.
As shown in Figure 1, there are no obvious absorptions
between 190 nm and 800 nm on the original fused silica.
We can conclude that the preexisting defects are negligible
to be the precursors inducing the absorption. After laser
irradiation, a weak absorption band around 610 nm (2.0 eV)
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Figure 1: Absorption spectra of fused silica preirradiated in vacuum
with 100 pulses at different laser pulse energies (0 J/cm2, 4.3 J/cm2,
8.17 J/cm2, 9.40 J/cm2, and 10.5 J/cm2). The sample exhibits absorp-
tion between 500 nm and 700 nm.
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Figure 2: Absorption spectra of fused silica preirradiated in vacuum
by different laser pulses numbers (10, 50, 100, 200, and 1000); the
pulse fluence is 8.16 J/cm2. The sample exhibits a broad absorption
between 500 nm and 700 nm.

is observed [20], and the absorbance centered at 610 nm
increases with the increasing pulse fluences. UV-vis spectra
of sample irradiated in vacuum (10−2 Pa) at the modest laser
pulse fluence (8.17 J/cm2) with different pulse numbers were
also detected. From Figure 2, we can see that the observed
absorbance (610 nm) is increasing with pulse numbers (0–
200 pulses). The saturation behavior of the absorbance after
200 pulses reveals that pulse numbers only can break the
strained bonds or dangling bonds of fused silica (Figure 3).
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Figure 3: Various absorbances of the sample around 610 nm (2.0 eV)
irradiated by different pulse numbers in vacuum; the pulse energy is
8.16 J/cm2.
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Figure 4: Fluorescence excitation spectrumof fused silica irradiated
in vacuum; the pulse fluence is 8.16 J/cm2.

The 2.0 eV (610 nm) band has been established to be
nonbridging oxygen hole centers (NBOHC). In our exper-
iment, the strained Si–O–Si bond and SiOH are the main
precursors of NBOHC center [21, 22]. The oxygen-deficient
defect (ODC) can give rise to absorption band centered at
250 nm (5.0 eV), which cannot be observed in the absorption
spectra. A probable reason is that the absorbance of ODC is
weak, and it cannot be detected by UV spectrophotometer.

Compared with these two absorption spectra (Figures
1 and 2), we can see that laser power has more effect
on the formation and increasing of point defects than the
numbers of laser pulses. In fused silica, the stability of total
glass network cannot be considered only with the change of
single bond energy. A strain of one bond will influence the
structural stability of glass network in a certain area. The
irradiation energy should be larger than the bond energy
and then can accelerate the drastic bond breaking and defect
formation. Low laser fluence with large number of shorts
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Figure 5: Fluorescence emission spectra of fused silica preirradiated
in vacuum with 100 pulses at different laser pulse energies (0 J/cm2,
6.36 J/cm2, 7.16 J/cm2, 8.17 J/cm2, and 9.40 J/cm2); 𝜆ex = 256 nm.

only can break the dangle bonds or some strained bonds.
However, the larger laser fluence can break the normal
silica oxygen bonds to generate point defects. Increases in
laser power and/or number of laser pulses enhance the
absorbance of the sample, which is consistent with increases
in the concentration of associated defects, and it was further
confirmed by fluorescence spectra.

3.3. Fluorescence Spectra. Laser-induced fluorescence of
fused silica following UV laser pulses is examined. In our
experiment, the emission spectra were excited, centered
at 256 nm (4.8 eV), as it is the case for ODC [23]. The
excitation spectrum of fused silica can be seen from Figure 4,
which is modulated by emission band around 335 nm. The
fluorescence emission spectra of fused silica irradiated in
vacuum (10−2 Pa) at different laser pulse fluence (100 pulses)
are shown in Figure 5. The intensities of these emission
bands increase after laser irradiation below LIDT. Moreover,
fluorescence spectra of sample irradiated by laser pulses
energy (8.17 J/cm2) with different pulse numbers are shown in
Figure 6. The observed intensity at 335 nm increases with the
pulse number from 10 to 200. The saturation behavior of the
fluorescence intensity after 200 pulses is consistent with the
absorption spectra (Figure 6, inset). These results confirmed
that increase in laser power and/or number of laser pulses
could accelerate the formation process of associated defects
in vacuum.

The fluorescence emission bands are related to a variety
of known fundamental defects [24]. 459 nm (2.7 eV) and
282 nm (4.4 eV) emissions are attributed to oxygen-deficient
defects (ODC), which have a corresponding absorption band
around 5.0 eV [25]. UV irradiation has a chance to break
apparently strained or normal silicon-oxygen bonds. Thus,
the formation of ODC (Figures 5 and 6) is attributed to the
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Figure 6: Fluorescence emission spectra of fused silica preirradiated
in vacuumby different UV laser pulse numbers (30, 75, 100, 200, and
500); the pulse fluence is 8.16 J/cm2. Various fluorescence intensity
at 335 nm irradiated by different pulse numbers in vacuum.

oxygen diffuse out of silicon-oxygen bonds.The band around
335 nm (3.7 eV) could not be clearly identified to date. Only
a few publications have reported such an emission band in
Si–SiO

2
nanoclusters and in porous silica, which were related

to the singlet-singlet luminescence (S
0
→ S
1
) of different

kinds of ODCs [26]. In fluorescence spectra, we did not
observe the typical emission band ofNBOHCcenter centered
at 650 nm (1.90 eV), which was restricted by the fluorescence
spectrometer we used.

The emission spectra of the damage crater (beside and
inside) were also detected. The damage crater on fused
silica was irradiated by the fluence (11.6 J/cm2) with pulses
numbers of about 200. Laser-induced defects can lead to
excessive absorption of the propagation laser light, which
generates localized high energy deposition. Rapid material
heating and associated thermal expansion result in stress
fields, generating shock waves which may cause cracks or
microexplosions. In addition, it should be noted here that
the laser-induced damage is not observed at low power
densities because the laser-induced defects concentration and
energy deposition in the irradiated sample are low. In the
damage crater of fused silica, three regions including damage
edge, damage area, and damage core were measured by
fluorescence spectra; the fluorescence beam is about 2mm2.
The damage core is centered in the damage crater. As can
be seen from Figure 7, there is a new emission band around
395 nm (3.1 eV) in the laser-induced damage crater; the
intensity of 395 nm band increases when the detect region is
close to laser-induced damage core. However, there are some
interesting phenomena; the intensity of 335 nm decreases in
company with intensity of 395 nm increasing. In the damage
core, the intensities of these two emission bands (335 and
395 nm) are both the highest. It implies that point defects
which are induced by laser below the damage threshold were
influenced by the origin of laser-induced compaction, and
they are enhanced by UV laser irradiation. The formation of
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Figure 7: Fluorescence emission spectra of laser damage crater
for different areas (undamaged, damaged edge, damage area, and
damage core); 𝜆ex = 256 nm.

point defects during the laser-induced damage was mainly
responsible for physical processes.

The 395 nm (3.1 eV) band, subject to controversy, may
have several distinct origins. It has first been proposed to be
ODC defect built upon a Ge rather than a Si atom, yielding
a 3.1 eV band [27]. In our experiments, the involvement
of germanium can be dismissed because no Ge has been
detected in Corning 7980. Other hypotheses have been
reported elsewhere, such as the presence of Al

2
O
3
near the

surface due to the polishing process [21, 22, 28]. However, it
is believed that the involvement of Al

2
O
3
polishing residues

should be ruled out, mainly due to the very strong difference
in luminescence intensity between flaws and pristine areas.
However, there are few reports of the FL band near 3.1 eV in
undoped oxygen-deficient silica glass [29]. If the observed
3.1 eV PL bands are not associated with impurities, it is
possible that they are associated with unknown oxygen-
deficient-associated defect centers. Overall, the experimental
data suggest that the luminescence bands at 3.1 eV in the
spectra of sample can be attributed to the oxygen-deficient
centers [30], which are found to be higher in ablation spot
than in original sample [31].

3.4. Raman Spectroscopy. Raman spectroscopy has proven to
be an efficient method to characterize the structural modifi-
cation in fused silica [32–36]. According to previous studies,
with laser energy increasing, the change of amplitude of the
𝐷
1
and 𝐷

2
defect peaks can be observed in Raman spec-

troscopy. However, in our experiment, we did not observe
obvious changes with different laser power and/or number of
laser pulses. So the photoinduced structural changes in the
preirradiated sample in vacuum at different areas (original
and damaged area) were studied using Raman spectroscopy
(Figure 8). The optical micrograph of the damage sample
was shown in Figure 9. These Raman spectra consist of
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Figure 8: Typical Stokes Raman spectra of fused silica irradiated
by UV laser beam with a fluence below LIDT (preirradiated and
damage sample).

a series of broad bands, which reflect the coupled vibrational
modes of the silica random network [37]. The main feature
of this spectrum is the broad band centered at 430 cm−1
(𝜔
1
). The frequency of this band relates to the Si–O–Si angle

in the glass network, and its width is considered to reflect
the width of Si–O–Si angle distribution [38]. Two relatively
sharp bands (𝐷

1
and 𝐷

2
) centered on 495 (𝐷

1
) and 606

(𝐷
2
) cm−1, which may be assigned to in-phase breathing

motions of oxygen atoms in puckered four- and planar
three-membered ring structures, respectively [39]. Relative
intensities of the 𝐷

1
and 𝐷

2
lines significantly increase in

the damage sites (by ∼10% and ∼300% for 𝐷
1
and 𝐷

2
lines,

resp.), which is related to the disruption of the continuous
random network of Si–O tetrahedral and to a densification
of the material consistent with the recent Raman study of
fused silica damaged with different laser pulses [40]. It is
attributed to the change in ring statistics where sixfold rings
transform to threefold and fourfold rings upon laser radiation
[40]. This result is also consistent with previous reports on
the densification of fused silica by X-ray, 𝛾-ray, electron, ion,
neutron, and so on [41], as well as by static compression and
shock wave propagation [42]. The 𝜔

3
probably ascribes to a

broad overtone band centered at about 803 cm−1 attributed
to the Si–O–Si symmetric stretching mode. The Raman peak
𝜔
4
(attributed to the Si–O–Si asymmetric stretchingmode) is

about 1060 and 1194 cm−1 for TO and LO, respectively.
In absorption spectra, the absorbance of NBOHC

increased with the laser power and/or number of laser pulses
in vacuum.There are three FL bands of point defects in fused
silica, which are assigned to the oxygen-related defects. The
generation of point defects before the damage appeared is
mainly due to that the UV irradiation can break the silicon
oxygen bonds or the dangling bonds on the fused silica
surface. However, there is a new band around 390 nm (3.1 eV)
in the UV laser-induced damage crater. The origin of this

20𝜇m

Figure 9: The optical micrographs of the damage sample.

band can be attributed to oxygen loss, typically accompany-
ing rapid material heating and melting during laser-induced
point defects. Furthermore, material densification revealed
by Raman studies (Figure 8) is attributed to the shock-wave-
induced densification and a rapid resolidification of the
damage core. In the UV laser-induced damage crater of fused
silica, the oxygen-deficient centers were detected as primary
defects. Based on the above discussion, we can conclude that
the condition of vacuum accelerates the formation process of
laser-induced point defects and then produce laser-induced
damage.

4. Conclusion

We have studied UV-vis, FL, and Raman scattering from
fused silica preirradiated by UV laser with different laser
pulse parameters in vacuum. Our results show that, after
UV laser preirradiation in vacuum, the fused silica exhibits
intense absorption or PL bands due to nonbridging oxygen
hole centers, oxygen-deficiency defects, and some other laser-
induced defectswhose structure is presently unknown. Inten-
sities of the absorption band and FL bands increase with laser
power and/or number of laser pulses. Raman spectroscopy
has revealed laser-induced material densification in samples.
These results indicate the possibility that laser-induced point
defects were introduced during the manufacturing process
and enhanced by UV laser irradiation in vacuum. Further
studies are currently needed to better understand these
fundamental issues of defect formation on fused silica in
different atmosphere, which is important for controlling the
laser-induced damage in fused silica in many applications.
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An improved method is presented to scan the full-aperture optical surface rapidly by using galvanometer steering mirrors. In
contrast to the previous studies, the scanning velocity is faster by several orders of magnitude. The velocity is chosen to allow
little thermodeposition thus providing small and uniform residual stress. An appropriate power density is set to obtain a lower
processing temperature. The proper parameters can help to prevent optical surface from fracturing during operation at high laser
flux. S-on-1 damage test results show that the damage threshold of scanned area is approximately 40% higher than that of untreated
area.

1. Introduction

A large number of fused silica optics are installed during the
construction of high power solid laser facility [1], such as
national ignition facility (NIF) and laser MegaJoule (LMJ)
which were both used to drive the inertial confinement
fusion (ICF). Fused silica material is used because of its
theoretically excellent performance in optical transmittance,
thermodynamic characteristic, and especially the damage
resistance [2]. But in the process of actual application,
even though the flux density is far below their intrinsic
damage threshold [3, 4], laser-induced damage (LID) still
frequently occurs, especially for the optics installed in the
third-harmonic section.

For the fused silica optics, lots of researches indicate that
carbon dioxide (CO

2
) laser treatment is an effective mean

to mitigate the problem of laser damage. One of the most
common ways is to mitigate the damage site by melting or
evaporation, thus avoiding their catastrophic growth under
subsequent laser irradiation [5, 6]. But as early as 1979,
Temple et al. [7] had proposed an idea to polish fused silica
optics by CO

2
laser for improving the damage resistance at

1064 nm. In 2001, Brusasco et al. [8] continued this research
to find out whether the damage initiation at 351 nm could
also be reduced by CO

2
laser polishing. Their researches

demonstrated that CO
2
laser polishing could significantly

improve the damage resistance of fused silica optics both at
1064 and at 351 nm. However, no matter how the process
parameters are optimized, polishing will always lead to the
surface topography destruction and residual stress, which
need to be well controlled.

This work presents a modified processing strategy to
suppress the negative effects induced by laser polishing. In
contrast to the previous works, a galvanometer is set up
instead of electric translation stages to control the relative
movement between optics and laser beam.This could greatly
increase the scanning speed so that the temperature field
becomes more homogeneous than before [5]. In order to
balance the demand of damage resistance improvement with
those negative effects mentioned above, different treatment
parameters are investigated and several testing methods such
as atomic force microscope (AFM) are used in this paper.
Meanwhile, the damage resistance is characterized by the S-
on-1 method [9] which is one of the most important methods
for laser-induced damage threshold (LIDT) testing at 355 nm.

2. Experiment
2.1. Optical Path. The CO

2
laser beam with the wave length

10.6 𝜇m, as shown in Figure 1, was expanded before transfer-
ring into the galvanometric scanning system.The orientation
of laser beam was changed by the scanning mirrors driven
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CO2 laser
(10.6 m)

Beam expander

Scanning mirrors driven by galvanometer

Sample

Field lens

𝜇

Figure 1: Schematic diagram of the optical path.

by galvanometers. Consequently, the irradiated position of
sample surface could be easily controlled. Field lens was used
to focus the laser beam and ensure a flat focal plane even in
the off-axis position.

The galvanometric scanning system is produced by RAY-
LASE Inc. and the specification is SS-HS-LD-30.When a field
lens with a focal length of 163mm is used, the full scanning
speed of this system is 7m/s, the minimum line interval is
1 𝜇m, and the scanning range is more than 100mm.The focal
length of field lens used in this optical path is 250mm. A
GEM-100L CO

2
laser is produced by Coherent Inc., which

could output the quasi-continuous laser with a repetition
frequency of 20 kHz.The power of CO

2
laser can be adjusted

from 0 to 100W.

2.2. Sample Preparation. UV grade synthetic amorphous
silicon dioxide, corning 7980, with dimensions of 40 × 40
× 5mm3 were used. In order to remove contamination and
deposition layer, samples were etched by buffered hydrofluo-
ric acid (HF: 2%, NH4F: 11%) for one minute [10]. As shown
in Figure 2, each sample was divided into three areas and the
middle area was treated as a reference.

2.3. Experimental Process and Testing. A rapid raster scan-
ning mode was adopted to polish the samples. The scan-
ning velocity and line interval were set as 6m/s and 1 𝜇m,
respectively, under an assumption that the focal length of
field lens was 163mm. Actually, focus position for the optics
system used in this paper was about 242mm from the field
lens. During raster scanning, samples were placed at various
distances from the field lens so that the power density could
be regulated by the change of laser spot size on the surface
of sample. In this work, three typical distances were taken
into account, that is, 248mm, 249mm, and 250mm. Besides,

Area 1

Area 3

40mm

4
0

m
m

5mm

Area 2—reference

Figure 2: Sample size and region division method.

for comparison purposes, each part of samples was scanned
twice with some certain parameters.

Transmission wave front, surface roughness, and residual
stress induced by different treating parameters were tested to
evaluate the ability of this new polishing method to control
the side-effects. The LIDT of samples is determined by the
typical S-on-1 laser damage tests. The laser is a Nd:YAG laser
operated at 355 nm with pulse width of 7 ns and a near-
Gaussian beam profile. During the damage threshold testing,
laser beam was focused to 0.36mm2 at the sample plane.
At last, in this paper, the emphasis is on the comparison
and results are discussed between treated and untreated area
rather than the absolute value.



Advances in Condensed Matter Physics 3

PV 125.728 nm
rms 12.522 nm

8.356 nm
Size X 38.00 nm
Size Y 38.00 nm

38 0
(mm)

0

38

(m
m

)

+0.10042

−0.02531

(𝜇
m

)

Ra

(a)

+0.04344

−0.01727

PV 60.909 nm
Rms 7.924 nm
Ra 6.413 nm
Size X 38.00 nm
Size Y 38.00 nm

0
0

38

38
(mm)

(m
m

)

(𝜇
m

)

(b)

Figure 3: Interferometer images of (a) samples polished in distance of 248 and 249mm, (b) samples polished in distance of 249 and 250mm
twice.

3. Results and Discussion

3.1. Transmission of Wave Front. Figure 3(a) shows that the
upper part of the sample was polished at the distance of
248mm while the lower part was at 249mm. After polishing
by CO

2
laser, the value of wave front distortion (WFD) is

visibly increased, which is from approximate 20 nmofmiddle
area to 61 nm of lower section and 125 nm of upper section,
respectively. It indicates that surface is severely destroyed as
demonstrated by the previous works. But when the distance
of sample was adjusted to 250mm, that is, a lower power
density, a smaller WFD value was obtained. As shown in
Figure 3(b), the upper section was polished twice at the
distance of 249mm while the lower section was at the
distance of 250mm. WFD value is 60 nm for upper area and
23 nm for lower area, respectively, and the latter is comparable
to the untreated middle area. These results indicate that the
surface can be maintained by this new polishing method as
long as the power density is low enough.

Additionally, as shown in Figure 3, the WFD is usually
distributed in the center of the samples. It may be because
of the poor heat dissipation performance of the center.
To resolve this problem, driving the galvanometer by the
sinusoidal current is a viable way.

3.2. Surface Roughness. To determine whether the samples
are exactly polished in such a lower power density, the

surface roughness is detected by AFM. Figure 4(a) gives a
typical surface topography of the samples, which is etched
by buffered hydrofluoric acid, with a 25.226 nm PV value
of roughness (PVVR). Remarkably, Figure 4(b) shows that
after being polished at the distance of 250mm, PVVR of
the sample is reduced to 5.167 nm. The surface of polished
sample is become smoother under low power density, which
indicates that the surface is melted slightly without apparent
destruction to the surface shape.

3.3. Residual Stress. Rapid cooling after being melted is often
accompanied by the generation of residual thermal stress.
In order to contrast the difference between this improved
polishing method and the previous ones [7, 8], a repetitive
experiment was conducted and the residual stress was tested.
When the Senarmont method is used for the measurement
of residual stress, the optical path difference (OPD) is about
9 nm for the previous methods. However, as shown in
Figure 5, residual stress of the samples polished by the new
method is hardly detectable. This result is expected and
indicates that high speed can help to form a more uniform
temperature field and to reduce the heating depth. So the
residual stress can be well controlled.

3.4. Damage Resistance. The polishing method would be
meaningless if the damage resistance is not improved.
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Figure 4: Atomic force microscope images of (a) untreated area and (b) the area which was polished at distance of 250mm.
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Figure 5: Polariscope images (sample Awas polished at the distance
of 248mm and 249mm; sample B was polished at the distance of
249mm and 250mm).
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According to the testing results of LIDT, shown in Figure 6,
no matter which parameter is used, the damage resistance is
improved to different degree. In this case, the areas polished
at 250mm are worth special attention. Firstly, enhancement
of 0% damage probability threshold means that the number
of defects is reduced by the treatment. In other words, certain

defects can be removed by this new polishing method. Sec-
ondly, enhancement of 100% damage probability threshold
indicates that this new polishingmethodmay also change the
surface structure of fused silica.

Through theseworks, theremust be an optimal parameter
combination which was effective for improving the damage
resistance of fused silica optics while keeping their original
state simultaneously. But the reason for this improvement
is still uncertain. The possible mechanism includes three
aspects: firstly, some defects might be eliminated because of
laser annealing [11]; secondly, microstructure of the surface
might be changed, such as the passivation of dangling bonds
or the change of distance between atoms [12]; at last, the
surface might be strengthened due to the compressive stress
like the laser peening of metal [13]. In the future, systematical
experiment will be carried out for confirming the exact
mechanism.

4. Conclusion

An improved method of CO
2
laser polishing is represented

in this paper. After being polished, the damage resistance
of a fused silica optic surface at 355 nm wavelength was
obviously increased. The side-effects such as destruction of
surface shape and residual stress are also well controlled
after the optimization of processing parameters. For the
further application of this method, moremethods to describe
the microstructure changes are needed for understanding
its physical mechanism. Furthermore, the residual stress
existing in subsurface must be tested precisely for evaluating
the mechanical properties of the polished surface.
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The lifetime of optical components is determined by the combination of laser-induced damage initiation probability and damage
propagation rate during subsequent laser shots. This paper reviews both theoretical and experimental investigations on laser-
induced damage initiation and growth at the surface of optics.Thedamagemechanism is generally considered as thermal absorption
and electron avalanche, which play dominant roles for the different laser pulse durations. The typical damage morphology in the
surface of components observed in experiments is also closely related to the damage mechanism. The damage crater in thermal
absorption process, which can be estimated by thermal diffusion model, is typical distortion, melting, and ablation debris often
with an elevated rim caused by melted material flow and resolidification. However, damage initiated by electron avalanche is often
accompanied by generation of plasma, crush, and fracture, which can be explained by thermal explosion model. Damage growth
at rear surface of components is extremely severe which can be explained by several models, such as fireball growth, impact crater,
brittle fracture, and electric field enhancement. All the physical effects are not independent but mutually coupling. Developing
theoretical models of multiphysics coupling are an important trend for future theoretical research. Meanwhile, more attention
should be paid to integrated analysis both in theory and experiment.

1. Introduction

When a low-intensity laser passes through a transparent
material, little or no effect may be detected. However, when
the intensity of the laser is increased, the effects of interaction
between laser and material may become obvious, including
temperature rise, expansion, strain, distortion, nonlinear
absorption, and transmittance change. As the laser intensity
increases further some nonreversible changes may occur in
the materials or components, such as melting and evapora-
tion, material softening and bending, pitting, cracking, and
shattering.

Interaction between laser and optical components can
cause permanent changes which are called laser-induced
damage (LID) in the material. The laser-induced damage
threshold (LIDT) is that level of radiation which initiates
some alteration of the optics under examination. Damage
sites and defects in the beam path cause a loss in transmitted

energy to the target. Meanwhile, LID scatters light, which
ablates or damages the structural materials in the vicinity
of the optics. This in turn can contaminate the optics
and initiate further damage [1–3]. Finally, damage growth
beyond a critical size may cause catastrophic failure of optical
components [4].

It is generally recognized that LID in polished optical
surfaces is due to local defects. These potentially include
distributed point defects, microinclusions, and microcracks
generated during the polishing process. Optical-material-
surface processing inevitably modifies the near-surface layer
as shown in Figure 1.

It is unlikely that large-aperture optical surfaces without
any defects can bemanufactured in the near future.Therefore,
the useful lifetime of the optics depends largely on the rate at
which damage can grow under subsequent illumination. The
key point is full understanding of light interaction with the
damaged material.
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Figure 1: Schematic of the subsurface damage [5].

Several mechanisms are usually used to explain the laser
absorption in the damage sites. Heating of fused silica can
result in efficient absorption of UV radiation because of
the loss of oxygen [6]. The high pressure [7], densified
material, and structure changes [8, 9] generated by laser light
absorption may initiate additional absorption. The interfer-
ence of the scattered light caused by the crushed material
and microcracks in damage spots produces local intensity
spikes where breakdown can take place, igniting plasma and
producing the enhanced absorption [10]. In reality, all of these
mechanisms are probably important and manifest to some
degree.

During last decades, numerous theoretical and experi-
mental methods have been used to study the laser damage
initiation and growth. The experimental studies focus on the
test of laser-induced damage threshold, the characterization
of damage morphology, and light modulation to the down-
stream optics.The theoretic studies focus on the mechanisms
of laser damage initiation and growth, computational models
to estimate damage behavior, and modulation of damage
to laser beam quality. Development of damage mitigation
techniques is currently a hot topic based on above researches.

In this paper, the damage mechanisms of optical mate-
rials initiated by laser pulse are firstly introduced. Thermal
absorption and avalanche ionization of material during pulse
irradiation are discussed in detail. Secondly, the recently
reported experimental results about laser-induced damage
are summarized. Finally, the typical theoretical models are
described and some simulated results consistent with experi-
ments are presented. In this review, we attempt to summarize
the main mechanisms and related phenomena of laser-
induced damage and provide reference for damagemitigation
techniques.

2. The Mechanisms of Laser-Induced Damage

The effects of laser pulse duration on laser-induced damage
in different materials are similar which points to properties
of laser-induced damage which are material independent
and give insight to the underlying physics of laser-induced
damage [11]. It is clear that the investigations of damage
mechanism are fundamental and essential.

There are generally two main mechanisms which cause
laser-induced damage. The first one is thermal absorption,

which arises from deposition of the laser energy in the
material. This process may be generally observed during
radiation of continuous wave, long pulse lengths, and high-
pulse-repetition-frequency pulse trains. The second one is
electron avalanche, which arises when the electric field
density is high enough or the energy is delivered at a high
intensity to strip electrons from the lattice. These apply when
the pulse lengths are short enough for avalanche ionization to
take place andwhen the thermal absorption is low enough for
the avalanche threshold to be below the thermal threshold.
Laser-induced damage may be caused by single mechanism
or both the above mechanisms in concert [12].

2.1. Thermal Absorption. Some energy of a laser incident on
a material is absorbed in the form of heat. The interaction
depends largely on the beamparameters, ambient conditions,
component properties, and microstructure [13]. Meanwhile,
mostmaterials contain absorbing impurities whichmay orig-
inate either from the rawmaterials or from themanufacturing
processes. The absorption is made up of two parts which
are material intrinsic absorption and localized impurity
absorption in the transmitting region of the spectrum.

2.1.1. Material Intrinsic Absorption. In a transmitting
medium, laser radiation is absorbed in a cylinder passing
through the material along the beam. It causes both local
temperature rise of material and radial strain between
the cylinder centre line and the edge of component. The
temperature distribution and evolution as well as the radial
strain depend on many factors, such as beam diameter, pulse
duration, reflectivity, component size, thermal diffusion,
and material strength. In order to avoid complications,
appropriate simplification and assumptions are essential.

The power density deposited at a depth 𝑧 in a material
with reflectivity 𝑅 by a laser with incident intensity 𝐼(𝑥, 𝑦, 𝑡)
is given by [14–16]

𝐽
𝑎
(𝑥, 𝑦, 𝑡) = 𝐼 (𝑥, 𝑦, 𝑡) × (1 − 𝑅) 𝛼

× {1 − exp [−∫
𝑧

0

(𝑧

) 𝑑𝑧

]} ,

(1)

where 𝛼 is the absorption coefficient and 𝐷 is the thermal
diffusivity of the material. The dimensions of 𝐽

𝑎
are 𝐽/(𝑚3𝑠).
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It has been shown that thermal radiation from the hot
surface can be neglected at all absorbed flux densities for
pulses shorter than 10

−6 s [14]. Moreover, if the thermal
properties are considered independent of temperature, the
differential equation for heat flow in a semi-infinite slab of
material with a boundary at 𝑧 = 0 is [16]

∇
2
𝑇 (𝑥, 𝑦, 𝑧, 𝑡) −

1

𝐷

𝜕𝑇 (𝑥, 𝑦, 𝑧, 𝑡)

𝜕𝑡

=
𝐽
𝑎
(𝑥, 𝑦, 𝑧, 𝑡)

𝜅
,

(2)

where𝐷 is the thermal diffusivity of the slab and 𝜅 is thermal
conductivity.

If the centre of the beam reaches the melting point of the
material under test, 𝑇

𝑚
, a damage threshold can be defined

[12]:

𝐸
𝐷
=
𝐶𝑑𝑇

𝛼
, (3)

where 𝑑𝑇 = 𝑇
𝑚
− 𝑇
𝑎
and 𝑇

𝑎
is the ambient temperature, 𝐶 is

the heat capacity of the component, and 𝛼 is the absorption
coefficient of the component.

A threshold for catastrophic cracking can similarly be
defined [12]:

𝐸
𝐷
=
𝐶𝜅𝑆

𝛽𝛼
, (4)

where 𝑆 is the damaging stress and 𝛽 is the volume expansion
coefficient.

2.1.2. Localized Impurity Absorption. Threshold is defined as
the laser fluence when the temperature of matrix material
with absorbers reaches the critical temperature 𝑇

𝑐
due to

local absorption induced by laser beam. A one-dimensional
thermal diffusion model, considering heat conduction as the
dominating energy-dissipation mechanism from the laser-
heated absorber, was first explored in the context of laser
damage by Hopper and Uhlmann [17] and further developed
by other authors [18–20]. According to the approximation of
Feit and Rubenchik [20], assume (1) that absorber thermal
conductivity is much higher than the conductivity of the
matrix and (2) that the temperature is homogeneous inside
the absorber. The temperature of the matrix surrounding the
absorbing particle can be found from the heat equation [21]

𝜕𝑇

𝜕𝑡
= 𝐷∇

2
𝑇 (5)

with boundary conditions at 𝑟 = 𝑎 (particle radius)

𝛼𝐼 (𝑡) = −4𝜅(
𝜕𝑇

𝜕𝑟
)

𝑟=𝑎

+
4

3𝜌𝐶𝑎(𝜕𝑇/𝜕𝑟)
𝑟=𝑎

, (6)

where 𝛼, 𝜌, and 𝐶 are absorptivity, mass density, and heat
capacity of the impurity particle, respectively; 𝐷 and 𝜅 are
thermal diffusivity and thermal conductivity of the matrix,
respectively; and 𝐼 is laser intensity.

For the rectangular heating pulse of duration 𝜏, the
solution of (5) is [21]

𝑇 = 𝑇
0
(1 − exp(−4𝐷𝜏

𝑎2
)) , (7)

where 𝑇
0
= 𝛼𝐹𝑎/4𝜅𝜏, 𝐷 = 3𝜅/4𝜌𝐶, and 𝐹 is laser fluence;

assuming 𝑇 = 𝑇
𝑐
, the threshold fluence from (7) is

𝐹th = 6.3𝑇
𝑐
𝜅√

𝜏

𝛼
√𝐷. (8)

2.2. Electron Avalanche. In semiconductors and insulators,
the generation of free carriers in the conduction band is the
most notable effect induced by laser radiation. Under the
conditions irradiated by high-power laser pulses, the carrier
density can reach 1017–1018 cm−3 which is called plasma.

At long wavelengths and for materials with narrow
band gaps (e.g., semiconductors), thermal excitation is the
dominant carrier generation mechanism [22].

Carriers are also generated by ionization across the band
gap. If the photon energy of laser is larger than the band gap
of material, carriers are generated very efficiently by a one-
photon interband transition.

Transparentmedia are extremely large band gapmaterials
in which photon energy is usually less than the band gap.
Therefore, thermal ionization rarely occurs unless the tem-
perature is extremely high. The mechanisms of free carrier
generation existing in transparent materials are multiphoton
interband transitions [23–26] and impact ionization [25–30].

2.2.1. Multiphoton Interband Transitions. In multiphoton
interband transitions, 𝑛-photons are absorbed simultane-
ously and their total energy exceeds the band gap. The
generalized transition rate for an 𝑛-photon process is written
as [24]

𝑑𝑁
𝑒

𝑑𝑡
=
𝜎
(𝑛)
𝑁
0
𝐼
𝑛

(ℎ𝜔)
𝑛

, (9)

where 𝜎(𝑛) is the cross-section for the 𝑛-photon process, 𝑁
0

is the ground-state population density, and 𝐼 is the local
irradiance. Therefore, multiphoton ionization is a relevant
mechanism of carrier generation only for small 𝑛 or for very
intense (i.e., subpicosecond pulse-width) radiation [26].

2.2.2. Impact Ionization. Impact ionization occurs when a
free carrier is accelerated at energy higher than the band gap
by the electromagnetic field [31]. If a free carrier collides with
a lattice atom, the energetic carrier is slowed down while
another electron in the conduction band is excited and an
electron avalanche is initiated. The equation that governs the
generation rate of free carriers shows that the electron density
grows exponentially with time [32]:

𝜕𝑁
𝑒

𝜕𝑡
= 𝑁
𝑒

𝜕

𝜕𝑡
[
⟨𝐸
𝑒
⟩

𝐸
𝑔

] , (10)

where 𝐸
𝑒
is the energetic carrier kinetic energy and 𝐸

𝑔
the

band gap energy.
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Table 1: The relationships between the pulse length of high power and LID of components.

Laser pulse length Damage mechanisms Damage phenomena
Long pulse Thermal absorption Stress, strain, melting, and ablation
Continuous wave
Short pulse for ns level Impact ionization Micropits, debris
Extremely short pulse for ps level Impact ionization Crater, plasma, and crush
Ultrashort pulse for fs level Multiphoton-assisted impact ionization Crater, plasma, crush, and cracks
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Figure 2: Three typical surface morphologies observed in the laser irradiated areas of fused silica induced by 10.6 𝜇m CO
2
laser irradiation

[37].

Traditional impact ionization holds that if the kinetic
energy of a conduction band electron (CBE) is larger than
the impact ionization threshold, the CBE can knock a valence
band electron out of its band andpromote it to the conduction
band. It seems that traditional impact ionization can happen
only if the kinetic energy of the CBE is larger than the
threshold of the solid [33] and the avalanche coefficient of
impact ionization is a constant with respect to laser intensity
[34]. However, recent detailed experiments [35] show that
the cold avalanche ionization (a CBE can knock out a new
CBE even if the kinetic energy of that CBE is less than the
threshold) exists and the avalanche coefficient changes with
laser intensity.

Deng et al. presented a quantum theory of photon-
assisted impact ionization [36] to explain the cold avalanche
ionization which shows that, in the presence of an intense
laser, the impact ionization threshold is not unique and is
coupled with the multiphoton process which leads to a lower
threshold. Strictly speaking, under intense laser irradiation,
the traditional impact ionization is replaced by photon-
assisted impact ionization. Theoretical and experimental
research in this problem need further development.

2.3. Summary. In general, significant damage would not be
observed for the transparent dielectric with a high band
gap irradiated by low/medium power laser, and LID is only
considered with intense radiation. Besides, mechanisms of
laser-material interaction are dependent on the pulse length
for the much shorter relaxation time of electrons than
the lattice. The relationships between the pulse length of
high-power laser and LID of components are summarized as
shown in Table 1.

3. Experimental Studies and Developments

Materials are available for modern large optics in which the
optical quality is high enough that bulk damage is either
rare or completely absent compared to surface damage. Most
of the observed damage is in the surface and near-surface
of optics, which is associated with defects arising from the
polishing process. What is more prevalent and dangerous is
the rear (exit) surface damage. Therefore, mostly experiment
researches focus on surface and subsurface damage.

3.1. Crater Morphology. Three typical surface morphologies
(see Figure 2) of fused silica induced by 10.6 𝜇m CO

2

laser irradiation are observed [37], showing that obvious
distortion does not occur for the material temperature below
the softening point at low laser power; distortion occurs
with the increase of laser power which means the material
temperature is above the softening point; once the material
temperature reaches the evaporation point, the surface dis-
tortion becomes clearer and a black ring appears around it,
which has been identified as the debris being redeposited or
recondensed from evaporated fused silica [38].

A damage morphology study performed with a 355 nm,
8 ns Nd:YAG laser on the polished fused silica sample [39]
revealed that damage was initiated at micropits on both input
and output surfaces and themicropits generated cracks on the
surface at higher fluences.

Amodel systemwith artificial gold nanoparticles embed-
ded inside the silica film deposited on a fused silica glass
substrate was designed and two types of damage crater
morphology were found in model systems [40–42]. For
relatively shallow absorber locations, shown as a regular
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Figure 3: Characteristic crater morphologies produced by 351 nm, 0.5 ns irradiation of 18.5 nm particles lodged at different depths: (a) regular
crater [40]; (b) complex crater [43].
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Figure 4: Damage craters produced in fused silica by 355 nm, 7.5 ns pulse with 45 J/cm2 fluence: (a) large crater with melted central core and
fractured periphery; (b) magnified image of the central core; (c) cross-sectional profile of the crater shown in (a); (d) small craters produced
by melting and evaporation [44].

crater in Figure 3(a), the damage crater morphology is typical
melting and evaporation and has circular lateral symmetry,
single-cone shape, smooth walls, and an elevated rim due
to melted material flow and resolidification. The second
cratermorphology (complex crater in Figure 3(b)), for deeper
absorber locations, exhibits a double-cone cross-sectional
profile, random lateral shape with sharp corners, and the
absence of an elevated rim, all indicating that the upper
portion of the crater is removed by fracture [43].

Surface-damage morphology of the fused silica glass
finished according to fusion-scale laser specifications and

irradiated by nanosecond pulses at 355 nm wavelength [44]
reveals features similar to those observed in the model
systems. A large crater shown in Figure 4(a) has a clearly
melted core and periphery formed through fracture while
a small crater shown in Figure 4(d) has features (sym-
metry, elevated rim) typical for explosive melting and
evaporation.

The morphology of LID at optical materials has been
discussed extensively. For high fluence 355 nm laser pulse,
the damage craters consist of a molten core region with high
density crater wall, surrounded by a near concentric region of
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Figure 5: Schematics of damage crater morphology [44].

fractured material. The typical damage crater morphology is
shown in Figure 5.

3.2. Damage Growth. When the laser fluence is continuously
increased, damage starts to grow from the output surface
into the bulk [45, 46]. It shows damage depth and damage
diameter in the output surface as a function of the number of
shots. As observed by Pini et al. [47], there are two stages of
damage growth: during stage I, both damage area and damage
depth increase as a function of the number of shots; during
stage II, only damage depth continues to grow.

The analysis of damage growth in fused silica induced
by high fluence ultraviolet 355 nm laser pulses [44, 48]
indicates that damage sites located at the entrance surface
show linear growth with a number of pulses, in contrast to
clearly exponential exit-surface-damage growth, and much
deeper crack propagation appears in the case of exit surface
compared to the entrance surface case. Morphology in the
form of cracks is represented by a concentric fractured shell,
where nonbridging oxygen hole centers are found, and by
different sizes of (micro- and nanoscale) open and closed
radial cracks [44, 48].

The experiments of damage growth on fused silica and
DKDP samples found that, for higher laser fluences, the
number and the emission intensity of the sites where plasma
is formed increase while their size also expands [49]. The
results strongly suggest that the absorbing modified layer as
well as the mechanically modified material including cracks
and crushed material can reignite the damage process.

3.3. Laser Intensity Modulation. Nonabsorbing defects, such
as voids, microcracks, and local stress concentration, can
serve as positive or negative lenses for the incident laser
light [10] due to their refractive index different from the
surrounding medium. The light intensity enhancement is
dependent on the refractive index and geometry of the
defects.

The typical morphology and downstream intensification
effects associated with CO

2
laser mitigation of fused silica

are studied [50]. The results show that the intensification
patterns are related to the elevated rims around the ablation
pit. Control of the rims structure around typical mitigation
sites is crucial in preventing damage to downstream optics.

Runkel et al. constructed a laser-based modulation mea-
surement system which is capable of imaging any plane from
0 to 30 cm downstream from the defect, and modulation

curves generated from these defects will be used to assess the
risk of components to optical damage [51].

3.4. Summary. It is generally recognized that LID in com-
ponents is initiated by the surface and subsurface absorbing
defects. With the intense UV pulse laser, plasmas are emitted
by thermal explosion of microabsorbers, which generates
micropits and debris on the surface. During the subsequent
irradiation, damage sites located at the entrance surface
show linear growth with the number of pulses. However,
exponential damage growth is observed at the exit surface
where crush material and fracture propagation are common
features. In addition, distortion, melting, and even ablation
occur due to thermal effect. And an elevated rim probably
appears around the damage site induced by flow and then
resolidification of melted material. Defects and damages can
lead to the electric field enhancement which reduced the
LIDT.

4. Theoretical Models and Numerical Analysis

To accurately solve the laser damage threshold is very dif-
ficult when temperature dependence of thermal and optical
properties, nonhomogeneous beam spatial profile, phase
transformations of the heated material, and so forth are con-
sidered. Finding an analytical solution becomes impossible
and numerical techniques need to be developed.

For the long pulse or continuous wave, ionization hardly
occurs while thermal absorption is the dominant process.
Temperature evolution, residual stress and strain, andmelting
morphology (if the laser intensity is high enough) can be
estimated using heat conduction model [52].

In the ultrahigh-power, short-pulse laser irradiation,
ionization and plasma generation is the dominant process.
Damage crater formation is similar to crater formation due to
meteorite impact or to underground explosion [53, 54]. First,
thermal explosion indicates the process of plasma fireball
generated by ionization. Then the laser absorption of plasma
inside thematerial is released in different forms. Some energy
drives crashed material movement (fireball growth model),
some is transported by the shock (impact cratering model),
and some is consumed in cracking (brittle-fracture model).

4.1. Thermal Diffusion Model. If only thermal absorption
is concerned, the temperature of material and impurities
increase. Thermal diffusion occurs by conduction and con-
vection, and finally distortion, stress, melting, and even
ablation appear in the material.

This process can be simulated by a finite-elementmethod.
We considered bulk fused silica with a surface heat source
due to the small absorption depth of CO

2
laser radiation [52].

The temperature evolution and residual stress distribution are
estimated, which are consistent with experiments.

The reliability of simulated results is strongly dependent
on the parameters of material, such as heat conductivity and
yield strength, especially in high temperature where the accu-
rate parameters are difficult to obtain. Elhadj et al. described
an experimental and analytical approach to determine the
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temperature dependent intrinsic lattice thermal conductivity
by comparing the experimental data with the calculated data
[55]. The thermal conductivity as a function of temperature
based on this method shows good agreement with reported
one.

4.2. Thermal Explosion and Fireball Growth Model. The size
of damage craters observed at the front and rear surface
can be estimated using the thermal explosion theory [56].
According to this theory, reaching critical temperature in
the vicinity of the absorbing defect leads to the effective
conversion of the defect-surroundingmatrix to the absorbing
medium, rapid heating, and ionization (thermal explosion).
The result is a plasma “fire-ball” formation.

Laser damage growth at optical surface is strongly influ-
enced by laser-plasma interactions. Laser-generated plasma
always expands towards the beam source [32] which means
that at the rear surface the free carrier plasma expands inside
the material while at the front surface it expands in the
atmosphere. Under subsequent laser shots, energy deposition
at the front surface is reduced by the shielding effect of the
plasma. For the rear surface, damage growth occurs by energy
deposition into plasma inside the material (Figure 6). As a
result, LID at rear surface of components is more severe.

For the rear surface, the material inside which plasma
expands can be heated and ionized by laser-plasma inter-
actions and damage growth occurs, which can be estimated
using plasma fireball growth model.

Generation and growth of plasma fireball can be treated
as the hydrodynamic motion of the highly heated and
crashedmaterial leading to crater formation.The explosion is
considered as instantaneous energy deposition and initiates
material motion ina simple hydrodynamic description of
crater formation [57], which agrees well with the experimen-
tal data and verifies the validity of the hypothesis of damage
initiation by small absorbers.

4.3. Impact Cratering Model. Plasma at rear surface of com-
ponents ejects into the material with certain initial kinetic
energy and then the energy is redistributed between plasma
and material. Under subsequent intense irradiation, a strong
shock wave is launched in both plasma and material along
their interface. The resulting pressure vastly exceeds the
strength of material and the plasma penetrates the interface
which leads to component deformation, material crash, and
crater deformation.

A rough estimate of the partition of the initial kinetic
energy of the projectile can be made with the planar impact
approximation [58]. In this approximation, the plasma is
modeled as a sheet of material with specified thickness and
diameter which is launched with some velocity on a flat half-
space of target material [59]. Shock waves develop in the
plasma and the material can be demonstrated, respectively,
and impact crater size can be estimated.

4.4. Brittle-Fracture Model. The experiments on damage
growth carried out at Lawrence Livermore National Labora-
tory (LLNL) revealed a reproducible and consistent pattern

Laser

Laser

Plasma

Plasma

Figure 6: Schematic illustration of the damage-plasma interaction
with surface material during front and rear surface irradiation [21].

of damage growth [60]: the transverse size of damage sites
increases with the number of pulses in an accelerated way,
and the site size grows mainly by the development of conical
cracks on the periphery of the damage spot.

Cracks may occur when the stress (especially tensile
stress for the lower tensile strength comparing with the
compressive strength of most materials) in brittle material
exceeds the strength. Two approaches produce stress during
laser pulse. One is thermal stress arising from thermal
expansion of heating material and the other is mechanical
stress caused by shock wave after explosion. In the first
case, the microabsorber on the optical surface can be heated
rapidly when irradiated by a long pulse length and high-
power laser. Compressive stress in the surrounding material
is generated by the thermal expansion of absorber during
the heating process and then converted into tensile stress
during the cooling process which can cause cracks in the
brittle material. The strong dependence between the crack
propagation and the cooling rate observed in experiments
[61] exactly indicates that fracture is caused by tensile stress
during cooling process. However, a short-pulse length and
high-power laser is suitable for the second case. A strong
shock wave generated by thermal explosion ofmicroabsorber
located in the rear surface is launched into thematerial which
can lead to deformation and crush of material. When the
shock wave reaches the free surface and reflects back, tensile
stress is generated and easily initiates cracks.

It is noticed that fracture usually does not occur in
the thermal diffusion model. Plastic deformation rather
than fracture occurs due to reduced strength and increased
viscosity when the material temperature arises.

Numerical finite-element calculations using brittle-
fracture models can predict the kinetics of propagation
and final shape of the crack [62]: a cone-shaped crater
after crashed material removal. Another example is
numerical modeling of crack-propagation kinetics [63]:
a 1D hydrodynamic code capable of computing laser-
energy deposition is used as the preprocessor, and a
2D finite-element hydrodynamic code predicts fracture
evolution which shows that crack propagation for the chosen
irradiation parameters has speed of the order of ∼1 km/s,
comparable to the speed of sound.

4.5. Electric Field Enhancement Model. The electric field
enhancement, also known as light intensity modulation,
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Table 2: Theoretical models of laser-induced damage.

Theoretical models Damage mechanisms Applications
Thermal diffusion Intrinsic absorption Stress, strain, melting, and ablation
Thermal explosion Electron avalanche Damage crater initiation
Fireball growth Electron avalanche Damage growth on rear surface
Impact cratering Shock wave due to explosion Damage growth on rear surface

Brittle fracture Impurity absorption Cracks generation and propagation
Shock wave due to explosion

exists in two forms during a light beam as an electro-
magnetic wave through optical materials, that is, nonlinear
self-focusing and constructive interference. Nonlinear self-
focusing arises from heterogeneous refractive index of mate-
rial. Temperature rise, stress, and distortion due to laser
radiation can change the refractive index of material and
make it act like a focusing lens which leads to the electric
field enhancement. A similar situation also occurs for defects
and impurities in the material. Furthermore, the interference
between incident and reflecting light at the interface of
different media, such as material/impurity interface and
material/air interface, can extremely enhance the electric
field. The significant modulations of laser intensity due to
damage craters on the optical surface are detected in the
experiments [10, 50] which remarkably reduce the damage
threshold.

The process of laser radiation can be considered as the
propagation of an electromagnetic wave through material,
which satisfies the Maxwell equations. The 3D finite differ-
ence time domain (FDTD) method can be used to solve the
equations to obtain the electric field intensity distribution.
A study on laser modulation by surface micro-defects on
KH
2
PO
4
crystal [64] shows that the light intensity distri-

bution inside the crystal is badly distorted and modulation
properties are strongly dependent on the defects geometries.
The effects of contamination coating thickness in fused
silica rear surface on the UV laser intensity modulation are
discussed [65], which reveal that light intensity enhancement
factor (LIEF) increases with the contamination thickness,
and the modulation becomes more remarkable with time
for the raise of surface temperature. In [66], the modulation
to incident laser by a Gaussian damage crater on the front
surface of fused silica leads to the annular laser enhancement
on the rear surface which is consistent with the experiments.

4.6. Summary. Self-consistent, comprehensive modeling of
laser damage initiation and growth must include various
physical effects. From the aspect of material, these effects
include plasma generation, the laser interaction with plasma
fireball, fireball expansion, cracks formation and develop-
ment, phase transformations in surrounding materials, and
the flow of crushed material. From the other aspects of laser
beam, the physical effects may include scattering, interfer-
ence, birefringence, self-focusing, and harmonic generation.
The existent modeling includes only a part of these physics
[62, 63]. Themore important thing is that the two aspects are
considered independently, which are actually coupled with

each other. Nevertheless, these models are able to catch some
essential features of damage morphology. A simple summary
of these laser damage models is shown in Table 2.

5. Conclusion

It is impossible to prevent the optical components in large-
aperture laser systems from laser-induced damage at present.
Even initially perfect optics could be damaged due to mis-
handling or contamination during operation.Themethods of
damage growth mitigation must be developed to remove the
modified material from the damage spot and heal the cracks.

Recently developed techniques for surface laser con-
ditioning, contamination removal, and damage mitigation,
such as wet chemical etching, cold plasma etching, CO

2

laser processing, andmicroflame torch processing [67], make
it possible to significantly extend the lifetime of optical
components in high-power laser systems.

Further challenges, related to ever-increasing laser-power
densities, can be met only by means of better understanding
of surface-damage mechanisms. Progress in detailed the-
oretical modeling of extrinsically and intrinsically driven
damage is of crucial importance. In addition, calculation
of multiphysics coupling should be developed especially
between the defects or the modified materials and laser
modulation.
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A contamination sensor based on an array of microfibers with nanoscale-structured film using evanescent field is proposed and
demonstrated theoretically and experimentally. When the molecular contaminants deposit on the nanoscale-structured film, the
refractive index of the film will change and the additional loss will be produced due to the disturbance of evanescent field. The
possibility of the sensor is demonstrated theoretically by using three-dimensional finite-difference time domain (3D-FDTD). The
corresponding experiments have also been carried out in order to demonstrate the theoretical results. Microfibers are fabricated
by using hydrogen-oxygen flame-heated scanning fiber drawing method and the nanoscale-structured film coated on the surface
of microfibers is deposited by using dip coating process. Then an array of microfibers is assembled to demonstrate the feasibility of
the device. The experimental results show that contaminants detection with the device can agree well with the results measured by
the laser-scattering particle counter, which demonstrates the feasibility of the new type of contaminant sensor. The device can be
used to monitor contaminants on-line in the high-power laser system.

1. Introduction

For high-tech industries, such as optical components or
semiconductor, not only particle contaminants associated
with environment control and cleanroom but also molecular
contaminants must be well controlled. In the context of high
power lasers for fusion, contaminants have been known to
degrade the performance [1–3] which lead to laser-induced
damage sometimes, such as the National Ignition Facility
(NIF) at Lawrence Livermore National Laboratory.The lasers
can create extramely harsh energy, and the fluence levels
get closer to the damage threshold of optical components.
Furthermore, airborne contaminants on the surface can
aggravate this damage. To our knowledge, a few methods of
contaminant monitor on-line had been applied successively
[4, 5], such as laser-scattering particle counters, microelec-
tromechanical resonators and quartz crystal microbalance.
However, they are not applicable any more in the harsh envi-
ronment because of vacuum condition or strong scattered
laser energy.

Comparing with optical fibers used in communication
field, micro/nanofibers show interesting properties such as
enhanced evanescent fields, tight light confinement, and large
waveguide dispersions [6]. Therefore, micro/nanofibers have
attracted more and more attention during the last few years.
Micro/nanofibers, as one of the most important integrated
photonic devices, are used as sensors [7–10], production of
stimulated Raman scattering [11], low-threshold supercon-
tinuum generation [12], nanowire lasers [13], low-loss light
transmission medium [14], and so on. In 2003, nanofibers
with diameter of 50–550 nmhad been fabricatedwith smooth
surface and diameter uniformity [15], which provides strong
support for practical application of micro/nanofibers as
components in future microphotonic devices.

In this paper, a new contaminants sensor based on an
array of microfibers with nanoscale-structured film is pro-
posed. When molecular contaminants adhere to nanoscale-
structured film, the additional loss will be produced due to
refractive index change and the light transmitting through
an array of microfibers with nanoscale-structured film will

Hindawi Publishing Corporation
Advances in Condensed Matter Physics
Volume 2014, Article ID 301095, 6 pages
http://dx.doi.org/10.1155/2014/301095

http://dx.doi.org/10.1155/2014/301095


2 Advances in Condensed Matter Physics

Film

Microfiber

Microfiber

Air

Silica

Figure 1: Structure of microfiber with nanoscale-structured film.
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Figure 2: Principle of contaminants adhered to microfiber with
nanoscale-structured film.

be disturbed. Compared with other contaminants sensors
[16, 17], the new type of sensor is bases on the evanescent field
of microfibers surface, so the device is promising for its low
cost and easy fabrication. In addition, the device also exhibits
significant advantages, such as high sensitivity, compact and
simple structure, and immunity to electromagnetic fields.

2. Theoretical Analysis

We assume that the microfibers with nanoscale-structured
film have circular cross-section and a step-indices profile.
The scheme diagram of the microfibers considered here is
illustrated in Figure 1.

Themicrofiber is assumed to have a circular cross-section
with refractive index (RI) of 1.465 and a step-index profile
[6].The film with loose and porous structure is coated on the
surface of microfiber. The RI of the film ranges from 1.23 to
1.41.Molecular contaminants are easy to adhere to the surface
of the sensingmicrofibers.The principle is shown in Figure 2.

However, the high-index-contrast microfibers are not
common waveguide, where the perturbation theory cannot
be applied. Therefore, we have to resort to numerical meth-
ods. The additional loss caused by contaminants adhered to
film is simulated by means of the three-dimensional finite-
difference time-domain (3D-FDTD) method. The compu-
tational domain is divided into Yee cells. FDTD method
is for solving Maxwell’s equations directly at time domain.
The electric field (or magnetic field) of each point of space
is directly associated with magnetic field of surrounding
lattice (or electric field). The length of each wavelength
can be divided into 40 cells, and the length of each cell
is about 38 nm. The wavelength of the source is assumed
to be 1.55 𝜇m, and perfectly matched layers (PML) is used
in computational domain. We calculate the additional loss
caused by contaminants with respect to refractive index of
the film on the surface of microfiber. The results calculated
for microfibers with diameters of 1.5, 2.0, and 2.5𝜇m are
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Figure 3: The calculated additional loss caused by contaminants.
The inset shows power distribution of a 1.5𝜇m diameter microfiber
with nanoscale-structured film.

shown in Figure 3. As shown in the inset of Figure 3, a 1.5 𝜇m
diameter confines the major energy inside the fiber and it
leaves an amount of light guided outside as evanescent waves.
The additional loss caused by contaminants varies linearly
with RI of the film on the surface ofmicrofiber.The sensitivity
decreases with the increasing diameter of microfiber. But
the change of dynamic range is opposite to the sensitivity.
That means suitable sensitivity and dynamic range can be
selected by controlling the diameter of the microfiber. If the
additional loss caused by contaminants and the material of
contaminants are known, the mass of contaminants can be
obtained according to Figure 3.

3. Experimental Results

The fabrication of an array of microfibers with nanoscale-
strunctured film consists of drawing microfibers, forming
nanoscale-structured film using dip coating process
and assembling an array of microfibers. The system of
fabrication of microfibers is illustrated in Figure 4. We
fabricated microfibers with micrometer-order diameter
using hydrogen-oxygen flame-heated scanning fiber drawing
method [15]. A standard single-mode fiber is placed into
the flame. The location of single-mode fiber in the flame
can be controlled by using 2D translation systems precisely.
Single-mode fiber was fixed on two 3D translation systems
controlled by high-precision stepper motor. The entire
experimental setup placed in airtight environment was
fixed at a heavy platform in order to ensure the stability of
the setup. The flame-heated scanning drawing method has
certain advantages compared with laser drawing method;
both theoretical and experimental results show that the laser
power required for drawing microfibers with a uniform
diameter is impractically large [18].



Advances in Condensed Matter Physics 3

2D adjustment
system

3D adjustment
system

Hydrogen-oxygen flame
scanning heated

Figure 4: The illustration of microfiber drawing method using
flame-heated scanning technique. The single-mode optical fiber is
placed into the place suitable temperature of hydrogen-oxygen flame
using 3D translation systems. Single-mode fiber is drawn down to
microfiber based on the flame.

The entire fabrication process of microfibers was con-
trolled by computer program.The temperature in the drawing
region and the speed of stepper motors can be adjusted in
order to obtain different diameter microfibers with good
uniformity of diameter.The uniform and smoothmicrofibers
with diameters ranging from 1.5 to 8 𝜇m are shown in Fig-
ures 5(a), 5(b), and 5(c). The higher-magnification scanning
electron microscope (SEM) images of the sidewall of 8 𝜇m-
diameter, 2.2 𝜇m-diameter, and 1.5 𝜇m-diameter indicate no
visible irregularity in the surface of the microfibers.

In the experiment, a thin sol-gel film was deposited on
the surface of drawn microfibers using dip coating process.
The fabricatedmicrofibers were fixed on glass slide.Thewaist
of microfibers cannot be supported by glass slide. The entire
system was encapsulated as sensing unit. Sensing unit was
washed by alcohol in order to keep the microfibers clean and
then a thin sol-gel film was coated by dip coating process.
The sol-gel films consist of a layer of porous, near-spherical
silica particles, 10 to 40 nm indiameter, and randomly stacked
on the substrate surface. Such highly porous films have high
specific surface areas and are therefore very susceptible to
contamination by vapor adsorption from their environment.
Silica films derived by dip coating process with a low
refractive index have controlled porosity, which could be
adjusted from 65 to 12% continuously. The withdrawal rate
was adjusted to give a suitable thickness. In the experiment,
the withdraw rate𝑈 is 300mm/min; the liquid concentration
𝜂 is 1.5%. The atomic force microscope (AFM) images of the
surface morphologies of a 1.5 𝜇m-diameter microfiber and
the microfiber with nanoscale-structured film are shown in
Figure 6.The surface morphologies of microfiber are smooth
in Figure 6(a), but Figure 6(b) indicates that nanoscale-
structured film is porous, and the roughness of the films is
larger than that of microfibers.

Subsequently, a uniform array of 2.2𝜇m-diameter and
12mm-length microfibers with nanoscale-structured film
was assembled. To demonstrate the feasibility of molecular
contaminants with microfibers, the experimental arrange-
ment has been designed and constructed. The assembled
array of microfibers with nanoscale-structured has been
connected in the system as shown in Figure 7. A laser
with 1.55𝜇m wavelength is used as the source. In order to
improve the measurement accuracy, another beam of light is

separated from the incident light by optical coupler serves as
the reference beam. Due to small surface area of microfiber,
an array of microfibers has been adopted to increase the
sampling rate to decrease measurement inaccuracy in the
experiment. The incident light is split into eight beams
which were coupled into an array of microfibers. Light
power is transmitted along the microfibers. In the sensing
microfibers, the additional loss of transmission light caused
by molecular contaminants adhered to film is produced. At
last, the light energy is detected with a detector. In order to
further improve measurement accuracy of additional loss,
lock-in amplify technology is used in experimental setup,
and detectors, amplifiers, difference, A/D, and DSP/FPGA
phase-locked demodulation are integrated into the applica-
tion platform. The structure of entire setup is simple and
compact. The assembled array of drawn microfibers with
nanoscale-structured films is put into the preamplifier SG-III
Laser Facility to demonstrate the feasibility of the molecular
contaminants sensor.

For the sake of comparison and evaluation, flashlamp
“Self-Cleaning” tests of preamplifier SG-III Laser Facility
were carried out. Molecular contaminants and particle con-
taminants were measured by the sensor and laser-scattering
particle counters, respectively.

In 10 hours, four flashlamp “Self-Cleaning” tests were
carried out. The particle contaminants number and the
quantity of molecular contaminants were real-time recorded
and shown in Figure 8. Figure 8(a) shows the experimental
results of contaminants measured by laser-scattering particle
counters from 3.5 h to 5.5 h. The flashlamp energy density
was 10 J/cm2. The number of particle contaminants has
experienced two periods, which means two flashlamp “Self-
Cleaning” tests from 3.5 h to 5.5 h. Figure 8(a) shows that a
period of the variation of contaminants can be divided into
four stages: A, B, C, and D. Stage A is flashlamp irradiation.
During this stage, contaminants are heated by flashlamp with
fluence of 10 J/cm2. The concentration change of molecular
contaminants indicates the significant thermal circulation
induced by radiant heating inside the amplifier. Stage B is
flashlamp nitrogen purging, which results in the exponential
decrease of contaminants concentration after each shot. In
stage C, the contaminant concentration slowly increases,
indicating the slow removal of contaminants from the walls
of the amplifier. Stage D is slab purging, which is similar to
Stage B. Slab purging results in the exponential decrease of
contaminants after each shot, too.

The additional loss caused by the adherence of contami-
nants by the new type of sensor was real-time recorded from
0 to 10 h and shown in Figure 8(b). It is clearly shown that
the variation of the additional loss has been experienced
four periods corresponding to four flashlamp “Self-Cleaning”
tests. Compared with Figure 8(a), it is also found that the
response of the new type of sensor is fast and accurate. The
inset of Figure 8(a) also shows the details of a flashlamp “Self-
Cleaning” test. After comparing Figure 8(a) with Figure 8(b)
inset, it can be found that the contaminants measured by an
array of microfibers with nanoscale-structured film can agree
well with the results measured by laser-scattering particle
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(a) (b) (c)

Figure 5: SEM images of microfibers: (a) a 8 𝜇m-diameter microfiber; (b) a 2.2 𝜇m-diameter microfiber; (c) a 1.5 𝜇m-diameter microfiber.

(nm)

(n
m

)
(n

m
)

(nm)

(n
m

)

1000

750

500

250

1000

1000

750500250

1000

750

500

250

750

500

250

0
00

0

60

40

20

0

60

20

(n
m

)

60

40

20

0

(a)

(nm)

(n
m

)
(n

m
)

(n
m

)

(n
m

)

1000

750

500

250 1000
750

500

250

750

500

250

0
0

(nm)
1000

1000

7505002500
0

40

80

0

60

40

20

80

0

60

40

20

80

(b)

Figure 6: (a)TheAFM images of the surface morphologies of a 1.5 𝜇m-diameter microfiber; (b) the AFM images of the surface morphologies
of a 1.5𝜇m-diameter microfiber with nanoscale-structured film.

counter, which demonstrates the feasibility of the new type of
contaminants sensor. And the additional loss is about 0.15 dB;
the mass of adherence of molecular contaminants is about
3 pg.

4. Discussion and Conclusion

A new type of contaminants sensor based on an array of
microfibers with nanoscale-structured film by evanescent

field is presented.The additional loss caused by contaminants
adhered to film is simulated by means of 3D-FDTD method.
The theoretical results show that the additional loss caused
by contaminants varies linearly with RI of the film on the
surface of microfiber. For given additional loss, the mass of
molecular contaminants can be obtained.The setup has been
established to demonstrate the feasibility of the new type
of sensor. In the experiment, the sensor was put into the
preamplifier SG-III Laser Facility. Contaminants measured
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Figure 8: Comparison of experimental results of the sensor and laser-scattering particle counters; (a) the variation of particle numbers
measured by laser-scattering particle counters during two periods of flashlamp “Self-Cleaning” test; (b) the additional loss due to the
adherence of contaminants dependent on time; the insert shows a period of flashlamp “Self-Cleaning” test.

by the new type of sensor can agree well with the results
measured by the laser-scattering particle counter, which
demonstrates the feasibility of the new type of contaminants
sensor. The experimental results show that the sensor can
be used to detect the mass change in the order of pg and
to monitor molecular contaminants in high-power laser
transmission system. It has advantages such as compact and
simple structure and immunity to electromagnetic fields.
The contaminants sensor based on an array of microfibers
with nanoscale-structured film in this study may provide
opportunities for new applications of monitoring vacuum
environment.
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The large high-power solid lasers, such as the National Ignition Facility (NIF) of America and the Shenguang-III (SG-III) laser
facility of China, can output over 2.1MJ laser pulse for the inertial confinement fusion (ICF) experiments. Because of the
enhancement of operating flux and the expansion of laser driver scale, the problem of contamination seriously influences their
construction period and operation life. During irradiation by intense laser beams, the contaminants on the metallic surface of
beam tubes can be transmitted to the optical surfaces and lead to damage of optical components. For the high-power solid-state laser
facilities, contamination control focuses on the slab amplifiers, spatial filters, and final-optical assemblies. In this paper, an effective
solution to control contaminations including the whole process of the laser driver is put forward to provide the safe operation of
laser facilities, and the detailed technical methods of contamination control such as washing, cleanliness metrology, and cleanliness
protecting are also introduced to reduce the probability of laser-induced damage of optics. The experimental results show that the
cleanliness level of SG-III laser facility is much better to ensure that the laser facility can safely operate at high energy flux.

1. Introduction

The laser-induced damage in high-power laser system is
an important problem, and contamination control methods
of high-power solid-state laser drivers also play important
roles. At the beginning of the development of high-power
solid-state laser drivers, the contamination problems are not
prominent because of the low laser energy flux. With the
expansion of the driver’s scale and the increase of laser energy
flux, new requirements of the damage resistance capacity
of the facility components are put forward. The previous
approaches for laser driver operation could not meet the
new requirements, and the environment contamination in
laser facilities may degrade the optics damage threshold and
so limit further development of the laser drivers. Today,
Shenguang-III (SG-III) laser facility, which is composed
of 48 square laser beams (400mm × 400mm), is under
construction, and it can output hundreds of thousands of
joules of the UV laser pulse per nanosecond [1]. Owing to

the enlightenment of the construction of the National Igni-
tion Facility (NIF) in the United States, the contamination
control of the SG-III laser facility has been unprecedentedly
considered during construction because of the laser-induced
damage with contamination located on the optic surface. As
the largest high-power solid-state laser driver in the world,
NIF is a pioneer of the human exploration of new energy,
but its construction is not easy. The “management storm”
that occurred in 1999 thoroughly revealed the scientific and
technical problems in the development of laser driver. One
of the problems is that the nonstrict pollution-control led to
the extension of construction period and increase of fund
[2]. Contamination control of the high-power solid-state
laser driver covers the entire process of design, processing,
construction, and operation. The technical support of con-
tamination control includes precision cleaning, cleanliness
testing, and product protection. The contamination control
is necessary for many important components in the high-
power solid-state laser, such as slab amplifiers, spatial filters,
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and final-optics assembly, because the slab amplifiers provide
tens of thousands of times of laser pulse gain, and their inside
is irradiated by strong internal flash with intensity of about
10 J/cm2. Those expensive optical components inside the
amplifier are susceptible to being contaminated or damaged.
Therefore it is the primary task to control the pollution
of the laser driver. Because the level of cleanliness for the
amplifier’s safe operation is unknown [3, 4] and the large-
scale damage-free laser glass cannot be manufactured in the
engineering [5], it is essential to obtain the level of cleanliness
as high as possible. To improve the cleanliness inside the slab
amplifier, the optimized design of its structure should be first
considered in favor of the contamination control [6–9]. By
optimizing the clean process [10] and standardizing the con-
tamination control [11], the initial cleanliness can be obtained
tomeet the requirement. In addition, by using the strong flash
light irradiation, the residual organic contaminants on the
surface or under the subsurface can be drastically removed
[12].

In this paper, the methods of contamination control to
reduce the damage probability of optics during construction
of the SG-III facility are described in detail. The cleanliness
of SG-III laser facility has been significantly improved by the
contamination control in the entire process. For example,
the cleanliness of the slab amplifiers of SG-III laser facility
has been unprecedentedly improved. Through the flash light
cleaning experiments, the cleanliness level of the SG-III
laser facility is better than that of other laser facilities, and
the probability of the laser-induced damage owing to the
contamination descends. The results show that the SG-III
laser facility developed independently by China is one of the
cleanest large-scale high-power solid-state lasers in theworld.

2. Laser-Induced Damage due to
Contamination in SG-III Laser Facility

It has been observed that various levels of damage occur
to laser glass during normal laser operations [9, 13–15].
The damage phenomenon has nearly always been associ-
ated with the introduction of extrinsic (external) particulate
contamination such as the inadvertent exposure of gaskets
to laser resulting in the generation of massive amounts of
burned particles which form an aerosol and eventually settle
everywhere inside the laser cavity.

Usually, when the aerosol level is maintained in the range
above 5000 particles/ft3 in the cavity, the particles tend to land
on the laser glassmaterial.When a dust particle lands on laser
glass surface, laser-induced damage is initiated by absorbing
particles and results in small pits. The particles on or near
the glass surface absorb the laser energy, and the surface is
rapidly heated by laser shots to the plasma temperature of
about 10 000K [16]. The particles often melt and redeposit in
the surroundings. The surface morphology is that of a burnt
surface with a large number of small craters, as shown in
Figure 1. During the irradiation of subsequent shots, the laser
interacts with the expanded contaminant dot and evaporates
it and plasma ignites until a majority of the contaminant is
ablated completely. At the same time, a damage site appears

500𝜇m

Figure 1: Microscopic image of laser-induced damage owing to
contamination on optic surface.

at the area of optical surface. The damage site is not stable
and grows or changes upon further irradiation until the
catastrophic damage occurs. The contamination in high-
power laser facility plays an important role in laser-induced
damage of optics, and the higher cleanliness level is required
during high-power laser facility operation. The pollutants
such as inorganic particulate and liquid organic residues are
required to be strictly controlled in the high-power solid-state
laser driver. The surface cleanliness testing, clean washing,
cleanliness protection, and flash light irradiation cleaning are
the key points of the contamination control of the high-power
solid-state laser facility.

3. Methods of Contamination Control for
Components in ICF Drivers

To obtain the higher cleanliness level, there are many meth-
ods of contamination control in laser facility. The surface
cleanliness means the relative degree of the aggregation of
the residual contamination on the solid surface. For the
high-power solid-state lasers, cleanliness level of the surface
should contain two relatively independent components, that
is, particulate pollution and nonvolatile residue.

The definition of the surface cleanliness follows the rules
drafted by IEST-STD-CC1246E [17]. For the beam path of the
SG-III laser facility, we developed a quantitative standard of
the cleanliness control for the SG-III laser facility. For the
high-flux aperture optics, the cleanliness level of its surface
is required to reach the class 50-A/10. And for the mechanical
components, the cleanliness level of the surface is required to
the class 100-A/10.

For the clean methods, Stowers indicated that the high-
pressure spray cleaning method can remove more than
99.9% of the pollutant with diameter larger than 5 𝜇m in
several seconds [18]. Comparing with the ultrasonic cleaning
and chemical solution cleaning, the cleaning efficiency is
improved in the range of 20% to 60%. Compared with
other cleaning methods, the high-pressure spray cleaning
has advantages of high cleaning efficiency, convenience and
flexibility, low-cost, and so forth. It is also the best choice for
the cleaning of large mechanical facilities. In 2001, a cleaning
team led by Doug Larson specifically studied the cleaning
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Figure 2: Small-batch production line for large mechanical structure cleaning.

 

Figure 3: Small-batch production line for LRU modules.

process of the NIF amplifier frame assembly unit (FAU)
[10]. They confirmed the feasibility of the high-pressure
spray cleaning for the sophisticated cleaning technique and
identified that the cleanliness level needed for the NIF can
be reached by requiring strict compliance with the cleaning
standards and procedures. They also verified that the use
of surfactants Brulin 1990GD has no corrosive effect on the
components. The organic surfactants can be removed easily,
and there will be no residual if used properly.

According to the construction requirement of SG-III laser
facility, two small-batch clean production lines have been
built, one ofwhich is a cleanwashing line for largemechanical
structure parts, as shown in Figure 2. The production line
is built outside of the facility but adjacent to the building.
The cleaning level inside the clean production lines is ISO
class 6, with an area of about 320m2. The cleaning plant is
divided into four regions, that is, rough cleaning area, fine
cleaning area, baking area, and packaging area. All of the
precise cleaning tasks of large mechanical structure parts

are completed in the cleaning plant. High-pressure spray
cleaning method is chiefly adopted.

The other cleaning line, as shown in Figure 3, is for
the precision cleaning of the linear-replaceable-unit (LRU)
modules. The cleaning techniques adopted are high-pressure
spray cleaning, single-slot low-frequency ultrasonic cleaning,
six-slot ultrasonic cleaning system, and so forth. The high-
pressure spray cleaning and single-slot low-frequency ultra-
sonic cleaning are rough cleaning. The workshop environ-
ment is ISO class 8. After the rough cleaning, the cleanli-
ness level of the work pieces has reached the requirements
measured by the water-film rupture method. Then, the work
pieces are sent into the six-slot ultrasonic cleaning system to
continue fine cleaning, and the environment of the system is
ISO class 6.

In order to reach the best cleaning effect in the SG-III
laser facility, the cleaning control is carried out by using
the hierarchical control method in the entire process. The
cleanliness levels of various functional zones are shown in
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Table 1: Controlling airborne particulate cleanliness in every
cleaning room or zone in SG-III laser driver.

Controlled cleaning room or zone Airborne particulate
cleanliness level

Mounting zone ISO 5
Optics assembly workshop ISO 5
Precision cleaning building ISO 6
Gross cleaning workshop ISO 8
Laser beam tube ISO 4
Optics/LRU protecting case ISO 5
Target area, laser hall ISO 8

Table 1, and the classification of the cleaning levels of the air
employs the international standard ISO 14644-1 [19]. The air
cleanliness level inside the optical transmission channel of the
laser facility reaches ISO class 4, so the optical components
can be kept clean for a long time. To protect the components
or modules from secondary pollution in a short period, the
cleanliness of theworkshop of precision assembly, installation
site, and the cleaning keeping box of the optics components
and linear-replaceable-unit (LRU) is required to reach the
ISO class 5. The cleanliness level of precision cleaning plant
is required to reach ISO class 6 and the cleanliness level of
the rough cleaning plant, laser hall, and target region needs to
reach ISO class 8. Such clean plant design takes into account
both cleaning requirements during facility construction and
operation. The costs of the construction and operation are
also effectively controlled.

4. Flash Light Irradiation Cleaning

Slab amplifier is the core part of the high-power solid-state
laser facility, and the validation of the clean control was
performed first on the disk amplifier system. First, LRU
modules, such as slab amplifier, slab boxes, and flash light
boxes, need an acid washing process before rough cleaning.
The purpose of the acid washing process is to effectively
remove the surface residual grease, especially the organic
matter residual after machining process. Next, LRU modules
need rough cleaning and fine cleaning. After that, LRU
modules are installed inside the amplifier container. After
that, by using the high-pressure spray cleaning, ultrasonic
cleaning process is to complete the precision cleaning of the
large container and LRU. Finally, LRUmodules and container
are baked by a long infrared light, which is helpful not only to
remove the residual moisture on the surface and subsurface,
but also to remove volatile organic residues on regional
surface and subsurface.

In order to effectively control the cleanliness, the flash
light irradiation cleaning is a specific cleaning process for slab
amplifiers. With the flash light irradiation, the aerosols are
generated with the exposure of the residual organic contam-
inants on mechanical surface and subsurface. With a higher
flash light energy, all the residual organic contaminantswould
sustain damage.Through thosemethods, the residual organic
contaminants can be reduced. Two kinds of improvements

of the design have been made about the amplifier to lower
probability of collisions between the aerosol particles and the
slab surfaces. One is that the clean nitrogen and clean air
purge system are designed inside the amplifier slab boxes
and flash light boxes, and the other is that a fast filtering
unit (FFU) purge system is designed on the top of the
amplifier [6, 8]. The purpose of the designed clean nitrogen
and clean air purge system inside amplifier slab boxes and
flash light boxes is to replace the large amount of aerosol
generated inside the laser facility. The clean nitrogen and
clean air can reduce the residence time of aerosol inside
the laser facility and decrease the contamination of optical
components. At the same time, the purge system also acts as
an air knife, and it can purge the depositions of particulate
pollutants on the optical surface to some extent. The IEST-
STD-1246 class 100 in the optical components can be reached
for about 5min. The FFU purge system on the top of
amplifier is to get a clean environment during the process of
installation or replacement of light boxes and also to protect
the opticalmodule installed from contamination. In addition,
a bottom installation car is designed specifically for the clean
installation of the amplifier, the LRU modules, flash light
boxes, slab boxes, and so forth. The bottom installation car
has a clean container, providing the clean environment for the
transportation and field installation of the module.

5. Results and Discussion

The measure of the surface cleanliness includes two parts:
particulate pollutants and nonvolatile residues. The method
for the quantitative measurement often used for the residual
particulate contamination on the surface is microscopic
counting method [20].Themeasurement procedure includes
sample collection, microscopic analysis, and data processing.
According to the surface density of the particulate con-
tamination with different diameters, the level of cleanliness
can be calculated. The usual method for the quantitative
measurement of nonvolatile residues on the surface is the
gravimetricmethod [21]. By using the following steps, such as
sampling, drying, weighing, and other steps, the cleanliness
level can be obtained based on the surface density of themass
of the nonvolatile residues.

The 304 stainless steel is extensively used in LRUs in SG-
III project. Through the methods of the high-pressure spray
cleaning experiments, the surface cleanliness level is shown
in Figures 4 and 5. We performed the high-pressure spray
cleaning experiments. By optimizing the main parameters
of cleaning process, the important technological parameters
such as distance of washing, cleaning speed, and cleaning
temperature are obtained and the cleaning effect meets the
precision cleaning requirements.

Figure 4 shows the relationship between the surface
contact angle of the 304 stainless steel work pieces and the
number of cleaning steps. The contact angle measurement
is usually used to achieve an approximate result of surface
NVR as a fast testing method [22]. There were three groups
of identical stainless steel samples used in this experiment.
And they were, respectively, labeled Sample 1 to Sample 3.
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Figure 5: Curves of NVR versus processing steps.

By comparison with the cleaning effects of the three samples,
the contact angle of the surface changes at different cleaning
stages. All the surface contact angles are close to the intrinsic
contact angle of material after the precision cleaning. There
is a direct relation between the surface contact angle of work
piece and surface cleanliness. By testing the contact angle, the
surface cleanliness can be obtained indirectly.

Figure 5 illustrates the trend curve of nonvolatile residual
(NVR) in 304 stainless-steel work piece surfaces at different
cleaning stages by using the gravimetric method. Before
cleaning, the NVR on the sample surface is about 260mg/m2.
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Figure 6: Plot of the SG-III slab amplifier aerosol concentrations
during the first flashlamp shots.

After rough cleaning, the NVR decreases to 10mg/m2,
meeting class A cleanliness level. After precise cleaning, the
NVRdropped below 1mg/m2, reachingA/10 cleanliness level.
The residual particulate contamination on the surface of the
304 stainless steel was measured by the microscopic count
method after precision cleaning, and the results show that the
cleanliness level is better than grade 100-A/10.

There are about 60 shots of flash light irradiation cleaning
experiments for slab amplifiers with clean frame assembly
unit but without Nd-glass slabs to be performed [23, 24].The
data of aerosol recorded inside the slab amplifier of BundleA5
of SG-III laser facility are shown in Figures 6 and 7. The air
cleanliness level is evaluated by the volume concentration of
the aerosol with particle size larger than 0.5 𝜇m.The changes
of cleanliness of the first 12 shots inside the amplifier slab
box are shown in Figure 5, and the changes of cleanliness of
the last few shots are shown in Figure 6. In Figures 5 and
6, the abscissas indicate the time with unit of minutes, and
the ordinates indicate aerosol particle concentrations in the
amplifier cavity. And the curves show the aerosol particle
concentrations in the amplifier cavity vibrating during and
after amplifier flashlamp “shots.”

In Figure 6, the experiments of the 1st to 5th shots
are debugging by low-voltage flash energy and 1st to 4th
shots are by using a single module. Generally, the higher
the input voltage of the flash light, the more thorough the
decomposition of the residual organic pollutants and the
higher the aerosol concentrations. For the 1st and 2nd shots,
the input voltage of the flash is 5 kV, and after flash, the aerosol
levels generated are about 70,000 to 80,000 particles/ft3. For
the 3rd and 4th shots, the input voltage of the flash is 10 kV,
and the aerosol level for the 3rd shot is 310,000 particles/ft3,
and for the 4th shot the aerosol level quickly decreased to
230,000 particles/ft3. For the 5th shot, all the flash lights
of the entire amplifier module are tested together, and
the input voltage is 15 kV, and the generated aerosol level
is 340,000 particles/ft3. The input voltage for 6th shot is
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Figure 7: Plot of the SG-III slab amplifier aerosol concentrations
during the last flashlamp shots.

23 kV, and after the 6th shot, the flash light cleaning was
performed with all the flash input voltage of 20 kV. It can
be observed that, for the 6th, 7th, and 8th shots, the aerosol
levels decrease rapidly. For the 6th shot, the aerosol level
is 360,000 particles/ft3, while for the 7th shot, the aerosol
level quickly reduced to 90,000 particles/ft3 and only about
30,000 particles/ft3 for the 8th shot. The rapid decrease of
the aerosol levels suggests that the decomposition of organic
matters and the release of aerosol take place at the beginning
of the flash light cleaning experiments. After the 8th shot,
the aerosol level became steady and just decreased slowly till
the end of the flash light cleaning, and these changes implied
that the decomposition of organic pollutants occurred less
and less with the number of the flash light irradiation shots
increasing.

The volume concentration of the aerosol of the last
5 shots of the entire flash light cleaning experiments is
shown in Figure 7. The aerosol levels inside the amplifier are
maintained in the range of 5,000 to 10,000 particles/ft3, and
the levels are close to the cleanliness of the NIF facility and
far higher than that of NOVA, Beamlet, and other similar
facilities [12], including Shenguang-III prototype of China.

Through the contamination control methods above, the
quiescent aerosol in the laser cavity is generally below class
5. The cumulative size distribution of damage (or surface
obscurations) on slab and optics surfaces has been measured
and it is found that it is related to the size distribution of
the aerosols that appear after a flashlamp firing. In general,
all SG-III facility slabs have less damage after removing
the contamination. And it is generally believed that the
amount of damage is also a function of the cleaning level and
numbers of aerosol contaminants. These results show that

the contamination control methods are effective to improve
the laser damage resistance of optics.

6. Conclusions

Quantitative pollution-control project is effectively imple-
mented during the construction of the SG-III laser facility
to reduce the laser-induced damage probability owing to the
contamination, and its clean condition is largely improved
compared with other high-power solid-state laser facilities.
The pollution-control project also led to the technological
improvement of precession washing, cleanliness test, and
clean control. Experiments of the flash light cleaning of slab
amplifier confirmed the great effect of the clean control.
The aerosol concentration obtained by flash light cleaning
experiments in the SG-III facility is slightly higher than
that obtained in the NIF facility, and the difference may
relate to materials and structures of the amplifier and input
voltage of light flash during light cleaning. For NIF light
cleaning, the input voltage of the flash is 23 kV, while for
the SG-III, the input voltage is 20 kV. With the higher input
voltage, the irradiation temperature of the flashwill be higher,
and the residual organic contaminants on the surface will
decompose more thoroughly, and the aerosol concentrations
become much lower after the cleanliness of the amplifier.
With the increase of the number of light cleaning shots, the
total amount of aerosol pollutants decreased, while the types
of pollutants increased. The reason is that macromolecules
of organic pollutants decompose into small molecules with
bright light irradiation, and the details of the changes need
be further studied.The contamination control of high-power
solid-state laser facility should also include the running
process, so that the clean control of the entire process of laser
facility can be carried out, and the technical support should
be provided for the laser equipment ofmore security, stability,
and efficiency.
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Helium status is the primary effect of material properties under radiation. 10B-doped aluminum samples were prepared via arc
melting technique and rapidly cooled with liquid nitrogen to increase the boron concentration during the formation of compounds.
An accumulated helium concentration of ∼6.2× 1025m−3 was obtained via reactor neutron irradiation with the reaction of 10B(n,
𝛼)7Li. Temperature-stimulated helium evolution was observed via small-angle X-ray scattering (SAXS) and was confirmed via
transmission electronmicroscopy (TEM).The SAXS results show that the volume fraction of helium bubbles significantly increased
with temperature. The amount of helium bubbles reached its maximum at 600∘C, and the most probable diameter of the helium
bubbles increased with temperature until 14.6 nm at 700∘C. A similar size distribution of helium bubbles was obtained via TEM
after in situ SAXS measurement at 700∘C, except that the most probable diameter was 3.9 nm smaller.

1. Introduction

The presence of helium atoms in metals is crucial to metal
performance because precipitated bubbles from helium can
substantially deteriorate their mechanical properties, espe-
cially for metals at high homologous temperatures (𝑇 >
0.5𝑇
𝑚
, where 𝑇

𝑚
is the melting temperature). In this case,

drastic embrittlement occurs because of the formation of
helium bubbles at the grain boundary [1, 2].

Several methods have been proposed to analyze helium-
metal interactions and induce the formation of helium
bubbles. These methods include implantation [3–5], tritium
decay [6, 7], and neutron irradiation [8–10]. Very low near-
surface penetration of heliumwith nonhomogeneous bubbles
develops at a depth of a few hundred nanometers via the
implantation technique. Moreover, long-term preparation is
necessary for tritium decay technique. Helium was intro-
duced in metals by irradiating of aluminum-boron samples

with neutrons to obtain a uniform distribution of helium
atoms. Helium atoms combined and produced clusters and
bubbles when the postirradiated metal was heated. Tiwari
and Singh [11] investigated the effects of temperature on the
final radii of helium bubbles in aluminum and copper via
neutron irradiation. Ono et al. found a Brownian motion of
helium bubbles in the metal upon in situ ionic irradiation via
transmission electron microscopy (TEM) [12, 13]. Moreover,
the authors found that the mechanism of bubble growth and
motionwas a combined effect of irradiation and temperature.
To explore these factors, Glam et al. investigated the effects of
heating conditions on helium bubble formation and growth
in aluminum via hot-stage TEM. They found that a helium-
rich area is in the vicinity of nanometric 10B segregates and
is characterized as a polygonal-faceted region [10, 14].

TEM examination possesses advantages such as intuition,
accuracy, and reliability. However, the characterization of
He bubbles in thick films (thickness, microns) is practically
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Table 1: Chemical composition of the Al-B sample.

Location B 𝜇g/g
Cu Fe Mg Mn Si Ni Ti

Top 0.44% ≤10 330 10 72 43 ≤10 32
Bottom 0.3% ≤10 306 21 38 45 ≤10 ≤10

useless, and the collection of statistical information on the
distribution of He bubbles over a large area is difficult.
Fortunately, small-angle X-ray scattering (SAXS) quantita-
tively provides statistical information on size, shape, and
distribution of He bubbles, as well as other He-induced
microstructures and nanosize defects in films [15, 16]. More-
over, X-rays produced by synchrotron radiation have very
high illumination and penetrating abilities, which enhance
the reliability of the measurements. However, synchrotron
SAXS has not been used as a characterization tool to analyze
the evolution of He bubbles in He-containing aluminum
because of difficulties in sample preparation. In this work,
synchrotrons SAXS and TEM were employed to investigate
the evolution of He bubbles in He-containing Al-B metals.
The influence of tempering conditions on He bubble forma-
tion and growth in Al with 10B after neutron irradiation was
analyzed.

2. Materials and Methods

Pure aluminum (99.9999%) with a nominal concentration
of 1.0 wt% boron powder (purity > 99.9%; 10B abundance >
96%) was melted in an arc furnace at 1200∘C for 0.5 h. The
amount of 10B corresponds to the solute in Al at elevated
temperatures in the arc furnace. Nanometric 10B segregates
were formed after solidification because the solubility of
10B in solid Al is negligibly small [17]. To maintain the
high concentration (∼0.4%) and to avoid the formation of
compounds (e.g., AlB

2
), the melted sample was poured into

𝜑12×100mm rodmolds and immediately cooled with liquid
nitrogen. The chemical composition of the Al-B sample was
analyzed via mass spectrometry (Table 1). Metallographic
analysis indicates that no obvious AlB

2
compounds in the

sample weremarkedly observed, which are usually needle- or
rod-shaped. However, some boron precipitated as black spots
(Figure 1). The rod sample was cut into 𝜑12 × 2mm pieces by
wire cutting for neutron irradiation.

The prepared metals were neutron-irradiated in the
nuclear reactor with 10MW power for 132 h, in which the
accumulated illumination of thermal neutron 𝐼 is 2.37 ×
10
23 n/m2. The concentration of He atoms 𝑛He produced in

bulk samples from the reaction 10B + 𝑛 → 7Li + 4He is
given as 𝑛He = 𝐼𝜎𝑁B, where 𝜎 = 4.0 × 10

−25m2 is the
cross-section of 10B atom and 𝑛B is the number of 10B atoms
per unit volume. The atom densities of He and B, which are
6.2 × 10

25 and 6.5 × 1026m−3, respectively, can be calculated
with 0.4 wt% 10B average concentration for the postirradiated
sample.The Li product with a small concentration represents
the solute in the Al matrix and can be neglected [18]. To
accelerate the aggregation of He as bubbles, the irradiated

Figure 1: Metallographic image of the original Al-B sample.

metal was cut into several pieces with a thickness of 0.2mm
by using an electrical diamond saw.

SAXS measurements were performed using instruments
at synchrotron facilities of Beijing Synchrotron Radiation
Facility (Beijing, China) with an X-ray wavelength of
0.154 nm and a sample-detector distance of 5080mm. 2D
scattering patterns were recorded using an image-intensified
charge-coupled device detector.The scattering patterns of the
four samples were individually obtained at 400∘C, 500∘C,
600∘C, and 700∘C for 1 h by using an in situ furnace that
was specially designed for SAXS. The recorded 2D scattering
patterns were converted into 1D curves by using the MySAS
package [19]. Scattering was derived from variations in the
electron density 𝜌(𝑟), which reflects the microscale structure.
The scattering intensity 𝐼 is measured as a function of the
scattering vector 𝑞 = (4𝜋 sin 𝜃)/𝜆, where 𝜆 is the wavelength
of the incident radiation and 𝜃 is half of the scattering angle.
𝐼(𝑞) for a polydisperse system of noninteracting particles in a
uniform media can be expressed as follows [20]:

𝐼 (𝑞) = 𝑛Δ𝜌
2
∫

∞

0

𝐹 (𝑞, 𝑟)

2
𝑉
2
(𝑟) 𝑃 (𝑟) 𝑑𝑟, (1)

where Δ𝜌 is the difference in the average scattering length
density between aluminum andHe bubbles and 𝑟 is the radius
of the scattering particles. 𝐹(𝑞, 𝑟) represents the scattering
form factor, 𝑉(𝑟) is the particle volume, 𝑛 is the number
of minority phase particles per unit volume, and 𝑃(𝑟) is
the probability of a minority phase particle of size 𝑟. Pore
size distributions 𝑓(𝑟) = 𝑛𝑉(𝑟)𝑃(𝑟) as a function of 𝑟 are
presented in this study. The form factor of the helium bubble
was assumed to be spherical, and the size distribution of
the bubble was calculated using the “Irena” package with
a maximum entropy algorithm [20]. After four months of
SAXS measurements, the same samples were observed via
TEM by using 200 kV Tecnai G2 F20 S-Twin.

3. Results and Discussion

The 2D SAXS patterns are shown in Figure 2. The intensity-
scattering vector (𝐼-𝑞) curves of the tempered samples
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Figure 2: 2D SAXS patterns of the irradiated Al-B metal after being tempered at (a) 400∘C, (b) 500∘C, (c) 600∘C, and (d) 700∘C with
logarithmic intensity color maps.

extracted from the top part with a 40∘ sector are shown in
Figure 3. The scattering curves for the samples tempered at
400∘Cand 500∘Cdid not significantly change.However, some
changes in shape were observed for 𝑞 values from 0.2 nm−1 to
0.3 nm−1 after heating to 600∘C and 700∘C.

The fitted results of the volume-weighted size distribution
of He bubbles are shown in Figure 4. The most probable
diameter (MPD) of He bubbles for the samples tempered at
400∘C and 500∘C is 13.3 nm.Moreover, the volume fraction of
He bubbles (𝑉He/𝑉) increasedwith temperature (Figure 4(b))
because of He aggregation. He atoms overcome the lattice
barrier to form bubbles at high temperatures. The bubbles
form and expand with increasing temperature. It shows that
the distribution peak shifts to large diameters, and the MPD
of He bubbles reached 14.3 and 14.6 nm for the samples
tempered at 600∘C and 700∘C, respectively, in Figure 4.

The volume fraction of He bubbles in each sample can be
calculated by integrating the size distribution (Figure 4(a)).
From the integration, the change in volume fraction with
temperature can be analyzed. This result shows that the

volume fraction of He bubbles gradually increases with
temperature and decreases at 600∘C. Given the previous
information of changes in He size, the corresponding atoms
aggregate and bubbles develop inside the irradiated Al-B
metal during tempering. However, the volume fraction of
He bubbles in the sample tempered at 700∘C or close to
the melting point sharply decreases. The result is attributed
to the burst helium bubbles and escaped atoms at high
temperatures.

The TEM images show the microstructures of the irradi-
ated Al-B samples after in situ SAXS measurement at 700∘C
(Figure 5). We assume that He bubbles are spherical in shape.
Thus, the diameters of all visible bubbles were measured.The
size distribution of He bubbles (Figure 6) was obtained from
TEM images by using statistic of 64 and 285 bubbles (Figures
5(a) and 5(b)). TheMPD of He bubbles from the distribution
is 10.7 nm, which is marked by a 3.9 nm difference from
the original MPD. The discrepancy is attributed to the low
statistics from small view of TEMof hundreds of nanometers,
whereas that of SAXS is hundreds of micrometers. On the
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Figure 3: Measured (scatter) and fitted (solid line) SAXS patterns for samples tempered at 400∘C, 500∘C, 600∘C, and 700∘C for about 1 h.
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Figure 4: SAXS analysis of the volume-weighted size distribution of samples tempered at different temperatures.

other hand, the SAXS cannot discriminate the aggregated
He bubbles (encircled area, Figure 5(a)) and recognize them
as large; hence, the method overestimated the bubble size.
The discrepancy is also caused by the differences of in situ
temperatures between SAXS (700∘C) and TEM measure-
ments (room temperature), which affect the size of He bubble
assuming a hard sphere equation of state (EOS), as suggested
by Brearley and MacInnes [21].

4. Conclusions

He-containing Al-B metals are produced via neutron irradi-
ation, in which the density of He atoms is 6.2 × 1025m−3. He

bubbles inside the metals were characterized by SAXS and
TEMafter thermal stimulation.Generally,metals tempered at
high temperatures stimulate He atoms to aggregate and form
bubbles. The SAXS results show that the size distributions
of He bubbles are almost similar, but the bubble amounts
increase in the sample after 400∘C and 500∘C thermal
treatments. Metal samples tempered at 600∘C for about 1 h
yield the largest amount of He bubbles. In contrast, the
samples tempered at 700∘C for about 1 h exhibits a further
increased diameter of He bubbles, but the amount of bubbles
sharply decreases.The reduction in the amount of He bubbles
is attributed to burst bubbles and escaped He from the Al-
B sample at high temperatures. A similar size distribution
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Figure 5: TEMmicrographs of the irradiated Al-B metal tempered at 700∘C for about 1 h.
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Figure 6: Size distribution ofHe bubbles fromTEM images (Figures
5(a) and 5(b)) and SAXS measurement.

is observed from TEM, but the MPD decreases by 3.9 nm.
This discrepancy is caused by poor statistics of TEM with a
reduced view and the poor discrimination of aggregated He
bubbles from SAXS measurements.
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Multiparametric raster scanning experiments for KDP crystals are carried out to study the laser conditioning efficiency as a function
of laser fluence, fluence step, and pulse sequence by using ultraviolet (UV) laser irradiation with pulse duration of approximately
7 ns. It indicates that damage resistance of KDP can be enhanced after conditioning process. And laser conditioning efficiency
depends on themaximal fluence which is below the damage threshold. Raman spectra and photothermal absorption have also been
studied on KDP crystals before and after multiparametric laser conditioning. Photothermal absorption data reveal that absorbance
of conditioned KDP crystal decreases with the increase of laser fluence and the damage threshold of low absorption area is higher.
Raman analysis reveals that the effectiveness of laser conditioning relies mainly on the individual mode of PO

4
molecule.

1. Introduction

Potassium dihydrogen phosphate (KDP), with good physical
properties including large nonlinear optical coefficient, good
structural quality, and mechanical properties, is used in
many large-aperture laser systems as frequency conversion
crystal and electrooptic switching. However, its maximal
fluence remains a significant limitation in high power laser
project [1]. In order to increase the laser induced damage
threshold (LIDT), two confirmed treatments for improving
laser resistibility have been demonstrated, including thermal
annealing [2, 3] and laser conditioning [4, 5]. Laser condi-
tioning is the reliable mitigation method, which gives the
most convincing results [6, 7]. Laser conditioning efficiency
is largely determined by the preexposure laser parameters,
such as laser fluence, wavelength, pulse number, and length
[8, 9]. For instance, Negres et al. reported the effective-
ness of laser conditioning with 355 nm, 2.5 ns laser pulses
with increasing fluence in deuterated potassium dihydrogen
phosphate (DKDP) crystals as a function of fluence step
and number of pulses per step. Their results demonstrate
that a key laser parameter in achieving the best damage
performance at 355 nm is the maximal fluence and that
this parameter is material dependent [4]. DeMange et al.

investigated the damage behavior of KDP and DKDP crystals
under 1064 nm, 532 nm, and 355 nm irradiation subsequent
to laser conditioning. Their results reveal that the level
of conditioning is strongly dependent on the conditioning
wavelength [10].

The mechanisms of laser conditioning are still not well
understood, although there is a strong implication that the
interaction of intrinsic and/or extrinsic defects with subdam-
age laser fluence plays a key role [11–13]. In order to under-
stand this, most research using nondestructive techniques is
performed such as Raman spectrum and optical absorption.
These techniques give information on the physical and chem-
ical nature of the defects. Marshall and coworkers described
that the 266 nm light causes a broad absorption band at
300 nm–650 nm via two-photo absorption [14]. Woods et al.
observed a weak correlation between the scattering centers
and the initiation sites of damage [15]. Damiani et al. [16]
investigated the KDP with different nondestructive optical
diagnostics during the conditioning using an excimer laser at
351 nm.They demonstrated a correlation between the optical
signal intensity and the laser induced damage thresholds
(LIDT). But there are few reports about structural changes
for KDP crystals during the raster scanning conditioning
process.
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Figure 1: Optical layout of laser conditioning and damage test experiment.
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Figure 2: Schematic of scan-conditioning on a crystal.

In this paper, we attempt to use a nondestructive optical
analysis approach by studying the effect of scan-conditioning
via using an Nd-YAG laser at 355 nm with different laser
parameters. Structuralmodification for KDP after irradiation
was characterized by using Raman spectra and photothermal
absorption. The correlations between the spectral infor-
mation and conditioning effect are discussed. This work
aims to obtain a better knowledge of the laser conditioning
mechanism.

2. Experimental Set-Up and Procedure

2.1. The Scan Layout. The experimental layout is drawn in
Figure 1. The laser source is an Nd-YAG laser operating at
355 nm. The laser has a Gaussian temporal profile with pulse
duration of about 7 ns. The maximum energy is 200mJ, and
the maximum repetition rate is 10Hz. The KDP sample was
cut to 50 × 50 × 5mm3 size plate and positioned in the laser
beam with a three-dimensional motorized stage. A CCD acts
as a scattering diagnostic to capture the image of bulk damage
orthogonally to the direction of laser propagation, through
the side of the sample.

For the conditioning experiments the sample was
scanned continuously along the 𝑥-axis and then stopped
along the 𝑦-axis at the end of each scan as shown in Figure 2.
The diameter between two adjacent spots is the diameter
determined from the 90%-of-peak-fluence beam.

2.2. Experimental Procedure. We measured the crystal by
two different methods before and after laser conditioning.
Photothermal measurement was performed with photother-
mal common-path interferometer by using a 2.0∼2.5mW
He-Ne laser at 632.8 nm as probe light under the Nd-YAG
laser excitation at 355 nm. The principle is to measure the
absorption of the material with a photothermal effect. Light
energy absorbed and not lost by subsequent emission results
in sample heating. This heating results in a temperature

change and changes in thermodynamic parameters of the
sample which are related to temperature. Measurements of
the temperature, pressure, or density changes that occur due
to optical absorption are ultimately the basis for the pho-
tothermal spectroscopic methods; Raman spectra measure-
ment was performed with a Nicolet Raman 950 spectrometer
by using a 1064 nm laser as excitation source with a power of
4mW at room temperature.

For the experiments, the KDP crystal was separated into
four different areas of 20 × 20mm2. One squared area is
a pristine region. The other three areas are exposed to the
conditioning pulse with subdamage threshold fluence.

3. Results and Analysis

3.1. Performance of Laser Conditioning. The dependence of
conditioning efficiency on preexposure laser parameters was
measured by using R/1 scanning mode. Pristine KDP crystals
were exposed first to the conditioning pulse at different
parameters including fluence, pulse number, and fluence step.
And then the bulk damage probability test was measured by
1/1 mode; the results were shown in Figures 3(a), 3(b), and
3(c) separately.The samples were scanned at different ramped
fluence procedures: 0.77–1.84–2.82 J/cm2, 0.77–1.84–2.82–
3.77 J/cm2, and 0.77–1.84–2.82–3.77–4.59 J/cm2 which are
called three-fluence, four-fluence, and five-fluence scanning,
respectively. As shown in Figure 3(a), the damage threshold
increases with increasing preexposure pulse fluence starting
from the lowest tested three-fluence scanning after raster-
conditioning. The damage probability fluence for the four-
fluence scanning is ∼1.22X higher than that of three-fluence
scanning. And that for five-fluence scanning is ∼1.18X higher
than that of four-fluence scanning. So it is clear that the higher
laser fluence enhances the damage resistance further.

As shown in Figure 3(b), the damage probability fluence
with three pulses is 1.1X higher than that with two pulses
(the preexposure fluence is 4.59 J/cm2). But the damage
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Figure 3: Results of 1-on-1 damage testing of R-on-1 scan-conditioned KDP crystals with multiparametric conditions: (a) laser fluence; (b)
pulse number; (c) fluence step. Light gray lines were fitted linear.

probability fluence with four pulses is smaller than that with
two and three pulses. Therefore, this result indicates that
an appropriate quantity of scanning pulses can improve the
effect of conditioning, but too many pulses may decrease the
conditioning efficiency.

As shown in Figure 3(c), the damage probability fluence
with two fluence steps (ramping fluence interval is about
1.5 J/cm2) is 1.2X higher than that with one fluence step
(ramping fluence interval is about 1 J/cm2). And the result of
three fluence steps (ramping fluence interval is about 2 J/cm2)
is smaller than the others. Consequently, this result indicated
that an appropriate level of scanning steps can improve the

effect of conditioning, but too big steps may decrease the
conditioning efficiency.

As shown in Figure 3, the laser conditioning with sub-
damage threshold fluence can improve the laser damage resis-
tance capability of KDP crystals. The laser conditioning effi-
ciency increases with increase in preexposure pulse fluence,
while an appropriate quantity of scanning pulses and steps
can enhance the conditioning efficiency further. In other
words, the effectiveness of laser conditioning relies mainly
on the maximal conditioning fluence. For this case, the
possible explanation is that the first conditioning pulse with
the lower fluence only passivizes the biggest defect clusters.
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And with the increase of laser fluence, smaller and smaller
clusters are treated [17]. For the process of multiple-pulses
conditioning, it may be understood with defect absorber
model. Under the irradiation of successive laser pulses, defect
absorber and surroundingmaterial are easy to be heated up to
decomposition temperature due to the energy accumulation
[11].Therefore, the appropriate number of pulses can increase
the effectiveness of laser conditioning.The energy cumulative
effect can also explain the influence of fluence step on the
laser conditioning efficiency. However, some other changes
occur in surrounding material or absorber itself due to
thermochemical and mechanochemical process before being
heated up to decomposition temperature. That is why the
appropriate fluence step can increase the damage resistance
rather than the maximum fluence.

3.2. Photothermal Absorption. Absorption coefficient of the
KDP crystal is measured with a photothermal common-path
interferometer which is based on a consistent interference
approach to the optical detection. Three areas are scanned.
The result is displayed in Figure 4. The absorption coefficient
after raster-conditioning decreases with the increasing in
preexposure pulse fluence.

In order to understand the correlation between the
absorption and laser induced damage, the damage threshold
of two different areas measured by 1-on-1 mode is given in
Figure 5. Apparently, the area of the low absorption value
has the high damage resistance. For this area, laser pulse
with 7 J/cm2 cannot raise the damage incident. At 9.3 J/cm2
the damage probability is 50%. For the area with strong
absorption, the probability increases to 90% at 9.3 J/cm2.
Consequently, it intimates that the initial damage may be
correlated with the absorption due to changing of various
defects in bulk KDP crystal. Further, in the laser conditioning
process, various types of defects which exist in crystal are
treated. The precursor defects may be annihilated due to the
thermally activated migration or induced phase transition
and a subsequent crystalline rearrangement by high temper-
ature. As a consequence, some defect absorption vanishes
[18]. Therefore, damage resistibility of low absorption area is
higher than that of strong absorption area.

3.3. Raman Spectroscopy. Figure 6 shows Raman spectra of
KDP at room temperature before and after laser conditioning.
Spectral data and proposed assignment, which are in good
accordance with the results of Serra et al. [19] and Agrawal
and Perry [20], were described in Table 1. The Raman active
modes belong to the A1, B1, B2, and E representations of
the factor group D2d. Modes belonging to the B and E rep-
resentations are simultaneously Raman and infrared active.
According to Som et al., the peak observed at 114 cm−1 may
be assigned to K-PO

4
translatory vibrations [22]. The peak at

181 cm−1 can be assigned to the H
2
PO
4
rotational band [21].

The strongest peak at 914 cm−1 can be assigned to PO
4
totally

symmetric stretching mode [23]. In this experiment, no
apparent shifting of all the modes was observed with change
in laser conditioning parameters. No other alteration in the
intensity change of the 914 cm−1 mode which is attributed to
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Figure 4: Photothermal absorption measurement of KDP crystal.
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Figure 5: 1-on-1 test of the KDP for two absorbing areas.

the totally symmetric stretching model of PO
4
tetrahedra is

observed in Figures 6(b) and 6(c) compared to Figure 6(a).
The intensity of the 914 cm−1 mode of conditioned crystal by
the changing of laser fluence is lower than pristine crystal.
Compared with pure KDP, the intensity of less than 300 cm−1
mode of laser conditioned crystals is decreased in all cases.
The decrease of the intensity of all the modes may be
attributed to the following possibilities: (1) depolarization of
the Raman scattering light causing change of spectra, because
depolarization will lower the intensity of all A1 modes [23],
(2) the rotation of the crystal axes causing change of the
Raman spectrum (the intensity of all the modes decreases for
the spectra by changing the angle of crystal axes from 50∘
to 90∘ [24]), and (3) decrease of the absorption associated
with the PO

4
molecule causing decrease of Raman spec-

trum [23]. For the 914 cm−1 mode, changing of its intensity
merely occurs at different conditioning fluence operation.
And the effectiveness of laser conditioning relies mainly
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Table 1: Assignment of Raman active mode frequencies of KDP at 300K.

Mode This work Serra et al. [19] Agrawal and Perry [20] Assignment [21]
A1 356 363.9 360 𝛿

𝑠
[PO2, P(OH)2]

A1 914 916.9 918 ]s P(OH)2
B1 475 474.5 479 𝛿

𝑟
[PO2, P(OH)2]

B1 557 564.1 570 𝛿sc [PO2, P(OH)2]
B2 181 179.5 174 Lattice vibrations
B2 391 394 386 𝛾

𝜏
P(OH)2

E 114 114 113 Lattice vibrations
]s: very strong, s: strong, m: medium, and w: weak.
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Figure 6: Comparison of Raman spectra obtained by multiparametric conditions: (a) laser fluence; (b) pulse number; (c) fluence step.
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on the conditioning fluence. This result strongly indicates
that the effectiveness of laser conditioning is associated
with the individual mode of PO

4
molecule. Therefore, in

the laser conditioning process, the low laser fluence cannot
cause severe vibration and a subsequent distortion of the
PO
4
tetrahedra [25]. For the modes located at 114, 170, and

181 cm−1, variation on intensity may be attributed to the
decrease of the absorption due to recombination of electron-
defects or release of lattice stress causing change of these
modes under subdamage threshold laser irradiation. And
there is no structural phase transition because the mode at
181 cm−1 did not show an anomalous behavior in the laser
conditioning process [19]. These modes are also associated
with PO

4
tetrahedra, and then these changes suggest that the

effectiveness of laser conditioning is associated with the small
deformation of the PO

4
tetrahedral units.

4. Conclusion

In order to better understand the process of laser scan-
conditioning for KDP crystal, the structure properties of
KDP crystals are investigated using photothermal absorption
and Raman spectra by various laser conditioning parameters.
The change of photothermal absorption is related to laser
conditioning fluence. In the process of laser conditioning,
Raman spectra show a decrease of the intensity of 914 cm−1
mode and less than 300 cm−1 mode. This result suggests that
the effectiveness of laser conditioningmay be associated with
the individual mode of PO

4
molecule.
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We investigate the interaction between the laser and energetic materials with different defects. The three-dimensional models of
triaminotrinitrobenzene (TATB) explosives containing spherical pores, craters, and cracks are established, respectively. The laser
ignition process of TATB is simulated with three-dimensional finite difference time domain (3D-FDTD) method to study the
electromagnetic field distribution surrounding these defects with 355 nm laser incidence. It indicates that the larger defects in the
TATB energetic materials have the stronger electric fieldmodulations to initial incident laser for all the three defects, which is easier
to lead to the generation of hot spots. Furthermore, TATBmaterials with spherical pore defects and crater defects are easier to form
hot spots than those with narrow crack defects.

1. Introduction

The ignition of explosives has been studied for somany years.
There are several conventional means for the ignition sys-
tems, such as electric spark ignition and electric bridge-wire
ignition. However, due to the interference of static electricity,
radio frequency, electromagnetic field, and other unpre-
dictable factors, traditional ignition technologies of explo-
sives materials tend to explode by mistake or fail to work.

Laser ignition technology, introduced by Brish et al. [1]
andYang andMenichelli [2] in the late sixties and early seven-
ties of last century, has been recognized as a safe and reliable
means which has extensive potential applications in the aero-
space andmilitary filed owing to the laser’s high intensity and
good direction. The first discussion of laser ignition mecha-
nisms is also discussed in [1]. Generally speaking, there are
two possible ignitionmechanisms used to interpret the explo-
sion phenomenon: thermal ignition mechanism and impulse
ignition mechanism. In the thermal mechanism, the intense
local heating by the laser pulse causes the rate of chemical
reactionswithin thematerials to accelerate sharply. It requires

flux densities in the neighborhood of 1 kW/cm2 or less and
pulse durations of about 1ms or longer. But in the impulse
ignition mechanism, where the chemical reactions are accel-
erated by a strong laser-generated shock wave, it needs more
intense and shorter duration by factors of about 106 with the
similar energy content than that in the thermal ignition
mechanism [3]. The term “hot spots” represents the regions
which can couple efficiently the locally higher temperature
and ultimately initiation in materials [4]. Because of their
modulations for the laser electromagnetic field, defects
(voids, bubbles, etc.) in the explosives materials can result in
the generation of hot spots.

Based on the thermal ignition mechanism, we investi-
gated the interaction between the laser and energetic materi-
als with different defects in our work. Triaminotrinitroben-
zene (TATB) explosives were firstly characterized with the
Scanning Electron Microscopy (SEM). Three-dimensional
(3D) models of TATB energetic materials containing spher-
ical pore, crater, and crack defects were established, respec-
tively. The laser ignition process of TATB was simulated with
three-dimensional finite difference time domain (3D-FDTD)

Hindawi Publishing Corporation
Advances in Condensed Matter Physics
Volume 2014, Article ID 219547, 8 pages
http://dx.doi.org/10.1155/2014/219547

http://dx.doi.org/10.1155/2014/219547


2 Advances in Condensed Matter Physics
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Figure 1: SEM of TATB explosives with different defects: (a) spherical pores, (b) craters, and (c) cracks.

Table 1: The size range of different defects.

Defects Size range
SEM FDTD simulations

Spherical pores 𝑟 = 0.5–1.5 𝜇m 𝑟 = 20–60𝛿
Craters (𝑎 ≥ 𝑏) 𝑎 = 0.5–3 𝜇m 𝑎 = 20–100𝛿
Cracks (𝑑 ≥ 𝑤) 𝑙 = 0.5–3 𝜇m 𝑙 = 20–100𝛿, 𝑤 = 0.2 ∗ 𝑙

method [5–8] to study the electromagnetic field distribution
(in proportion to the flux density 𝐼) surrounding these defects
with 355 nm laser incidence. The simulated results of elec-
tric field amplitude distributions and the number of high-
intensity spots in TATBmaterials were analyzed to investigate
the effect of the three kinds of defects on the generation of hot
spots.

2. Models and FDTD Method

The TATB explosives with many microdefects, including
spherical pores, craters, and cracks, were characterized with
the Scanning Electron Microscopy (SEM) shown in Figure 1.

It indicated that all the defect sizes are in the micron or
submicron level (shown in Table 1). As it is difficult to know
the light modulation of only one of these defects through
experiments, in this work we utilized the 3D-FDTDmethods
to simulate themodulation of each defect to the incident laser.
According to these SEM images, we constructed the three-
dimensional sphere model, rotated parabolic body model,
and straight triangular prism model, respectively, to fit the
air area as encircled in Figure 1, as their three-dimensional
profiles showed in Figure 2. We supposed that all the defects
lie in the top surface of the TATB explosives. Their equations
in Cartesian coordinates are as follows.

Sphere

(𝑧 − 𝑧
0
+ ℎ − 𝑟)

2
≤ 𝑟
2
− [(𝑥 − 𝑥

0
)
2
+ (𝑦 − 𝑦

0
)
2
] . (1)

Rotated parabolic body

𝑧 ≥
4𝑏

𝑎2
[(𝑥 − 𝑥

0
)
2
+ (𝑦 − 𝑦

0
)
2
] + 𝑧
0
− 𝑏. (2)
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Figure 2: The three-dimensional profiles of models for the microdefects in Figure 1: (a) sphere, (b) rotated parabolic body, and (c) straight
triangular prism.
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where (𝑥
0
, 𝑦
0
, 𝑧
0
) is the coordinate of the symmetrical center

of the top surface. 𝑟 and ℎ represent the radius and the depth
of the spherical pores, respectively. 𝑎 and 𝑏 are the width and
depth of the craters. 𝑙, 𝑑 and𝑤 represent the length, the depth
and the width of the cracks respectively. From the SEM, we
assumed that 𝑎 ≥ 𝑏, 𝑑 ≥ 𝑤. For easy description, in our study
we supposed that the depth/radius ratio of spherical pore
defects Rs = ℎ/𝑟, the depth/width ratio of crater defects Rcr =
𝑏/𝑎, and the depth/width ratio of crack defects Rck = 𝑑/𝑤.

The finite difference time domain (FDTD) method, pro-
posed by Yee in 1966 [9], has been proven to be one of the
most popular andpowerful numerical tools for simulating the
propagation and scattering of classical electromagnetic fields
in materials. It is a solution method of the partial derivatives
inMaxwell’s equations by discretizing these equations in time
and space domains using the difference scheme on edges of
the “Yee-cell” [9], which need to divide space and time into
a regular grid. The field solution at the current time step is
deduced from the field values at the previous time steps with
the recursive time-marching algorithm.

In our study, the overall lattice in the TATB explosives is a
uniformly gridded cuboid simulation domain as a dimension
of 200 × 200 × 215 cells with the same unit cell size for the
three directions Δ𝑥 = Δ𝑦 = Δ𝑧 = 𝛿 = 𝜆/12 and a time
step Δ𝑡 = 𝛿/2V to satisfy computational stability and numer-
ical dispersion conditions, where 𝜆 is the 355 nm laser
wavelength and V is the velocity of light in the air. The time
step number 𝑛 is 1600 for all three models. The normal

incidence laser was from the bottom of the model with the
electric field amplitude (|𝐸|) 1.0 V/m shown in Figure 2. The
relative dielectric constants (𝜀

𝑟
) of air and TATB are 1.0 and

4.0, respectively [10]. The boundaries are terminated by a 9𝛿
thickness perfectly matched layer (PML) [11].

3. Results and Discussion

Equation (4) expounds the relationship of the flux density 𝐼
and electric field amplitude |𝐸|. As we know, the flux density
distribution can be analyzed by the electric field amplitude in
the TATB explosives

𝐼 ∝ |𝐸|
2
. (4)

3.1. Spherical Pore Defects. In order to explore effects of the
radius 𝑟 of spherical pore defects and their depth ℎ embedded
in TATB explosives on the flux density distribution, we inves-
tigated the relationship between the electric field distribution
and the depth/radius ratio Rs. The size range of FDTD simu-
lations is shown inTable 1. Figure 3 shows themaximumelec-
tric field |𝐸|max of some 𝑧 planes at different Rs when 𝑟 = 60𝛿.
As the location of 𝑧 plane changes, |𝐸|max fluctuates up and
down at different 𝑧 planes. However, the general trend in-
creases gradually. Figure 4(a) shows the maximum electric
field |𝐸|max of Plane xoz (𝑦 = 𝑦0) at the radius 𝑟 = 40𝛿
and the whole simulation domain at 𝑟 = 20𝛿, 40𝛿, and 60𝛿
changingwith the increasing Rs. It is obvious that |𝐸|max of all
the simulation domain is not obtained definitely at Plane xoz.
It is even much larger than that in the Plane xoz. As Rs in-
creases from0.125 to 2.5, |𝐸|max for thewhole space changes in
the range of 2.0–2.7 V/m, and the flux density reaches a fac-
tor (light intensity enhancement factor, LIEF) of 4–7.29 com-
pared with the initial incident laser. It is clear that the larger
the radius of sphere defects is, the stronger its modulation to
incident laser is. When the size of spherical pores is small,
the modulation effect is weak because of the minor scattering
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Figure 4: (a) |𝐸|max and (b) the number of high-intensity spots at various Rs.

surface. However, when 𝑟 gets to 60𝛿, the reflecting surface
increases owing to the increasing surface area. At this time,
even total reflection may appear. So the modulation to initial
laser is stronger when sphere is larger.

Besides, we use the term “high-intensity spot” in this
work to express the region where the electric field amplitude
|𝐸| ≥ 2.0V/m and the number of high-intensity spots was
counted and exported by computer program. Figure 4(b)
shows the number of high-intensity spots in the whole simu-
lation space. It revealed that the number increases firstly with

the increase of Rs and then decreases to a stable range when
Rs ≥ 2, in which the defects have been completely embedded
into the explosives. As the radius 𝑟 increases, the number of
high-intensity spots increases. It shows that the number of
high-intensity spots induced by spherical pore defects when
𝑟 = 1.8 𝜇m (60𝛿) has reached about 3 times of that when
𝑟 = 1.2 𝜇m (40𝛿).

3.2. Crater Defects. The interaction between laser and
TATB explosives containing crater defects is also studied.
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Figure 5: (a) |𝐸|max and (b) the number of high-intensity spots as the function of Rcr.
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Figure 6: Electric field amplitude distributions when 𝑎 = 100𝛿 and Rcr = 0.5: (a) Plane xoz and (b) Plane z198 where the maximum electric
field amplitude occurs.

Figure 5 shows the effects of the width 𝑎 and depth 𝑏 of
crater defects (shown in Figure 2(b)) on the electric field
distributions. Generally speaking, themaximumelectric field
|𝐸|max increases firstly with the increasing depth/width ratio
Rcr and then decreases slowly. The larger the width of crater
defects is, the stronger its modulation to incident laser is.
When 𝑎 = 0.6 𝜇m (20𝛿), |𝐸|max keeps basically in a stable
value around 2.08V/m and there is a small number of high-
intensity spots. However, when 𝑎 gets to 1.8 𝜇m (60𝛿), |𝐸|max
is mainly in the range of 2.1–2.3 V/m with the LIEF from
4.41 to 5.29 as Rcr changes. The number of high-intensity
spots increases to dozens. Finally, when 𝑎 reaches up to 3 𝜇m
(100𝛿), most of the maximum electric field |𝐸|max keep in
the level above 2.55V/m with the LIEF more than 6.5 times

compared to the initial incident laser. Similar to the spherical
pore defects, as the width of crater defects 𝑎 increases, the
number of high-intensity spots increases. It shows that the
number of high-intensity spots when 𝑎 = 3 𝜇m has reached
about 4 times of that when 𝑎 = 1.8 𝜇m.

Figure 6, respectively, displays the electric field amplitude
distributions of Plane xoz (𝑦 = 𝑦0) and Plane z198 (where the
maximum electric field amplitude occurs) when 𝑎 = 100𝛿,
Rcr = 0.5. As the defects lie in the top surface, the electric field
near the top surface is higher. And themaximumelectric field
appears in Plane z198 which is nearly close to crater defects.

3.3. Crack Defects. According to Figure 2(c), we investigated
the effect of the depth/width ratio Rck of crack defects with
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Figure 7: (a) |𝐸|max and (b) the number of high-intensity spots as the function of Rck.

various length 𝑙 = 20𝛿, 60𝛿, and 100𝛿 on the propagation
and scattering of electromagnetic fields within the TATB
explosives. From the SEM image in Figure 1(c), we assumed
the width𝑤 = 𝑙/5. Figure 7(a) displays the maximum electric
field amplitude |𝐸|max changing with the increasing Rck.
As the length of crack defects changes, most |𝐸|max lie in the
range of 2.1–2.3 V/m with the number of high-intensity spots
less than 30. As the length of crack defects increases, there
are also some enhanced electric field areas. However, it is not
so many as those of crater and crack defects because of the
narrow width.

The Rck for gaining the maximum of |𝐸|max is different
for different lengths. When 𝑙 is about 0.6 𝜇m (20𝛿), the
maximum, 2.47V/m, is obtained at Rck = 3.5. However,
for 𝑙 = 1.8 𝜇m (60𝛿) and 3 𝜇m (100𝛿), Rck changes to 4.5
and 2.5 with their |𝐸|max values to 2.73V/m and 2.54V/m,
respectively. Even so, the maximal number of high intensity
spots is acquired at 𝑙 = 100𝛿 when Rck = 2.5. Figure 8 shows
the electric field amplitude distributions in the 𝑧 plane of
|𝐸|max at the length 𝑙 = 100𝛿 and width 𝑤 = 20𝛿. It indicates
that every |𝐸|max lies in the 𝑧 planewhich is on (Plane z200) or
near (Plane z187, z193) the top surface. Especially, the |𝐸|max
lie in the 𝑧 plane of the bottom of crack defects (Plane z141 for
Rck = 3, Plane z121 for Rck = 4).

From Figures 4, 5, and 7, we can deduce that the larger
the defect in the TATB energetic material is, the stronger
modulation to incident laser is, which is easier to generate
hot spots. Moreover, spherical pore defects when 𝑟 = 1.8 𝜇m
with Rs from 0.75 to 1.75 and crater defects when 𝑎 = 3 𝜇m
with Rcr from 0.4 to 1.0 are easier to lead to the generation
of hot spots than crack defects with 𝑤 = 𝑙/5 because of the
narrow width.

4. Conclusions

The laser interactions with TATB explosives including dif-
ferent defects (spherical pores, craters, and cracks) were
investigated, respectively, with the three-dimensional finite
difference time domain method. The modulations of these
defects to incident laser were analyzed with the maximum
electric field amplitude and the number of high-intensity
spots.

The results indicate that themaximumelectric field |𝐸|max
of spherical pores changes in the range of 2.0–2.7 V/m as the
radius 𝑟 changes from 0.6 to 1.8 𝜇m with the depth/radius
ratio Rs increasing from 0.125 to 2.5. And the light intensity
enhancement factor (LIEF) reaches 4–7.29 comparedwith the
initial laser. As the radius 𝑟 increases, electric field amplitude
strengthens and the number of high-intensity spots increases.
The number of high-intensity spots induced by spherical pore
defects when 𝑟 = 1.8 𝜇m reaches about 3 times of that when
𝑟 = 1.2 𝜇m. Similar to the spherical pore defects, as the width
𝑎 of crater defects increases from 0.6 to 3𝜇m, the number
of high-intensity spots increases to several hundred. When
𝑎 = 3 𝜇m, the number of high-intensity spots has reached
about 4 times of that when 𝑎 = 1.8 𝜇m with most of the
maximum electric field in the level above 2.55V/m (LIEF ≥
6.5). However, as the length of crack defects 𝑙 changes from
0.6 to 3 𝜇m with the width 𝑤 = 𝑙/5, most |𝐸|max lie in the
range of 2.1–2.3 V/m with the number of high-intensity spots
less than 30 because of the narrow width.

For all the three defects, the larger the defect in the TATB
energetic material is, the stronger the modulation to incident
laser is, which is easier to lead to the generation of hot spots.
Furthermore, spherical pore defects when 𝑟 = 1.8 𝜇m with
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Figure 8: Electric field amplitude distributions in the 𝑧 plane of |𝐸|max of cracks with different Rck at the length 𝑙 = 100𝛿 and width𝑤 = 20𝛿:
(a) Rck = 1, Plane z200; (b) Rck = 2, Plane z187; (c) Rck = 3, Plane z141; (d) Rck = 4, Plane z121; (e) Rck = 5, Plane z193.
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depth/radius ratio from 0.75 to 1.75 and crater defects when
𝑎 = 3 𝜇m with depth/width ratio from 0.5 to 1.0 are easier
ways to generate hot spots than crack defects with 𝑤 = 𝑙/5.
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A CO
2
laser-based annealing technique for the mitigation of damaged sites of fused silica is studied to suppress the residual stress

left on the surface. The laser annealing by a linear decrease of the CO
2
laser power effectively reduces the residual stress. The

residual stress of mitigated sites is characterized by polarimetry, the reduction of the maximum retardance around the mitigated
sites with the exposure time of laser annealing fits a stretched exponential equation, and themaximum retardancewith optimal laser
annealing is reduced (36 ± 3)% compared to that without laser annealing.The residual stress regions are destructively characterized
by introducing damage. The critical size of damage leading to fracture propagation for the mitigated sites without laser annealing
is in the range of 120∼230 𝜇m, and the corresponding critical size of damage for the mitigated sites with laser annealing is larger
than 600 𝜇m. According to the relationship between maximum damage size and critical stress, the residual stress without laser
annealing is in the range of 28–39MPa and the residual stress with laser annealing is less than 17 MPa. These results indicate that
the CO

2
laser-based annealing technique has a positive effect on the control of residual stress induced by CO

2
laser-based damage

mitigation.

1. Introduction

For the high-power UV laser systems, fused silica materials
are universally used to fabricate large aperture optics, such
as windows, lenses, gratings, and debris shields, but one of
the challenging issues for high-cost fused silica optics is laser-
induced damages [1, 2]. Although the fabrication techniques
of fused silica optics have been considerably improved, the
damage precursors are still present as defects produced
during the manufacturing process [3]. With a high-fluence
irradiation, these precursorsmay be initiated as laser damage,
and the damage will grow exponentially upon subsequent
laser shots and will result in excessive light scattering and
beammodulation, and finally it will lead to the failure of fused
silica optics [4].

Various techniques including chemical etch, plasma etch,
microflame torch, and CO

2
laser treatment have been devel-

oped to mitigate the growth of the surface damage, and the
most successful method at this time is the CO

2
laser treat-

ment to locally melt or evaporate the damage [5]. Upon the

working temperature and exposure time, there are two kinds
of CO

2
laser-based mitigation approaches, evaporative and

nonevaporative [6–10]. The nonevaporative approach works
at lower temperature for longer time and uses longer pulses
with lower peak power to heal the damagedmaterial via some
combination of material flow and thermal annealing. It has
the advantage of minimal surface perturbation or material
removal, no redeposited debris in or around the damage site,
and just needs a simple system setup [8–10].

The nonevaporative approach has been successfully appl-
ied to damaged sites with lateral dimensions less than 110 𝜇m
[8]. For the mitigation of larger damaged sites by nonevapo-
rative technique, one of the limits is the residual stress, which
may lead to that the cracks induced by the exposure of the
CO
2
beam or the high-fluence UV laser propagate away

from the mitigated damaged sites [6]. Therefore, an effective
control of the residual stress to an acceptable level is necessary
for the mitigation of larger damaged sites by the nonevapora-
tive approach. Jiang et al. reported that the nonevaporative
technique can be used to mitigate damaged sites with lateral
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(a) (b)

Figure 1: Typical micrographs of damage site before mitigation (a) and after mitigation (b) by CO
2
laser.

sizes as large as 400 𝜇m, but the high temperature annealing
by using an ovenmust be applied to relieve the residual stress
of the mitigated sites [11, 12].

In this paper, the nonevaporative approach is explored to
mitigate the damaged sites as large as 250𝜇m, and the inves-
tigation of the CO

2
laser-based annealing technique is con-

ducted to suppress the residual stress left on the surface of
fused silica optics for the mitigation of larger damaged sites
by the nonevaporative approach.

2. Experimental Details

The samples used in this study are polished UV-grade
Corning 7980 fused silica, 40mmsquare and 4mmthick.The
fused silica samples were lightly etched in the buffered
hydrofluoric (HF) acid solutions and then cleaned by deion-
ized water. Damaged sites with lateral size of about 250𝜇m
were created on the output surface of these blank samples by
using a frequency-tripled Nd:YAG laser (Saga) operating at
355 nm, 6.3 ns with a 1/e2 beam diameter of 800 𝜇m. Gener-
ally, damaged sites with smaller lateral size were first initiated
with higher laser fluence, and then subsequent laser shots
with lower fluencewere irradiated to increase the damage size
to about 250 𝜇m.

A commercial radio frequency power excited CO
2
laser

(Coherent GEM-100 L) with amaximumoutput power of 100
watt and power stability of ±3% was used to mitigate the
damaged sites of the fused silica samples.The spatial profile of
the CO

2
laser beam isGaussian, and a beam spot with a diam-

eter of 4.2mm at 1/e2 at the sample surface was obtained by
a ZnSe lens with a 20mm focal length for the mitigation of
the damaged sites. For mitigating the damaged sites with
diameter of 250 𝜇m, the damaged sites were first preheated
with low laser power of 13.7 watt for 30 seconds and then
irradiated by high power of 25.3 watt for 4 seconds. To
minimize the residual stress of the mitigated sites left on the
surface of fused silica sample, a variety of linear decreases in
power of theCO

2
laser from 19.7watt to 8.7wattwith different

exposure times were performed following the mitigation.
The morphology of mitigated sites was measured using a

Nikon-LV 100 optical microscope. The residual stress field of
mitigated sites was characterized with a photoelastic tool

(PTC-702). The method is based on the property of bire-
fringence under stress [13]. A critical damage size leading to
fracture propagation due to residual stress was applied to
precisely determine the amplitude of residual stress, and a
series of damaged sites with different lateral size in the range
from 100𝜇mto 1400 𝜇mwere introduced on the surface of the
residual stress zones around the mitigated sites by the
Nd:YAG laser operating at 355 nm.

Laser damage threshold measurements of the mitigated
sites and pristinematerials were performedwith a frequency-
tripled Nd:YAG laser (Saga), which delivers a pulse length of
6.3 ns at 355 nm with a diameter of 800𝜇m at 1/e2 at the
sample surface.The R-on-1 procedure was used to do damage
testing. In the R-on-1 test, a variety of fluences gradually
increased on each site, ten shots for each fluence, and the
measurement was stopped when the first damage occurred.
For each set of parameters, a series of sites were created and
analyzed, and the results given in this study are based on a
statistical analysis on the fused silica samples.

3. Results and Discussion

Figure 1 shows the typical micrographs of damage site before
mitigation and aftermitigation byCO

2
laser. Aftermitigation,

the damage site was effectively healed, and a central melt
zone was observed at the mitigated site. Generally, the CO

2

laser beam energy is intensively absorbed locally at the
damage site of fused silica sample, and this induces a rapid
temperature increase in the irradiation zone.Thermal expan-
sion in the irradiated region occurs with increasing tempera-
ture. Because the irradiated region is surrounded by the other
parts of the fused silica sample, the expansion of the heated
material induces compressive stress in the irradiated region.
As the material in the irradiated region heats up to a peak
temperature exceeding the glass transition temperature, the
material of damage site melted and healed, while the com-
pressive stress in the melt zone is completely relaxed and the
surrounding compressive stress decreases. After switching off
the CO

2
laser beam, a rapid thermal quench ensues.Themelt

zone of mitigated site can not completely relax the strained
material over the time that is shorter compared to struc-
tural relaxation time, and a structure corresponding to high
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Figure 2: (a) A typical image of a mitigated site observed by a photoelastic tool (PTC-702). (b) A typical image of fracture extending for the
introduced damage site at the location of the maximum retardance.

temperature is frozen at higher density, so the melt zone
is plastically deformed. After collective cooling of the fused
silica sample, the thermal expansion of the irradiated region
vanishes and the plastic deformation of the melt zone with
higher density remains, and the central melt zone undergoes
tensile stress [14–16].

The residual stress distribution of the mitigated site is
measured by a photoelastic tool (PTC-702). A light pattern
associated to the stress distribution is observed, and a maxi-
mum of phase retardance was around the mitigated site as
shown in Figure 2(a). According to the report of Gallais et al.
[13], the location of the maximum retardance is vulnerable to
damage initiation. And even worse, if a small damage site is
introduced at the location of the maximum retardance, the
residual stress may lead to that the cracks of the introduced
damage site propagate away as shown in Figure 2(b), which
causes a catastrophic failure of the fused silica optics. Thus,
the residual stress around the mitigated site must be sup-
pressed to avoid the destruction of the fused silica optics.

To effectively control the residual stress after damage
mitigation, the region of plastic deformation should be clearly
identified. The temperature distribution along the axis of the
mitigated site can be steadily calculated using a steady-state
approximation with the following equation [17]:

𝑇
𝑧 (𝑃, 𝑎, 𝑧) =

(1 − 𝑅) 𝑃

2𝑎𝑘√𝜋
(1 − 𝐸𝑟𝑓(

𝑧

𝑎
)) exp((𝑧

𝑎
)

2

) + 𝑇
0
,

(1)

where 𝑃 is the CO
2
laser power for damage mitigation, 𝑎 is

the 1/𝑒 laser beam radius, 𝑘 is the thermal conductivity, 𝑅 is
the reflectivity,𝑇

𝑧
(𝑃, 𝑎, 𝑧) is the temperature on the axis with

depth 𝑧 under the surface, and 𝑇
0
is the ambient room tem-

perature. Assuming 1 − 𝑅 = 0.85, 𝑘 = 0.02Wcm−1 K−1, 𝑎 =
1.5mm, and 𝑃 = 25.3W, the temperature distribution along
the axis of the mitigated site was achieved. During the 4-
second damage mitigation process, the fused silica materials
at high temperatures with relaxation time constant less than 4
seconds have sufficient time to approach the equilibrium state

corresponding to the thermodynamic temperature. Upon
quenching after switching off the CO

2
laser, the structures

of these materials at high temperatures are maintained at
the states that they reached at high temperatures due to the
extremely large cooling rate. According to the report of Zhao
et al. [18], the relaxation time constant of fused silica is 4
seconds for a temperature of 1581 K, and according to the cal-
culated result of the temperature distribution along the axis
duringmitigation process, the temperature of 1581 K locates at
the depth 𝑧 = 0.7mmunder the surface.Therefore, the mate-
rials in the irradiated region on the axis as deep as 0.7mm
are plastically deformed after collective cooling of the fused
silica sample.

If the cooling rate of the materials in the irradiated region
after damage mitigation is effectively slowed, the structures
of these materials that they reached high temperatures may
gradually change to the states corresponding to low thermo-
dynamic temperatures during the decrease of the tempera-
ture. Feit et al. reported [16] a linear ramp down of the CO

2

laser power following the damage mitigation can effectively
suppress the plastic deformation induced by the quenching,
and the more gradual the cooling, the smaller the plastic
deformation. A linear decrease of CO

2
laser power from

19.7 watt to 8.7 watt with different exposure times was
performed following the damage mitigation to minimize the
residual stress. Figure 3 shows the change of maximum
retardance around themitigated sites resulting from identical
heating but different exposure times of the linear ramp down
of the CO

2
laser power. The maximum retardance first

decreases abruptly with the increase of the exposure time and
then gradually changes to steady amplitude. A better fit to
the experimental data of the maximum retardance with
increasing exposure time was performed, and the equation
can be written as

𝑅 (𝑡) = 𝑅
0
+ 𝐴 × exp(−( 𝑡

𝜏
)

𝛽

) , (2)
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Figure 3:Themaximum retardancemeasured around themitigated
site as a function of the exposure times of the linear ramp down of
the CO

2
laser power.

where 𝑅(𝑡) is the maximum retardance with exposure time 𝑡
of the power ramp down, 𝑅

0
= (23.2 ± 0.3) nm is the maxi-

mum retardance without exposure of the power ramp down,
𝐴 = (13.0±0.7) nm is a time-independent constant, 𝜏 = (9.1±
1.5) s is the average relaxation time, and𝛽 = (0.61±0.08) is the
stretched exponential parameter.This formation is consistent
with the stretched exponential Kohlrausch-William-Watts
function for the structural relaxation of glass reported by
Scherer [19].

It is found that the maximum retardance with optimal
exposure time of the CO

2
laser power linear ramp down is

reduced (36 ± 3)% as compared to that without exposure of
the power ramp down. Thus, the residual stress around the
mitigated sites is effectively suppressed by the CO

2
laser-

based annealing with the power ramp down following the
damage mitigation. If there is an exact relation between the
retardance value and the residual stress level, we may pre-
cisely evaluate the change of the residual stress. But the
retardance is integrated over the thickness of the irradiated
region, and there is no direct proportionality between the
maximum retardance value and the residual stress level. To
precisely determine the amplitude of residual stress, a series
of damaged sites with different lateral size in the range from
100 𝜇m to 1400 𝜇mwere introduced on the locations of maxi-
mum retardance around the mitigated sites by Nd:YAG laser.
If the diameter of the damage site is larger than the critical
size, the residual stress will lead the fracture to extend. By
statistically analyzing the size of the damaged sites that will
propagate away due to the residual stress, the amplitude of
the residual stress can be exactly determined by the following
equation [15]:

𝜎
𝑐
=
𝐾
𝐼

√𝜋𝑙
, (3)

where 𝜎
𝑐
is the critical stress, 𝐾

𝐼
= 0.75MPam1/2 is the

fracture toughness of fused silica, and 𝑙 is the maximum flaw
length. The experimental results indicated that for mitigated

Table 1: Residual stress at the location of maximum retardance
without or with laser annealing.

Without annealing With annealing
Residual stress (MPa) 28 < 𝜎

𝑐
< 39 𝜎

𝑐
< 17
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Figure 4: Damage threshold of pristine material and mitigated sites
without and with laser annealing.

sites without CO
2
laser-based annealing the critical size of

damage leading to fracture propagation for themitigated sites
is in the range of 120∼230𝜇m and that for mitigated sites
with CO

2
laser-based annealing the corresponding critical

size of damage is larger than 600𝜇m. Calculated from (3), the
residual stress without and with CO

2
laser-based annealing is

obtained and shown in Table 1. It is found that the residual
stress is reduced dramatically after laser annealing.

The CO
2
laser-based nonevaporative mitigation tech-

nique has been used to enhance the laser-induced damage
threshold (LIDT), but the effect of laser annealing on the
LIDT of mitigated sites is not clear. The LIDT of pristine
material, mitigated sites without laser annealing, and miti-
gated sites with laser annealing were measured by Nd:YAG
laser operating at 355 nmand 6.3 ns, and the results are shown
in Figure 4. After laser annealing of mitigated sites, the LIDT
in the center of the mitigated site is better than that without
laser annealing and the LIDT of the 0% damage probability
with laser annealing is even 60% more than that of pristine
material. In addition, the LIDT at the location of maximum
retardance around the mitigated site keeps the level of the
pristine material. Thus, laser annealing after the CO

2
laser-

based nonevaporative mitigation technique can effectively
enhance the LIDT of damaged sites.

4. Conclusion

The CO
2
laser-based annealing technique for the nonevap-

orative mitigation of damaged sites as large as 250𝜇m was
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studied to limit the residual stress left in the surface of optics.
The annealing parameters were systematically taken into
account, and an annealing method by the linear decrease of
the CO

2
laser power following the end of the nonevaporative

mitigation effectively minimizes the residual stress. The
residual stresses of mitigated sites were characterized by the
photoelastic tool, and the change of themaximum retardance
around the mitigated sites follows a stretched exponential
equation, and the maximum retardance with optimal laser
annealing is reduced (36 ± 3)% compared to that without
laser annealing. The destructive characterization of residual
stresses by introducing a surface flaw to determine the critical
size leading to fracture propagation was performed. The
critical size is in the range of 120∼230 𝜇m without laser
annealing, and the corresponding critical size is larger than
600𝜇mwith laser annealing. According to the relationship of
maximumdamage size and critical stress, the residual stress is
less than 17MPa with laser annealing. The laser damage
measurement indicated that laser annealing can effectively
enhance the laser-induced damage threshold. These results
provide sufficient evidence that the CO

2
laser-based anneal-

ing technique has a positive effect on the control of residual
stressed induced by CO

2
laser-based damage mitigation.
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Evolution of oxygen deficiency centers (ODCs) on a fused silica surface irradiated using a 355 nm ultraviolet (UV) laser beam
in both vacuum and atmospheric conditions was quantitatively studied using photoluminescence and X-ray photoelectron
spectroscopy. When the fusedsilica surface was exposed to the UV laser in vacuum, the laser damage threshold was decreased
whereas the concentration of the ODCs was increased. For the fuse silica operated under the high power lasers, creation of ODCs
on their surface resulted from the UV laser irradiation, and this is more severe in a high vacuum. The laser fluence and/or laser
intensity have significant effects on the increase of the ODCs concentration.TheODCs can be effectively repaired using postoxygen
plasma treatment andUV laser irradiation in an excessive oxygen environment. Results also demonstrated that the “gain” and “loss”
of oxygen at the silica surface is a reversible and dynamic process.

1. Introduction

Silica optics operated in vacuumgenerally show a poor stabil-
ity when they are exposed to high-power laser systems. Some
common damage of the silica optics includes (a) thermal
damage when operated using the fundamental harmonic
(1𝜔) laser and (b) photoionization when operated using the
third harmonic (3𝜔) laser. It is generally accepted that the
silica optics can be safely performed below their damage
thresholds. However, surface damage easily occurs when the
optics are operated in vacuum, and their damage thresholds
are even lower than those measured at an atmospheric con-
dition.The phenomenon is correlated with oxygen deficiency
and has been widely investigated to elucidate the damage
mechanisms [1–6].

Some luminescent defects in the fused silica are well
known, for example, the oxygen deficiency centers (ODCs),
nonbridging oxygen hole centers (NBOHCs), the peroxy
radicals (PORs), and the singlet oxygen transition associated
with interstitial neutral molecular oxygen (O

2
), with their

emission bands at 2.7 eV (454 nm), 1.9 eV (650 nm), 2.2 eV,
and 1.2 eV, respectively [4–9].

A few researchers [10, 11] experimentally observed degra-
dation in performance of the silica optics and found the
oxygen deficiency centers (ODCs) on the surface of the silica
optics using photoluminescence (PL) analysis. However, they
did not provide the explanation of the detailed formation
mechanisms of the ODCs in the fused silica optics. So far,
evolution of the ODCs on the surface of the fused silica
irradiated by UV laser has been rarely reported.

To reduce the ODCs on the surface of the fused silica,
high temperature annealing of the fused silica for several
hours in oxygen atmosphere has generally been used [12,
13]. Ion beam etching has also been used to remove the
surface layer rich in defects in order to restore the damage
threshold of the fused silica [6]. As an important component
for high-power laser systems, the fused silica requires a high
quality surface finish; thus, the heat treatmentmethod at high
temperature is obviously not preferred. In this paper, two
methods have been applied to decrease the concentration of
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Figure 1: Arrangement of experimental system.

ODCs: (1) plasma treatment with low temperature oxygen
plasma and (2) irradiation using a pulse UV laser in a pure
oxygen atmosphere.

2. Experimental

The experimental system is schematically shown in Figure 1.
Laser irradiation experiments were conducted using an Nd-
YAG laser beamwith a frequency of 355 nm.The full width at
half maximum (FWHM) of the laser pulse was 7.5 ns, and the
laser repetition rate was 10Hz.

The fluence of the laser beam was adjusted by changing
the distance from sample surface to lens. Experimental sam-
ples of the fused silica (Schott Company) had a diameter of
35mm and a thickness of 5mm. A laser beamwas introduced
into the chamber with a based vacuum of about 10−3 Pa
achieved using a turbo pump and a mechanical roughing
pump. The surface damage was monitored in situ using a
CCD camera mounted on the chamber window. During
laser irradiation, the fluence, duration time, or laser dose
was changed. Some samples preexposed with laser beam in
vacuum chamber were reirradiated using pulsed UV laser
atmospheric conditions to clarify evolution processes of the
ODCs.

The point defects of the ODCs induced by the UV
laser preirradiation in the fused silica were characterized
by measuring the photoluminescence (PL) spectra using
a fluorescent spectrometer (F900, Edinburgh Instruments
Ltd.). The PL intensity is corresponding to the concentration
of theODCs. Spectra of the Si 2p, O 1s, andC 1s were obtained
usingX-ray photoelectron spectroscopy (XPS, ESCALAB250
system).TheX-ray sourcewas amonochromaticMgK

𝛼
beam

with an energy of 1253.6 eV. The Si : O ratios on the surfaces
of the silica optics under different irradiation conditions were
obtained from analysis of the XPS spectra.

Two methods have been proposed in this study to repair
preirradiated ODCs: (1) low temperature oxygen plasma
treatment and (2) pulsed UV laser treatment. During plasma
treatment, the chamber pressure was kept constant at 20 Pa
and preformed using a Harrick plasma (PDC-001, 10W). UV
laser treatment was conducted in atmospheric condition.

3. Results and Discussion

3.1. Effect of Laser Fluence. Figure 2 shows the emission
bands of typical PL spectra, which are centered at 2.7 eV
(about 452 nm) excited using a laser wavelength of 292 nm.
A peak centered at ∼452 nm is assigned to the ODCs. After
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Figure 2: PL intensityof fused silica irradiated with different laser
fluences and 30 laser pulses.

irradiation using UV laser at the fluences of 2 J/cm2 and
4 J/cm2 with 30 pulses, the PL peak intensity of theODCswas
increased from 1.78 to 1.91 and 3.11 (×104 counts), respectively.
TheODCs’ concentration has been increased after pulsedUV
laser irradiation in the vacuum [4, 5]. Moreover, the O : Si
ratios on the surface of the fused silica obtained from the XPS
analysis decreased after the laser irradiation. The O : Si ratio
of the unirradiated (i.e., original fused silica sample) 2 J/cm2
and 4 J/cm2 irradiated samples with 30 laser pulses, obtained
from XPS analysis, is 1.51, 1.34, and 1.32, respectively.

After the specimens were long-term (>20 hrs) irradiated
using a continuous wave (CW) laser with a wavelength of
355 nm and a power of 75mW in vacuum, there is little
increase of the PL peak intensity of the ODCs as shown in
Figure 3. Clearly, the CW-UV laser irradiation in vacuum has
little effect on concentration of the ODCs on surface of the
fused silica.

The ODCs and peroxy radicals (PORs) are the primary
defects on the surface of the fused silica after laser irradiation.
The Frenkel-type mechanism has been used to explain this
effect using the following [14, 15]:

≡Si–O–Si≡ → ≡Si–Si≡ + O
2 interstitial

(PORs and O
2
) .

(1)
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Table 1: Effects of ODCs reduction on silica surface using two treatment methods.

Treatment method Original After UV irradiation
in vacuum

Repaired with pulse UV
laser in excessive oxygen

Repaired with oxygen
plasma

PL peak intensity
of ODCs/count 4.55 × 10

4
6.25 × 10

4
3.51 × 10

4
3.51 × 10

4
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Figure 3: PL intensity and ratio (O : Si) of the silica optic samples as a
function of pulse number (with a laser beam intensity of 3.1 J/cm2).

The generated interstitial O
2
gas may escape from the

sample surface, resulting in oxygen vacancy and substoi-
chiometric silica. Compared with laser irradiation in the
atmospheric condition, the reactions (i.e., (1)) easily occur in
vacuum.After the interstitial O

2
was escaped from the sample

surface, a substoichiometric SiO
2
, that is, SiOx (0 < 𝑥 <

2), would form, which showed higher absorption levels and
accounted for the continued degradation of the silica optics
[4].

3.2. Effect of Laser Pulse Number. Figure 3 shows the effect
of laser pulse number on the PL peak intensity of the
ODCs. With the increase of pulse range from 1 to 1000, the
PL intensity increased with the laser doses. However, the
concentrations of the ODCs did not increase further when
the number of laser pulses was above 1000. The O : Si ratio
was obtained from the XPS data [4, 5] and the O : Si ratio
decreases with increase of the laser irradiation doses. It shows
that the formation rate of the ODCs (or the reaction shown
in (1)) decreases, due to the increase of the generated defects
and laser irradiation.

3.3. Reduction of ODCs. Figure 4 shows the changes of the
PL peaks after laser irradiation in vacuum (red shift) and
after plasma treatment, respectively, compared with those
of the original sample. Table 1 summarizes the results of
reduction of the ODCs using the two methods. From Table 1
and Figure 4, the PL intensity decreases after the plasma
treatment, indicating that the concentration of the ODCs has
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Figure 4: PL spectra of fused silica preirradiated in vacuum before
and after oxygen plasma treatment.

been recovered. Clearly both the methods can be successfully
used to repair the defects of the generation of ODCs.

For high quality SiO
𝑥
thin films, a PL peak was reported

to have red shifts with decreasing oxygen concentration [16]
and/or increasing the annealing temperature [17]. Such a red
shift was also observed in this study using the silica, when
its surface was exposed to nondamaging UV laser fluences in
a vacuum environment (as shown in Figures 2 and 4). The
close relationship between the luminescence signals and loss
of oxygen on the surface of the silica can be evidenced from
the observed back shift of the PL peak when the sample was
illuminated by pulsed or CW-UV laser [18] in the presence of
oxygen.

Above results showed that the “gain” and “loss” of oxygen
elements on the silica surface is a reversible and dynamic
process, which could reach a dynamic balance under a given
laser irradiation condition. Oxygen plasma treatment and
pulsed UV laser irradiation can decrease the ODCs and other
defects to recover the performance of the fused silica. Using
these methods, the lifetime of the fused silica optics used in
high-powerUV laser system can be prolongedwhen operated
in an oxygen atmosphere.

4. Conclusion

For the fuse silica operated under the high-power lasers,
creation of ODCs on their surface resulted from the UV laser
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irradiation, and this is more severe in a high vacuum. The
laser fluence and/or laser intensity have significant effects on
the increase of the ODCs concentration. The ODCs can be
effectively repaired using postoxygen plasma treatment and
UV laser irradiation in an excessive oxygen environment.
Results also demonstrated that the “gain” and “loss” of oxygen
at the silica surface is a reversible and dynamic process.
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An experimental apparatus was built to study the effects of liquid-solid impact on laser cladding processing specimens of 17-4PH
stainless steel material in the present investigation. Then the result of specimens without laser surface process was compared.
The impact effect on the specimens was observed using the three-dimensional digital microscope. The depth of laser cladding
and substrate material caused by liquid droplet impact was studied in detail and measured. The accuracy and reliability of the
experimental system and computing methods were also verified. The depth of the impact area of laser cladding specimens was
distributed in the range of 0.5–1.5 𝜇mwhile the 17-4PH groupwas distributed in the range of 2.5–3.5 𝜇m. In contrast with specimens
without laser surface processing, the material processed by laser cladding has significantly higher resistance to water erosion.

1. Introduction

In the condensing steam turbines of nuclear power plants and
thermal power units, wet steam flow causes the erosion of
the last stage blades and may cause considerable damage to
the turbine. The reliability of turbines decreases over time
and makes their lifetime shorter because of water erosion [1–
3]. A number of experimental and theoretical investigations
have been carried out to find a solution for controlling and
curbing the bad effects of erosion. The antierosion measures
can be divided into passive and objective methods. Varieties
of dehumidification equipment have been adopted such as
stator blade suction devices and humidity-removing stages
to reduce the amount of droplets actively. Passive methods
mainly include choosing the erosion resistance materials,
strengthening the bucket exit edge, and using the protective
coating to ensure the blades against eroding by water during
normal working life, even after long-term water erosion
from harming blade. Passive protection is the main method
currently used by the world’s major companies [4–8].

17-4PHmaterial has been widely used in themanufacture
of LP (low pressure) blades of steam turbine. And laser
hardening of the last stage blades of steam turbine has been
carried out to reduce the water erosion. As a passive protec-
tion technology, laser cladding surface treatment method is a
relatively new technology [9–11]. In this paper, the dynamic
stress response of laser cladding and ordinary 17-4PH speci-
mens impacted by liquid droplet were investigated.The depth
of pits caused by liquid droplet impact was measured, and
the dimensions of damage area were recorded and analyzed
statistically. It will provide the basis reference about surface
treatment processing of last stage blades of steam turbine.

2. Experimental Test System

In this test system, a high speed impactor was developed.
High pressure gas was employed to push piston and projectile
supplied by detonating explosive in TypeNS-603Nail Ejector.
Then a nylon rod is accelerated by the piston. The process of
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Figure 1: Schematic diagram of the test system.
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Figure 2: The photo of the experimental setup.

Installation position of specimen

Figure 3: Specimen holder.

high speed impact between nylon rod and nylon plug results
in high speed water droplets.The shape and location of water
were obtained via high speed camera MEMRECAM FX-K3
with the speed of 104 frames/s.

According to the droplets velocity calibration, the speed
of droplets produced by the test system can reach up to
600m/s or more.The dimension of explosive chamber varies

Table 1: Material parameters of solid.
Material parameter Value
Mass density 7820 kg/m3

Tensile strength 1000MPa
Poisson’s ratio 0.272
Yield strength 945MPa
Tangent modulus 7.74GPa

Cladding layer

Laser cladding specimen  17‐4PH specimen 

Figure 4: Photo of the specimens.

with piston positions to obtain different velocity. Figures 1
and 2 show the photo and the schematic diagram of the test
system. Figure 3 is the specimen holder.

During the test, the nylon rod was placed in the barrel,
and the nylon plug was inserted in the nozzle inlet section. To
ensure the sealing of the nozzle chamber, the nylon plug shall
be applied with a certain number of Vaseline. The water was
injected via a microsyringe from another side of the nozzle.
Then the specimen was installed to the striking position
together with the fixture. The ejector and its carriage were
then fixed on the test bench by two bolts on both sides of the
nail. The last step of the preparation work was covering the
impact area with a bulletproof shield. After impact, the speci-
men should be cleaned and preserved before further analysis.

In this paper, the basematerial of laser cladding is 17-4PH
stainless steel, whose parameters are listed in Table 1.
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Figure 7: Two pictures taken at intervals of 10−4 s.
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Figure 8: Effects of 30 times sharpening in Figure 7.
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Figure 9: Picture for statistical results of jet frontier.

The material samples were processed into cuboids with
the dimension of 35mm × 15mm × 5mm. Since the surface
treatment layer on the specimen is relatively thin, only a
slight degree of surface polishing has been carried out. Then
the specimens with the cotton ball dipped in ethanol were
cleaned before and after the impact test. Figure 4 shows the
specimens before the test. During the test, they were installed
on the special fixture which fixed vertically 10mm away from
the nozzle.

3. Method of Calculating Droplets Velocity

The MEMRECAM FX K3 high speed camera was used to
capture the motion state of the droplets. The boundary of
droplets captured by the camera is not very clear. However,
knowing the position of jet frontier in two pictures is the only
way to obtain the droplets velocity. So it is necessary to
process the high speed photographs.

Firstly, the background of two adjacent pictures is almost
the same.The only difference is the shape and the position of
the jet.

On test data with 104 frames, the resolving power of the
instrument is 640 × 96. For each processed picture, the
obtained RGB image is actually a 𝑀 × 𝑁 × 3 matrix. Each
point (𝑥, 𝑦) in the two-dimensional picture and its color can
be expressed as a color vector composed of RGB components:

𝐶
(𝑥,𝑦)
= (𝑟, 𝑔, 𝑏) . (1)
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Figure 10: Distribution of the filtered𝑅with the horizontal position
of the image.

From the difference between the pixels coding of the binary
image of the block of present frame and that of previous
frame, the following can be obtained:

Δ𝐶
(𝑥,𝑦)
=

{{

{{

{

𝐶
(𝑛+1)

(𝑥,𝑦)
− 𝐶
(𝑛)

(𝑥,𝑦)
, 𝐶
(𝑛+1)

(𝑥,𝑦)
− 𝐶
(𝑛)

(𝑥,𝑦)
> 0,

0, 𝐶
(𝑛+1)

(𝑥,𝑦)
− 𝐶
(𝑛)

(𝑥,𝑦)
≤ 0.

(2)
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Figure 11: Distribution of the filtered 𝑅 with the horizontal position of the image.
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Figure 12: The VHX-600 digital microscope.

Thus an image formed by color difference of the two pictures
emerges. Figure 6 shows the two pictures taken at intervals of
10
−4 s.
This paper performed image sharpening to the differen-

tial chart. Figure 6 is the difference between Figures 5(a) and
5(b) after 30 times sharpening. It is clear that a region emerges
where white color centered.

To get the velocity, the picture at next frame of Figure 5(b)
should be introduced, which is shown in Figure 7(b). For
better comparison, frame of Figure 5(b) is also shown in Fig-
ure 7, that is, Figure 7(a).

In order to reduce the noise signal, a figure of the differ-
ence of their absolute values is obtained by using the follow-
ing methods:

|Δ| 𝐶(𝑥,𝑦) =


𝐶
(𝑛+1)

(𝑥,𝑦)
− 𝐶
(𝑛)

(𝑥,𝑦)


. (3)

A vector 𝑅
(𝑥,𝑦)

generated by the subtraction of Δ𝐶
(𝑥,𝑦)

and
|Δ|𝐶
(𝑥,𝑦)

will reduce the noise in the environment to its
minimum level.

And the differential chart (see Figure 9) generated from
Figure 8 can be in almost perfect profile.

In order to obtain the position of the jet frontier, further
statistical processing of the image is needed. A real matrix 𝑅
is generated from the 2-norm of three elements of the 𝑅(𝑥, 𝑦)
vector by taking 𝑥 as the column and 𝑦 as the row. Figure 10
can be obtained by summing each column of the matrix and
normalizing the results.

In order to obtain the relationship between the pixel and
the actual size, we also require a conversion unit of length.
For this reason, a ruler placed in the same position with the
jet was photographed with the same resolution.

From Figures 5–9, we learn that the actual 1mm occu-
pies 3.6 pixels length. Thus the velocity of the jet can
be calculated easily. Taking Figure 11(a) and the adjacent
frame of Figure 11(b) as example, their lateral attitudes are,
respectively, 433 and 219.

According to the “3.6 pixels = 1mm” conclusion, the
initial droplets velocity used in this experiment is

Vjet =
433 − 219

3.6
×
10
−3

10−4
= 594m/s. (4)

The liquid droplets velocity in the air is gradually reduced
with the distance and the designed distance between the
specimen and the export is only 10mm, so it is reliable to
estimate 600m/s as the droplets velocity.

4. Experimental Results and Analysis

The VHX-600 digital microscope (see Figure 12) is used to
measure the three-dimensional profile of the sample before
and after high speed liquid impact. Through an advanced
zoom lens design and integrated setup, the microscopes are
able to achieve a 20-time greater depth-of-field comparing
with a typical optical microscope.This allows specimens with
large variations in surface topography to be focused and
accurately observed in a single image.
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Figure 13: 500 times magnification of two specimens after impact.
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Figure 14: Schematic diagram of principle of measuring the impact
pits.

During the observation, vertical movement of the micro-
scope lens is controlled by a computer. Current image
captured by the lens after a tiny step length is transferred into
the computer through high resolution CCD to process. The
scene is identified from the focal length plane of the image
by a program.When the lens driven by the step motor moves
to a preset height, the focal length plane of the microscope
just fall the scope of the field with certain depth to observe.
The images obtained on the focal length plane of all steps
are composted to get the three-dimensional surface of the
corresponding area.

Figure 13 shows 500-timemagnification of two specimens
after impact. Three-dimensional scanning of the impact
area is shown in Figure 15. In order to prevent the surface
treatment layer from wearing away, the specimens were
polished slightly. Therefore, it is difficult to distinguish the
impact area visually. However, the phenomenon in the depth
cloud map of specimens (see Figure 15) appears to be very
obvious.The damage pattern observed after liquid impact on
the specimen is typically a series of discrete cracks around or
deviates from the central zone.

The presence of surface roughness cannot be ignored
whatever the extent of polishing. Thus the surface roughness
must be considered when calculating the pit depth. Figure 14

is the schematic diagramof principle ofmeasuring the impact
pits. It describes the changes in the surfacemorphology of the
sample before and after impact intuitively. Before the test, the
surface profile from top to the bottom in the height direction
of each specimen is measured for 3 times. Then we obtain
their integral mean values and make them as average height
(𝐻
𝑎
) of materials before impact.
Use 𝐻

𝑑
which represents the height difference of the

impact zone. Considering that the impact of droplets is a
region rather than a point, we need to obtain the average
height of the impact zone (𝐻

𝑑2
). Then𝐻

𝑑
can be obtained by

subtracting𝐻
𝑑2
from the overall maximum height difference

(𝐻
𝑑1
) as shown in

𝐻
𝑑
= 𝐻
𝑑1
− 𝐻
𝑑2
. (5)

At last, the average pit depth can be obtained by subtract-
ing𝐻

𝑎
from𝐻

𝑑
:

𝐷 = 𝐻
𝑑
− 𝐻
𝑎
= 𝐻
𝑑1
− 𝐻
𝑑2
− 𝐻
𝑎
. (6)

𝐻
𝑎
is introduced to avoid the effects of surface roughness

and has already been obtained before the test. 𝐻
𝑑1

is the
maximum value in the depth cloud map of specimens
impacted by high speed droplets.𝐻

𝑑2
can be obtained by cal-

culating themean value of selected numbers from the surface
elevation curves of specimens after impact. Thus, the relative
accurate impact pit depth can be obtained by the above-
mentioned equations.

The impact region is relatively small and impurities exist
in the steel itself, which may affect the results. In order to
make the results more convincing, each group includes 6
specimens.

The region of impact can be distinguished by observing
the three-dimensional scanning area. For the laser cladding
specimens, the maximum relative depth of the specimens
after being impacted is 6.4 𝜇m with the minimum depth
being 4.1 𝜇m. Since the surface is not polished to a mirror
effect and the droplets are distracted before impact, the
maximum depth value is not worth too much. In order to
prove our judgment, amplitude distribution curves of visual
field after impact should be obtained before comparing the
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Figure 15: Depth cloudmap of laser cladding specimens impacted by high speed droplets: (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5,
and (f) case 6.

effect of impact. Figure 16 is surface elevation curves plotted
from the data acquired from left to right along the depth cloud
map. The black, red, and blue lines are in order drawn from
the upper, middle, and lower portions of the data in Figure 15.

For laser cladding specimen, it is obvious that the red and
black curves are significantly lower in the left part than in the
right part. Meanwhile it is seen that regions in deep color are
relatively deeper from the charts of Figure 15. This result is
consistent with the observation, and therefore we can select
data corresponding to the region to calculate the average
depth of the surface after impact. Based on the calculation

methods in this paper, we get the results of laser specimens.
The depth of the impact area of laser cladding distribute in
0.5–1.5 𝜇m. This material shows strong resistance to water
erosion in such high speed droplet impact case.

As seen from Figure 17, the maximum relative depth of
the 17-4PH specimens after being impacted is 10.6 𝜇m with
the minimum depth being 7.6 𝜇m. Despite the fact that the
impact marks in the depth cloud map are not obvious, they
have relatively large impact depth than that of laser cladding
specimens. As the 17-4PH surface is not coated, the extent of
surface polishing is relatively high.The impact regions appear
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Figure 16: Surface elevation curves of laser cladding specimens after impact: (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5, and (f) case 6.
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Figure 17: Depth cloud map of 17-4PH specimens impacted by high speed water droplets: (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case
5, and (f) case 6.

to be more dispersing.Through more detailed selection from
the curves, the average depth of the surface after impact is
obtained.

Based on the calculating methods and Figure 18, the
calculated depth of the impact area of 17-4PH distributes
in 2.5–3.5 𝜇m. By comparing the depth cloud map and the
surface elevation curves of these two specimens, it can be
concluded that both the depth cloud map and the surface

elevation curves show that the impact depth of laser cladding
specimen is much shallower.

A frequency distribution diagram that contained all
results of the specimens is shown in Figure 19.The frequency
distribution diagram is clearly indicating that the surface
property of the material becomes more stable after laser
cladding surface treatment.Therefore, a conclusion is reached
that the laser cladding surface processing method is much
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Figure 18: Surface elevation curves of 17-4PH specimens after impact: (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5, and (f) case 6.
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Figure 19: Frequency distribution diagram of impact depth.

better than ordinary bladematerial in terms of improving the
blade material resistant to water erosion.

5. Conclusions

This paper compared and discussed the performance of
erosion resistance between laser cladding and ordinary 17-
4PHmaterials through high speed liquid-solid impact exper-
iment. The result of the experiment showed that the average
depth of the impact area for the laser cladding specimen
is shallower than that of 17-4PH specimen, which indicates
that laser cladding surface processing method is much better
in terms of improving the blade material resistant to water
erosion.

The accuracy and reliability of the self-designed experi-
mental systems and computing solutions are demonstrated
by carrying this test. The research method and results have
realistic and guiding significance to the selection of water
erosion resistant method for the final stage blade of steam
turbine.
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This paper represents the efforts to achieve the laser cleaning process of low carbon steel alloys AISI1005 andAISI1012 with 0.65mm
and 1mm thickness, respectively. The cleaning experiments were performed with a Q-switched Nd:YAG nanosecond laser at
wavelengths of 1064 nm and 532 nm. The parameters that have been selected for the present work are peak power which varies
as 5, 15, 30, 40, and 50MW and pulse repetition rate which varies from 1 to 6Hz by 1Hz increment. Effects of these parameters on
the microstructure and the mechanical properties of the two alloys have been realized. Also predicted results of analytical model
regarding the depth were compared with the experimental results which show a good agreement between both.

1. Introduction

Laser cleaning is considered to be the process which is in
possession of big effects in cleaning processes in the near
future and it has become a real alternative to mechanical and
chemical techniques to remove contaminants from a large set
of materials which are environmentally costly [1].

Laser cleaning has been considered as a promising tech-
nique to directly ablate contaminants without altering or
affecting bulk properties in numerous applications [2]. Com-
pared to conventionalmechanical or chemical methods, laser
techniques have the benefit of a versatile and selective pro-
cess of removing specific substances using appropriate laser
parameters, such as wavelength, frequency, and intensity [3].

The one-dimensional temperature rise in the sheet is
described by the following [4]:

Δ𝑇 (𝑧, 𝑡)

=
1

𝐾
𝑚

√
𝐷
𝑚

𝜋
{ ∫

𝑡

0

𝐼𝑎 (𝑡 − 𝜏)
𝑒
−𝑧
2

(4𝐷
𝑚
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√𝜏
𝑑𝜏

+

∞

∑

𝑛−1

∫

𝑡

0
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[𝑒
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(1)

where

Δ𝑇 (𝑧, 𝑡) =
2𝐹

√𝜋𝐾
𝑚

𝜌
𝑚

𝐶
𝑚

𝑡
(2)

𝐼𝑎 (𝑡) = (1 − 𝑅) 𝐼𝑙 (𝑡) , (3)

where 𝑧 represents the removed depth (𝜇m); 𝑡 is the interac-
tion time (sec); 𝜏 is the integration variable (sec); 𝑛 is an
integer number for simulation; 𝐾

𝑚
is the thermal conduc-

tivity of the metal (W/m⋅
∘k); (𝐷

𝑚
= 𝐾
𝑚

/𝜌
𝑚

⋅ 𝐶
𝑚

) [4] is the
diffusivity of the metal (m2/s); 𝜌

𝑚
is the density of the metal

(Kg/m3); 𝐶
𝑚
is the specific heat of the metal (J/Kg⋅

∘k); 𝐼
𝑎
(𝑡)

is the absorption intensity (W/m2); 𝐹 represents the fluence
(J/m2); 𝐼𝑙(𝑡) is the incident laser intensity; and𝑅 is the reflecti-
vity of the contaminant layer; since rust and lubricant are
oblique materials, then their transitivity equals zero; as a
result (1 − 𝑅) = 𝐴 [4].

Equation (1) represents the method to simulate the
removed depth analytically. Lasers can remove unwanted
layers that conventional techniques cannot remove safely [5].
Ahn et al. showed that a near-infrared (NIR) laser pulse pro-
vides an effective tool for removing lubricants from carbon
steel surfaces [6]. Such a unique case of technological and
methodological processes was entirely determined by the sci-
entific contribution provided by various research institutions
[7].
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Figure 1: Removed depth at different peak powers, wavelengths of
1064 and 532, and PRR of 4Hz for AISI1012 and AISI1005.

2. Experimental Details

The laser beam is delivered using an optical fiber. The laser
spot for this work was fixed on the sample surface at 2mm in
diameter which is focused perpendicularly on the surface of
20 × 20mm2 in area.The steel plates were covered with a thin
film of contaminant layer (rust and lubricant).

Processed samples were examined with optical micro-
scope(OM) of (200x) which is beside its main job to examine
the microstructure of the samples, the (OM) is measured
experimentally the removed depth of ablation by using the
circular ruler in the side of this device which its scale
in micrometer. Roughness tester was used to distinguish
between the average roughness (Ra) before and after laser
cleaning process; microhardness tester was used to examine
the effects on the mechanical properties of the base metal
surface; UV-VIS-NIR spectrophotometer was used to show
the absorptivity of the contaminant layer [𝐴 is the absorp-
tivity of the contamination which has value of (𝐴 = 0.89)
that was measured experimentally] on both metals to both
wavelengths of the laser system of this work, and SEM was
used to experiment the microstructure of the samples after
being irradiated by laser beam to check for the existence of
laser cleaning effect.

3. Simulation Results

The present computer model agreed well with experimental
in most situations, where the depth of ablation in both
experimental and computational results was approximately
similar inmost cases as shown in Figures 1 and 2. As shown in
these figures, the removed depth increased with the increase
of both pulse repetition rate and peak power. The process of
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Figure 2: Removed depth at different PRR, wavelengths of 1064 and
532, and peak power of 40MW for AISI1012 and AISI1005.

removing reached a reasonable value at PRR of 4Hz and 𝑃
𝑝

of 40MW.

4. Experimental Results

4.1. Peak Power Effect. Laser ablation threshold is defined as
the minimum fluence value at which there is a detectable
removal of matter (contaminant layer) from the surface of a
metal subjected to laser irradiation [8]. In this sense, peak
power effect, which is closely connected to laser cleaning
efficiency, plays a key role on surface processing quality.

Figure 3 displays scanning electron microscope (SEM)
image of processing results at the optimum values of peak
power and pulse repetition rate of 40MW and 4Hz, respec-
tively, while Figure 4 represents the optical microscope (OM)
image of processing results at optimum value of peak power
and pulse repetition rate of 40MW and 4Hz, respectively.

The surface roughness of processed low carbon steel
(L.C.S.) substrates is illustrated in Figure 5. The roughness at
a low laser peak power is high due to the existence of uneven
processing residues. Once the laser peak power reaches
15MW, surface roughness starts to decrease.This reveals that
a high laser peak power provides effective elimination of
residues for a thin layer of contaminant (in 𝜇m). Control
experiments show that Nd:YAG laser ablation offers full
cleaning with reasonable surface roughness due to substrate
free damage.

The microhardness of the base metals is 350HV for
AISI 1005 and 108HV for AISI 1012. As shown in Figure 6,
the microhardness of cleaned samples is rather increased
as the laser peak power increases. This indicates that the
contaminant layer is removed efficiently from L.C.S. plates
through a thermal decomposition process.
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Figure 3: SEM image 1000x at 𝑃
𝑝
40MW and PRR 4Hz.

Figure 4: OM image 200x at PRR = 4Hz; 𝑃
𝑝

= 40M.

Figure 7 represents the relationship between the depth
and 𝑃

𝑝
at PRR of 4Hz for AISI 1012 and AISI 1005 at 1064

and 532 nm.

4.2. Pulse Repetition Rate (PRR) Effect. Q-switched nanosec-
ond pulsed laser has a benefit in the cleaning process, since
no heat load into the bulk of the material has been affected
during the pulse [9].

When the PRR has been increased, removal depth has
also increased as shown in Figure 8.

In this research, the values of (P.R.R.) were measured
at 1 second in all experiments. To facilitate the theoretical
analyses and to Unification the experiments process.

An important observation can be seen in Figure 9; that is,
in the experiments of this study, when the pulse repetition
rate is 4Hz the optimum value was found, at which the
microhardness did not exceed the reasonable value; at the
same time other base metal mechanical properties such as
roughness (Figure 10) explained that surface roughness was
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Figure 6: Variation of microhardness as a function of 𝑃
𝑝
at PRR

4Hz.

decreased during the cleaning process. It was also found that
by changing the number of laser pulses and the value of
energy density the roughness of the cleaned surface can be
changed [10].

The scanning electron microscope (SEM) (Figure 3) and
the optical microscope (OM) (Figure 4) show the effects at
the optimum values of 𝑃

𝑝
(40MW) and PRR (4Hz). From

Figures 3 and 4, also the experiment at 𝑃
𝑝
of 40MWand PRR

of 4Hz shows an acceptable cleaning effect that is related to
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goodmatching between cleaning process and unaffected base
metal properties.

4.3. Wavelength Effect. In this research, experiments showed
in the process supported by analytical calculations that there
is no substantial difference or significant impact on mineral
specimens when using the laser wavelength 1064 nm or 532.

The influence of wavelength on the cleaning efficiency
can be ascribed to two aspects. First, the substrate absorption
coefficient of laser light is different for different wavelengths.
Second, the interaction of laser light with contaminant layer
results in localized light intensity near the contaminant layer-
substrate contacting area, which is highly related to the
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wavelength and contaminant layer thickness. Nd:YAG laser
with fundamental wavelength of 1064 nm and its second
harmonic wavelength of 532 nm has a significant effect of
cleaning process for the metal samples from lubricant and
rust, this is returned to the high absorptivity of lubricant and
rust for these wavelengths [11]. Infrared radiation at 1064 nm
with ns pulse duration emitted from a Q-switched Nd:YAG
laser was found to be able to remove rust layer products from
low carbon steel plates with quite satisfactory results [12].
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Figure 11: Photographic image of workpiece.

5. Discussion

In Figures 1 and 2, comparison between the theoretical
and experimental removed depth of AISI1012 and AISI1005
samples at different peak power (𝑃

𝑝
) and pulse repetition rate

(PRR), respectively, was shown for bothwavelengths 1064 nm
and 532 nm. There are no big differences in the results
between them. This is due to the fact that the absorption
coefficient of the contaminant layer is the same for bothwave-
lengths; as a result, the cleaning process effect has the same
behavior for both wavelengths.

Themechanical and optical investigations show that𝑃
𝑝
of

40MW and PRR of 4Hz are the optimum values for cleaning
process since the mechanical and microstructure properties
of the base metal surfaces were unaffected, as it is clear from
microhardness, roughness, optical microscope and scanning
electron microscope tests.

Increasing the laser peak power and the PRR shows more
removal depth and consequently the other side effects were
increased too, since it will affect the base metal surface as
shown in Figure 11, where the green and yellow color zones
show black due to the high power. Partial blackness results of
high PRR were also shown in Figure 11. Optimum conditions
have been taken according to best cleaning effects without
affecting the base metal surface.

The efficiency of the cleaning process using a Q-switched
Nd:YAG laser came from the high absorbance (𝐴 = 0.89)
of the layer of contaminants (rust and grease) for both
wavelengths of the Nd:YAG laser.

The average surface roughness of contaminant layer is
(𝑅ave = 3.5), while the average surface roughness of themetals
is (𝑅ave = 2). The difference between (𝑅avg.) of the con-
taminant layer and metal surface makes the absorptivity of
contaminant layer higher than that of base metal surface;
therefore laser cleaning process will be clear on a layer of
pollutants. They absorb this beam at pulse duration of 10 ns
of the laser beam; due to this duration the impact of radiation
did not affect the base metal surface.

In addition to that the melting point of these pollutants is
much less than themelting point ofmetals, as a result the con-
taminants layer have completely removed without damag-
ing the surface of the metal base, this is accord according
to the optimum values for each of the peak power and pulse
repetition rate.

6. Conclusions

The results show that it is possible to control the depth of the
laser cleaning area by precisely controlling the laser output
parameters. As the number of pulses increases; the depth of
removal layer increases too [13].

In all cases of the present study, a removal layer of the
contaminants from the surface of the samples varies depend-
ing on the real interaction time. Particularly in this work
the microstructures of the base metals remain unchanged in
overall cases as shown in SEM test.

Microhardness tests show that for AISI 1005 microhard-
ness increasing with percentage is about 4% and for AISI
1012 microhardness increasing with percentage is about 13%;
an increment in microhardness for optimum laser cleaning
condition (𝑃

𝑝
40MW, PRR 4Hz) is acceptable in comparison

to the total scale of HV which is 1000HV for carbon steel
alloys. So, it can be said that there were almost no effects
in microhardness values during laser cleaning process. The
optimization of all parameters is essential in defining the best
laser cleaning conditions for each case [14].With nanosecond
laser pulses, better cleaning quality was achieved when
high laser fluence (below substrate damage threshold) were
applied [15, 16].

The computational results show the same behavior of the
experimental work.
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First-principles calculations within density functional theory have been performed to investigate the behaviors of helium in 𝛼-
zirconium.Themost favorable interstitial site for He in 𝛼-Zr is not an ordinary tetrahedral or octahedral site, but a basal octahedral
site with a formation energy as low as 2.40 eV. The formation energy reduces to 1.25 eV in the presence of preexisting vacancies.
The analysis on the density of states and the charge density has been carried out. In addition, the influences of He and small He-V
complexes on the elastic properties have been studied. The He-V complexes have been found to greatly affect the elastic properties
compared with He alone.

1. Introduction

During service lifetime of materials used in nuclear energy
systems, the impact of helium has been considered as a
critical issue. Helium is almost insoluble in metals due to
its inert reactivity with other elements. Once introduced, it
can hardly be outgassed and will have profound deleterious
effects on the microstructures and mechanical properties.
Helium has been a topic of sustained interest during the past
several decades for both nuclear material engineering and
fundamental research. In particular, numerous experimental
and theoretical studies have been dedicated to addressing the
properties of He in metals such as Ti [1, 2], Fe [3, 4], and
W [5, 6]. It is known to affect the nucleation and growth of
voids in metals, causing noticeable dimensional changes and
significant hardening [7–10].

Zirconiumand its alloys arewidely used in tritium storage
[11–13] and nuclear fission energy systems [14–18] owing
to their high tritium storage density, low thermal neutron
absorption cross-section, good aqueous corrosion resistance,
and favorable mechanical properties. And they are believed
to have some potential uses in future fusion applications

[19]. Under these application conditions, helium can be
introduced by three principal ways: tritium 𝛽 decay, (n, 𝛼)
reactions, and direct He-ion implantation [20]. The tritium
stored in zirconium can decay to helium by 𝛽 decay in the
following nuclear equation: 3

1
T → 3

2
He
+

+ e− + V
𝑒
. In fission

reactors, because of theNi doped in zirconium alloy and the B
doped in the primary-loop water, the neutron flux may cause
generation of helium either by (a) the two-step reaction with
58Ni(n, 𝛾) and 59Ni(n, 𝛾) or by (b) the 10B + n → 7Li + 𝛼
reaction [21]. In fusion reactors, He++ andHe+ ions produced
in the plasma can directly implant into materials.

However, as far as we know, only a few studies have
been centered on the influences of He on Zr, mainly some
experimental works on the surface phenomenology [22, 23]
and He bubble formation [12, 24]. It is found that helium
can easily form bubbles and these bubbles preferentially
distribute in grain boundaries and dislocations. For direct
He-ion implantation, blisters, even exfoliations, are evident
at a critical dose [22, 23].

The pioneering theoretical study by Koroteev et al. [25]
gives us a better understanding on the structure stability
and electronic properties of the Zr-He system. However,
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Table 1: Experimental and calculated lattice constants (Å) for 𝛼-Zr.

𝑎 𝑐/𝑎

This work 3.231 1.600
PW91/PAW [30] 3.213 1.605
PW91/UPP [31] 3.23 1.604
PW91/UPP [32] 3.223 1.606
Exp. [33] 3.23 1.593

their calculations were performed in a rather small system
containing only two Zr atoms and one He atom, which
corresponds to an extremely high helium concentration. As
we know, the stability of self-interstitial atom in 𝛼-Zr is
strongly affected by the system size [26–29]. So, it is necessary
to further their studies concerning a larger system size.

In the present paper, through first-principles calculations
we reported helium’s behavior in 𝛼-Zr by focusing on the
relative stabilities of single He defects, the electronic proper-
ties of He atom, and its nearest-neighbor Zr (NN-Zr) atom.
We also studied the changes of elastic properties due to the
introduction of He atoms and vacancies.

2. Computational Method

Thepresent calculationswere carried out usingCASTEP [39].
Ultrasoft pseudo potential (USPP) [40] with a consistent
cutoff energy of 450 eV based on density functional theory
(DFT) was used. The Perdew, Burke, and Ernzerhof (PBE)
form [41] of generalized gradient approximation (GGA) was
applied as the exchange-correlation potential since it has been
suggested by Domain et al. [31] that GGA performs better
than the local density approximation (LDA) to describe the
exchange-correlation functional of Zr.

During the relaxations, the Brillouin zone (BZ) integra-
tion was achieved using a cold smearing scheme (Methfessel-
Paxton), with a smearing of sigma = 0.1 eV. BZ sampling was
performed using theMonkhorst-Pack scheme, with a k-point
spacing as close as possible to 0.030 Å−1 (i.e., 4 × 4 × 3 k-point
meshes for a 36-atom supercell and 4 × 4 × 2 k-point meshes
for a 54-atom supercell). The supercells were optimized
using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) [42]
algorithm allowing both atomic positions and the lattice
parameters to relax. The energy convergence criterion for
self-consistent calculations was set as 1 × 10−6 eV. The criteria
for ionic energy minimization were set as energy derivative
<1 × 10−5 eV/atom, forces on individual atoms <0.01 eV Å−1,
displacement of atoms derivative <0.001 Å, and stress com-
ponent on cell <0.05GPa. The criteria for the calculation
of elastic constants were set as energy derivative <2 ×
10−6 eV/atom, forces on individual atoms <0.006 eV Å−1, and
displacement of atoms derivative<2× 10−4 Å.The parameters
selected above ensure the convergence of formation energies
within 0.001 eV/atom. Spin polarization is not considered in
all the calculations for the sake of time; our future work will
involve it.

BT

O
T

S

BO

Figure 1: Five crystallographically unique interstitial sites in 𝛼-
zirconium (hcp structure), where the pink spheres are the hcp lattice
sites and the red ones are labeled as octahedral (O), basal octahedral
(BO), tetrahedral (T), basal tetrahedral (BT), and substitutional (S)
sites, respectively.

The defect formation energy is defined as

𝐸
𝑓

defect = 𝐸𝑚Zr,He − 𝑚𝐸Zr − 𝐸He, (1)

where 𝐸
𝑚Zr,He is the total energy of an optimized supercell

containing 𝑚 Zr atoms and one He atom, 𝐸Zr is the energy
per Zr atom in optimized crystal, and 𝐸He is the energy of an
isolated He atom.

3. Computational Results

3.1. Structural Stability. We first investigate the lattice con-
stants of an 𝛼-Zr crystal and the results are summarized in
Table 1, compared with experimental and other calculated
results. It can be seen clearly that our calculated results are
in good agreement with the corresponding experimental and
other calculated values.

When He atoms are introduced into a metal, they may
occupy either substitutional or interstitial lattice sites. It is
necessary to figure out the locations of He atoms since
they will influence the solubility and migration. It is also
important for the understanding of such effects as damage
trapping, bubble nucleation, embrittlement, and blistering
[6]. It has been found that, in different metals, He atoms
preferentially occupy different sites: substitutional sites for
Fe, Cr, Mo, and W [6, 43], tetrahedral sites for Er [34],
and FC (the center of equilateral trigonal face shared by
two adjacent octahedrons) sites for Ti [2]. To identify the
lowest energy configurations of the He interstitial defects in
Zr and the possible influences of He concentration, supercells
with 35 to 54 Zr atoms and one He atom were studied. Five
crystallographically unique interstitial sites for He atom were
taken into consideration (see Figure 1). They were denoted
conventionally as octahedral (O), basal octahedral (BO),
tetrahedral (T), basal tetrahedral (BT), and substitutional (S)
sites.

The calculated formation energies of a single vacancy
and He atom in above sites are listed in Table 2, together
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Table 2: Vacancy formation energies (in eV) for a single He atom
positioned in different sites. All the configurations are found to
be stable, except O, which is unstable and transfers to BO. 𝐸𝑓v
represents the formation energy of a Zr vacancy and 𝐸𝑓s represents
the formation energy of a substitutional He atom in a preexisting Zr
vacancy.

𝐸
𝑓

v 𝐸
𝑓

s 𝐸
𝑓

s 𝐸
𝑓

T 𝐸
𝑓

O 𝐸
𝑓

BT 𝐸
𝑓

BO

36-atom cell 1.97 3.30 1.33 2.67 / 3.01 2.42
54-atom cell 1.95 3.20 1.25 2.64 / 2.99 2.40
𝛼-Zr [25] — — — 3.08 3.19 — —
Er [34] — 2.59 — 1.73 1.98 — —
Sc [35] — 2.98 — 1.74 2.06 1.76 1.97
Ti [2] — 3.65 1.70 2.82 3.04 — 2.69

with the results reported in the literature for Zr and some
other hcp-structure metals. It is noticeable that, in both
supercells, the configuration O is not stable and decays to
configuration BO during relaxation. Different from those
of Fe, Cr, Mo, and W, the favorable sites in energy for He
atom in 𝛼-Zr are interstitial sites. Among the three stable
interstitial sites, the most favorable one is the BO site in both
supercells, with formation energy near 2.40 eV. However, it
should be mentioned that 𝐸𝑓s here actually represents the
energy required to form a He-V complex. The formation
energy of 1.33 eV for a He atom in a preexisting vacancy
(denoted as𝐸𝑓s ) can be obtained by subtracting the formation
energy of the vacancy (denoted as 𝐸𝑓v ). It is much smaller
than 𝐸𝑓BO, which means that He atoms can be trapped easily
by preexisting vacancies. This is consistent with the case of
Ti [2]. For materials used in nuclear systems, energetic par-
ticles like neutrons, ions, or electrons can induce significant
microstructure alteration, especially the generation of large
concentrations of vacancies, which can strongly affect the He
distribution. In general, the stabilities of these configurations,
in descending order, are preexisting vacancy, BO, T, BT, S, and
O. Koroteev et al. [25] also reported that the configuration T
is more stable than configuration O. However, they did not
take other configurations into consideration. Andmaybe due
to the differences in calculatingmethods or system sizes, their
calculated configuration O does not decay to BO. This is left
to be clarified by further studies.

3.2. Electronic Properties. To further understand the relative
stability of these structures with He at various sites, we also
studied the DOS of the He atoms and the NN-Zr atoms of
different configurations. The relative stability of the He at
BO site to the other sites can be easily understood according
to the position of the Fermi level relative to the peaks in
the DOS, which determines the occupation of the states
and the nature of bonding [44]. As shown in Figure 2(a),
the interaction of basal octahedral He interstitial with its
NN-Zr atoms leads to the lowest DOS at the Fermi level
which indicates that there is a stronger bonding between Zr
atom and He atom at the BO site compared with other sites.
This is in accordance with the formation energy differences
as mentioned above. Different from those for Fe [43], it is

also noticeable that the interaction also leads to different
changes of the DOS at the Fermi level of the NN-Zr atoms, as
shown in Figure 2(b). Comparing with that of the T and BT
interstitial sites, the BO sites occupy a lowerDOS at the Fermi
level. The DOS at the Fermi level of the S site is somewhat
particular because of the lack of one Zr atom. From Figure 3,
we observe similar DOS peaks of the He-𝑠 and Zr-𝑑 states
at around −1 eV and Fermi level, which suggests the strong
hybridization between these states. And this hybridization
between He and metals has also been confirmed by other
researchers [34, 35, 43]. It is believed that the DOS peaks of
the He-𝑠 andM- (metals-, like Zr, Sc, Er, Fe, etc.) 𝑑 states will
change due to the strong hybridization. This change will lead
to an overall similarity in the shapes of those DOS curves.

We also calculated the total charge density (𝜌(𝑟)) of
pure 𝛼-Zr crystal and one with preexisting vacancies. The
isosurfaces of 𝜌(𝑟) = 140 e/nm3 and the contour plots of
the charge density of the basal planes crossing the BO and
S sites are illustrated in Figures 4(a) and 4(b), respectively.
The isosurfaces are tubes similar to those of Ti [2]. Since the
charge density inside the isosurfaces is lower than that of the
outside, He atoms prefer to stay inside, especially in the BO
or S sites, over which the tubes cross with the basal planes. It
is obvious that the space inside the tube near the vacancy is
much larger than that of the BO interstitial site. And this may
explain why He atoms prefer to stay in preexisting vacancies.

3.3. Elastic Properties. Then, we studied the influences of
helium on the elastic constants of Zr. For hexagonal structure
materials, there are six elastic stiffness constants; five of them
are independent (𝐶

11
, 𝐶
12
, 𝐶
13
, 𝐶
33
, and 𝐶

44
) with 𝐶

66
=

(𝐶
11
−𝐶
12
)/2.The elastic constants were determined from the

second derivatives of the total energy with respect to suitable
deformations. The bulk modulus 𝐵 and shear modulus 𝐺 of
the polycrystal were evaluated from the elastic constants of
a single crystal by employing the Voigt-Reuss-Hill method
[45–47]. For hexagonal lattices, the Reuss and Voigt bulk
modulus (𝐵R and 𝐵V) and the Reuss and Voigt shear (𝐺R and
𝐺V) can be defined as [45–47]
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Figure 2: Total DOS of (a) an interstitial He atom at various positions and (b) its NN-Zr atoms (vertical line is the Fermi level 𝐸
𝐹
).
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Figure 3: Local DOS of a He interstitial and its NN-Zr: (a) the s-projected DOS of He and (b) 𝑑-projected DOS of NN-Zr for the He
interstitials at various positions (vertical line is the Fermi level 𝐸

𝐹
).

Using these values, Young’smodulus E can be obtained by
[37]

𝐸 =
9𝐵𝐺

3𝐵 + 𝐺
. (3)

The elastic anisotropy is expressed by two popular
anisotropic indexes, that is, the percentage anisotropy in
shear (𝐴

𝐺
) [48] and the universal anisotropic index (AU)

[49]. They are defined as

𝐴
𝐺
=
𝐺V − 𝐺R
𝐺V + 𝐺R

, 𝐴
𝑈
= 5
𝐺V
𝐺R
+
𝐵V
𝐵R
− 6. (4)

These values can range from zero (i.e., completely elastic
isotropic) to 100% (i.e., the maximum anisotropic).

All of the calculated elastic constants results are listed
in Table 3. For 𝛼-Zr, our calculated compressive moduli 𝐶

11

and 𝐶
33

and shear moduli 𝐶
12

and 𝐶
13

agree well with
experimental results (at 298K) showing an accuracy of about
±10%. However, our calculations underestimate the shear
modulus 𝐶

44
by about 21%. And these errors seem to also

exist in others’ reports [31]. There are at least two factors
leading to these errors: one is the significance of temperature
dependence [38], since first-principle calculations are all
conducted at 0 K; the other one is the intrinsic feature
of DFT calculations within the ultrasoft pseudo potentials
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Figure 4: The charge density (𝜌(𝑟)) in a (a) perfect Zr crystal and (b) 54-atom Zr supercell with one Zr atom substituted by a vacancy. The
green dotted surfaces are the isosurfaces of 𝜌(𝑟) = 140 e/nm3 and the slices are the contour plots of the charge density of the basal planes
crossing the BO and S sites.

Table 3: Elastic constants 𝐶
𝑖𝑗
(in GPa), bulk modulus 𝐵 (in GPa), shear modulus 𝐺 (in GPa), Young’s modulus 𝐸 (in GPa), percentage

anisotropy in shear 𝐴
𝐺
, and universal anisotropic index 𝐴𝑈 of 𝛼-Zr and Zr-He systems as calculated in the present work compared with

experimental values.

𝐶
11

𝐶
33

𝐶
12

𝐶
13

𝐶
44

𝐵 𝐺 𝐸 𝐴
𝐺

𝐴
𝑈

𝛼-Zr (this work) 138.22 145.17 65.62 70.27 25.14 92.59 31.19 84.13 0.016 0.16
𝛼-Zr (PBE/PAW) [36] 157 158 51 62 15 91 29 80
𝛼-Zr (PW91/UPP) [31] 142 164 64 64 29 92
𝛼-Zr (PW91/UPP) [32] 159.38 180.93 57.96 66.07 17.52 96.16 38.99 103.04
𝛼-Zr (PBE/UPP) [37] 139.4 162.7 71.3 66.3 25.5
𝛼-Zr (Exp.) [38] at 4 K 155.4 172.5 67.2 64.6 36.3
𝛼-Zr (Exp.) [38] at 298K 143.4 164.8 72.8 65.3 32.0
Zr96He (this work) 139.23 145.14 64.85 69.60 24.43 92.35 31.22 84.17 0.020 0.21
Zr54He (this work) 144.24 147.03 60.91 69.18 23.65 92.61 32.44 87.14 0.034 0.35
Zr36He (this work) 140.99 161.41 65.62 64.74 21.98 92.46 31.47 84.80 0.045 0.47

framework, which is involved in many approximations and
simplifications for the sake of calculation time. Despite these
errors from experimental values, first-principle methods are
still considered to be efficient in calculating elastic constants
[32, 37].

The differences of elastic constants between diagonal and
off-diagonal elements for both 𝛼-Zr and Zr-He systems in
Table 3 indicate their anisotropy to uniaxial compression and
shear, biaxial compression, and distortion [32]. The addition
of He atoms changes elastic constants in an anisotropic way:
increasing 𝐶

11
and decreasing 𝐶

44
and 𝐶

13
, while changing

𝐶
12

and 𝐶
33

in an irregular way. In particular, 𝐶
44

and
𝐶
13

change linearly with the He concentration. This elastic
anisotropy can also be easily seen from the𝐴

𝐺
and𝐴𝑈 values.

Both indexes indicate that, with the increasing concentration
of He, Zr host becomes more elastically anisotropic. Unfor-
tunately, we failed to find any data on the effects of helium

concentration on elastic constants in zirconium. Hence, we
compared our results with those for hcp-Er [50], of which
𝐶
11
, 𝐶
33
, and 𝐶

44
decrease and 𝐶

12
increases linearly with

He concentration, while𝐶
13
changes in an irregular way.This

may be due to the crystal distortion caused by interstitial He
atoms [50]. The changes of B, G, and E values in Table 3 are
relatively small compared with those for Er [50]. According
to the mechanical stability criteria for hexagonal phase, given
by [51]

𝐶
44
> 0, 𝐶

11
>
𝐶12
 , (𝐶11 + 2𝐶12) 𝐶33 > 2𝐶

2

13
,

(5)

all of the systems we studied are still mechanically stable.
As mentioned above, large concentrations of vacancies

can be generated in nuclear structural materials. So we
also studied how the interactions between He and vacancies
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(He, He2. . . represent Zr53VHe, Zr53VHe2. . ., resp.).

Table 4: Elastic constants𝐶
𝑖𝑗
(inGPa) of𝛼-Zr and Zr-V-He systems.

𝐶
11

𝐶
33

𝐶
12

𝐶
13

𝐶
44

𝛼-Zr 138.22 145.17 65.62 70.27 25.14
Zr53V 143.05 149.01 58.64 66.04 28.81
Zr53VHe 143.77 145.08 56.57 64.92 28.35
Zr53VHe2 140.19 143.75 59.50 62.12 25.75
Zr53VHe3 144.53 153.28 55.23 61.13 26.91
Zr53VHe4 136.59 148.77 59.81 61.94 21.63
Zr53VHe5 133.72 144.20 61.79 60.91 21.08
Zr53VHe6 130.54 151.16 62.97 58.95 18.63

affect the elastic properties. Supercells with 53 Zr atoms, one
vacancy, and several He atoms (0∼6) were studied.The results
are shown in Table 4 and Figure 5. Firstly, when a Zr atom
in a 54-atom supercell is replaced by a vacancy, the elastic
anisotropy does not change according to the 𝐴

𝐺
and AU

values while the 𝐶
11
, 𝐶
33
, and 𝐶

44
values increase and the

𝐶
12

and 𝐶
13

values decrease. The evaluated 𝐵 value of the
polycrystal also decreases a little, in contrast to that of the
𝐺 and 𝐸. When more He atoms are added to the vacancy,
the elastic anisotropy increases linearly and significantly. At
the same time, the elastic moduli 𝐶

11
, 𝐶
13
, and 𝐶

44
decrease

almost linearly with the increase in the He concentration,
while 𝐶

33
and 𝐶

12
change irregularly. The B, G, and 𝐸 values

also decrease linearly with the increase in the He concentra-
tion, which is consistent with the case of Er [50]. Comparing
with the single effect of He, the He-V complexes have affected
the mechanical properties much more obviously. It seems
that the presence of He-V clusters can lead to a significant
deterioration of the mechanical properties of Zr, which may
intensively limit their performances. In our future work,
we will promote our study by considering the synergistic
effects of He and H on Zr, since these two elements always

cooperate with each other in nuclear environment, producing
strengthened effects on nuclear materials.

4. Conclusion

In the present study, first-principles calculation has been
conducted to investigate the structural stability and electronic
and mechanical properties of Zr-He systems. For the perfect
𝛼-Zr crystal, the He BO interstitial site is most energetically
favorable, while, for a not perfect one with preexisting
vacancies, the S site is most stable. The analysis on the DOS
and charge density gives a better understanding about the
structural stability issue. It is found that the introduction
of He changes the elastic constants in an anisotropic way,
leading to a significant increase in elastic anisotropy. And
this effect is further enlarged while He-V complexes form,
resulting in an intensive deterioration of the mechanical
properties of Zr.
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Polarization interferometric nonlinear confocal microscope has been developed for single nanoparticle analysis of drug delivery
system (DDS). The microscope is a system based on a low cost and low power continuous wave (CW) laser light source. Also, the
microscope observed shape anisotropy of the 200 nm diameter nanoparticle. According to nanoparticle imaging and CTF (contrast
transfer function) curve observation of the microscope, three-dimensional resolution of the microscope measured up to 10 nm.

1. Introduction

Nanoparticles have attracted tremendous attention because
of microscopic properties, which can be exploited in many
optical and medical applications [1–4]. Recently, particular
attention, in our laboratory, has been devoted to an applica-
tion to drug delivery system (DDS) [5]. An important thing to
note is that the size and pharmacological properties of a single
nanoparticle in matrix are key factors for DDS use. With a
measurement of particles less than a half wavelength of an
incident wave, however, general optical microscopes have
poor spatial resolving power without toxic fluorescent indi-
cator probes.

In this paper, we propose polarization interferometric
nonlinear optical confocal microscope, which is a confocal
microscope having high three-dimensional resolution even
with continuous wave (CW) laser, incorporating a polariza-
tion Michelson interferometer. As with Raman microscope
and CARS microscope, the microscope proposed observes
the dielectric medium under the diffraction limit without
fluorescent probes [6].

We verified this hypothesis by means of CTF (con-
trast transfer function) measurement and performed three-
dimensional measurement of a single nanoparticle.

2. Materials and Methods

2.1. Theoretical Model. The polarization interferometric non-
linear confocal microscope proposed enhances CTF of
images. In short, the enhancement of CTF is an increase in
the absolute value of the subtraction between the maximum
and the minimum value of a spatial confocal signal. The
techniques for realizing this goal are mentioned below.

One of the techniques enhancing CTF is an increase in
the maximum value of a spatial confocal signal distribution,
generating third-order nonlinear scattered light from the
microscopic region of a dielectric medium.

Assume that focused coherent light is incident on a sam-
ple, where a small absorptive semihomogeneous objective
region is in the background of a homogeneous transparent
one. Matching the center spot of the airy disk generated by
focused beams onto a region of semihomogeneous medium,
high intense incident light induces third-order nonlinear po-
larization P(3). The light intensity of the spot is much higher
than the one of the region. Therefore, a scattered nonlinear
signal ESN from the spot becomes noticeable.The effect raises
the maximum of a scattered signal.

The other one of the techniques enhancing CTF is a
decrease in the minimum value of a spatial confocal signal
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distribution, suppressing the background electric field ESL
with a polarization interferometer. General confocal micro-
scopes detect not only nonlinear scattered light depending on
the intensity near a focal point but also linear scattered light.
The polarization interferometer employed sets the subtrac-
tion between two electric fields, E

𝑅
and ESL, to zero ideally,

where E
𝑅
is the 𝑦-polarized field vector of a reference beam.

As a result, a scattered signal from a region except for semi-
homogeneous regions becomes minimum value.

The following is to verify the process of setting ESL to zero
theoretically. Firstly, suppose that two coherent beams of light
interfere on a photodetector. In accordance with the principle
of superposition, an interferometric electric field vector E

𝑜
, at

a point on the photodetector, is given by

E
𝑜
= E
𝑆
+ E
𝑅
, (1)

where E
𝑆
is the elliptically polarized field vector of the scat-

tered light. The two fields are traveling in the 𝑧-direction.
Written in Johns matrix column form, they are

E
𝑆
= 𝐴
𝑆
(

cosΨ
sinΨ𝑒𝑖𝛿) ,

E
𝑅
= 𝐴
𝑅
(
0

1
) .

(2)

Here, 𝐴
𝑆
and 𝐴

𝑅
are the field amplitudes of the two vectors,

respectively. Ψ is the angle between principal axes of ellipse
and the (𝑥, 𝑦)-coordinate axes, and 𝛿 is the phase difference
between the 𝑥 and 𝑦 components of E

𝑆
. Secondly, suppose

then that we introduce an analyzer in front of the detector,
whose transmission axis makes a counterclockwise angle 𝜃
to be positive with the coordinate system. The rotated Johns
matrix for the analyzer has the mathematical form

[𝑀 (𝜃)] = [
cos2𝜃 sin 𝜃 cos 𝜃

sin 𝜃 cos 𝜃 sin2𝜃 ] . (3)

As a result, the interferometric electric field vector through
the analyzer and a pinhole is given by

E
𝑜
= [𝑀 (𝜃)] (E𝑆 + E

𝑅
)

= [
𝐴
𝑆
cos2𝜃 cosΨ + sin 𝜃 cos 𝜃 (𝐴

𝑆
sinΨ𝑒𝑖𝛿 + 𝐴

𝑅
)

𝐴
𝑆
sin 𝜃 cos 𝜃 cosΨ + sin2𝜃 (𝐴

𝑆
sinΨ𝑒𝑖𝛿 + 𝐴

𝑅
)
]

= [
𝐸
𝑥

𝐸
𝑦

] .

(4)

Wenow consider the casewhere a high intense laser beam
with 𝑥-polarization illuminates a sample. In addition, both
field amplitudes are approximately equal, 𝐴

𝑆
≅ 𝐴
𝑅
, in this
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Figure 1: Nonlinear optical characteristic of the absorbance
depending on the incident light intensity.

case. The scattered light intensity through the analyzer with
its transmission axis at 𝜃 = −𝜋/4 is, according to (4), given by
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(1 − cosΨ + sinΨ cos 𝛿 − 1

2
sin 2Ψ cos 𝛿) .

(5)

In this case, (5) shows a function of the polarization interfer-
ometer subtracting the electric field vectors of the scattered
light and the reflected reference beam. No subtraction signal
of |E
𝑜
(𝜃 = −𝜋/4)|

2 emerged from the semihomogeneous
background region. To set the subtraction between the 𝑥 and
𝑦 components of the interference light to zero, we adjust the
transmission axis at 𝜃 = −𝜋/4. Consequently, the contrast
resolution of the confocal image of a sample is enhanced; that
is, CTF comes close to infinity ideally.

2.2. Sample Preparation. In our research, we employed an
inhomogeneously chromophore-doped polystyrene particle
(200 nm diameter) as a sample. According to the preceding
section, this sample is a small absorptive semihomogeneous
medium in the background of a homogeneous transparent
one. Figure 1 shows an absorbance characteristic of nanopar-
ticles for incident light intensity. A thin sample (𝛼

0
𝐿 =

0.45) was used in this measurement, where 𝛼
0
is absorption

coefficient and 𝐿 is the thickness of a sample.
The polarization interferometric nonlinear confocal mi-

croscope proposed is aiming to be used for observing a me-
dium in a single nanoparticle for DDS.The nanoparticle with
spatial anisotropic structure usually has no inversion sym-
metry. On the one hand, for a macroscopic region of inter-
est, it has anisotropy structure. On the other hand, for a
microscopic region of interest, it is a semihomogeneous re-
gion.The third-order nonlinear scattered light depending on
the microstructure in a homogeneous region is generated,
though its intensity is very low. Based on this measurement,
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Figure 2: Optical setup for a polarization interferometric nonlinear confocal microscope.

an image of the microstructure in a single nanoparticle is
produced without doping fluorescent probes.

2.3. Experimental Setup. Figure 2 shows a schematic of a po-
larization interferometric nonlinear confocal microscope.
This microscope is a confocal microscope including the
Michelson interferometer for polarization interferometry. In
consideration of optical spectrum of chromophore doped
into nanoparticles inhomogeneously, a CW laser diode (LD)
with an emission wavelength of 𝜆 = 635 nm is employed.

A LD’s output beam as being S-polarized travels through
a beam expander to optimize the numerical aperture (NA)
of objective lenses, which determines the basic resolving
power of the confocal microscope. The beam divides into
reference-arm and measurement-arm beams. The reference-
arm and measurement-arm beams are focused onto a mirror
and a sample, respectively, by two identical microscope
objective lenses with a NA of 0.9. On the reference-arm, a
quarter-wave plate is arranged. On the measurement-arm,
on the other hand, a sample is mounted on 1 nm resolution
three axis Piezo Stages. The measurement beam focused
onto the sample induces a nonlinear dielectric polarization
(P(3)), which provides backscattering from it. Analysis of the
scattered signal estimates the dielectric polarization on the
construction of the sample. Assume that an optical axis of
the medium has an orientation that makes an angle 𝜃, but
not being perpendicular or parallel to the polarization vector
orientation of the focused beam. The analyzer is initially
positionedwith its transmission axis parallel to a polarization
vector orientation (𝜃 = 0) of the focused beam. In this case,
the microscope functions as the conventional confocal one.

In addition, the condition that the focused beam’s polariza-
tion and analyzer are completely crossed (𝜃 = 𝜋/2) prevents
the vertical component from passing through the analyzer.
After passing through a 10𝜇mdiameter pinhole, the interfer-
ometer’s output intensities into a lock-in amplifier are mea-
sured. The current modulated LD for improving the signal-
to-noise ratio in the interferometer is employed to generate a
chopping frequency of 10 kHz for the lock-in reference.

We measured the axial resolution of the fundamental
confocal microscope by using a mirror as a sample. The full
width at half maximum (FWHM) is defined as the micro-
scope’s resolution.The basic confocal microscope has an axial
resolution of 0.7 𝜇m, which is limited by its NA, approxi-
mately being equal to theoretical value.

2.4. Measurement Procedure. In our experiment, the micro-
scope mainly functions as the polarization-type interferom-
eter to measure a chromophore distribution and, in turn,
an optically anisotropic distribution in a nanoparticle [7].
The measurement procedure is as follows. Firstly, beams
are focused on a background region in which there is no
chromophore. Here, reference light’s power is so adjusted that
a polarization interference signal is minimized to enhance
the CTF of signal light. After that, the laser beam is made to
move to a region in which there is chromophore. Shown as
the theoretical equation (4), a polarization interference signal
is generated in response to the fractional change in Ψ and
𝜃. This three-dimensional signal scan gives a chromophore
distribution in a single nanoparticle. This results in a bright
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Figure 3: CTF curves measured with polarization interferometric
nonlinear confocal microscope.

sample image on a darker background. The semihomoge-
neous areas with P(3) can be observed in the microscope [8].

3. Results and Discussion

Following experiments determines how the polarization
interferometric nonlinear confocal microscope proposed has
three-dimensional resolution for observing a single nanopar-
ticle.

In the first place, we measured CTF of confocal signals
along a straight line passing through center points of two na-
noparticles, which are separated by a certain distance, with
the microscope proposed. A maximum value and minimum
one of a scattered signal give a contrast resolution. Figure 3
shows CTF curves at six different levels of incident light in-
tensities. These six different levels we selected are under light
intensities not to induce photobleaching. Here, spatial fre-
quency is the reciprocal of the distance between centers of
two nanoparticles. According to Figure 3, the contrast res-
olution measured at the incident light intensity (𝐼 = 2.5 ×

10
3W/cm2) is the highest of six different levels. In other

words, the in-plane resolution depends on the intensity of
incident light. An increase in incident light intensity induces
a number of the third-order nonlinear polarization P(3) from
this measurement result. The system has realized high con-
trast measurement.

In the second place, the microscope proposed produces
tomographic images in a plane, perpendicular to the axis (𝑧-
axis), including the focus of converged beams. Focusing
beams on any point in amedium and scanning on the plane, a
tomographic image like Figure 4 is constructed. Assume that
the top surface of a nanoparticle is zero in the optical axis,
which is set to 𝑧-axis direction. Figure 4 shows tomographic
images at 𝑧 = 100 nm, whose scanning area is 200 nm ×

200 nm.We got tomographic images at every 10 nm from 𝑧 =

0 nm to 𝑧 = 200 nm. The internal chromophore distribution
becomes clear with increasing incident light intensity.

In the final place, Figure 5 shows a result of three-di-
mensional measurement. Figure 5(a) is a three-dimensional
image of a single nanoparticle, measured with general con-
focal microscope at the incident light intensity (𝐼 = 1.0W/
cm2). This result means that general confocal microscope
reveals surface shape of a single nanoparticle, though it is
unsuitable for observing internal chromophore distribution.
In short, the resolution of this microscope is not enough to
observe a submicroarea in a nanoparticle. Furthermore, Fig-
ures 5(b), 5(c), and 5(d) show three-dimensional anisotropic
distribution in a single nanoparticle, measured with the
microscope proposed. The third-order nonlinear polariza-
tion P(3) is not induced by the incident light, whose rep-
resentative value of the intensity is 𝐼 = 8.0 W/cm2 in the
linear region (see Figure 5(b)). This prevents obtaining fine
chromophore distribution in a single nanoparticle. On the
other hand, in the nonlinear region, the higher the incident
light intensity is, the clearer the chromophore distribution is.

Here, the nonlinear region is classified into two regions,
nonlinear moderate intensity region (see Figure 5(c)) and
nonlinear high intensity region (see Figure 5(d)), whose rep-
resentative values of the incident light intensity are 𝐼 = 1.0 ×

10
2W/cm2 and 𝐼 = 2.5× 103W/cm2, respectively. According

to Figures 5(c) and 5(d), the distribution of chromophore
being scattered for the incident light intensity in the nonlinear
high intensity region is more precise than for the one in the
nonlinear moderate intensity region.

In other words, clear P(3) detection by making the inci-
dent light intensity high gives the chromophore distribution
of a submicroarea of interest in a single nanoparticle. As a
result, the contrast resolution of the microscope depends on
the incident light intensity.

In our experiment, absolute coordinates are not impor-
tant to obtain relative coordinates for a displacement of chro-
mophore in a single nanoparticle and to measure an exact
shape of an object. Zero point correction is not performed
in repeated scan operations for this reason in Figure 5.

According to a tomographic image of a single nanoparti-
cle in the nonlinear high intensity region, this incident light
intensity increases the resolution of the in-plane direction up
to 10 nm.Therefore, Figure 5(d) is a three-dimensional image
produced from themeasurement with themicroscope, whose
three-dimensional resolution is 10 nm.

4. Conclusions

Polarization interferometric nonlinear confocal microscope
has been invented for future use of nanoparticle in DDS.
The microscope is composed of a confocal microscope and a
polarization interferometer. These two components enhance
the axial resolution and the in-plane resolution, respectively.
We confirmed the in-plane resolution of the microscope,
depending on the incident light intensity, by measuring
CTF curves. Also, we have succeeded in observing a three-
dimensional distribution in a chromophore-doped single
nanoparticle (200 nm diameter).
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Figure 4: Tomographic images of a nanoparticle (𝑧 = 100 nm), measured with polarization interferometric nonlinear confocal microscope:
(a) linear region (𝐼 = 8.0W/cm2), (b) nonlinear moderate intensity region (𝐼 = 1.0 × 10

2W/cm2), and (c) nonlinear high intensity region
(𝐼 = 2.5 × 103W/cm2).
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Figure 5:Three-dimensional images of a single nanoparticle: (a) surface image with general nonlinear confocal microscope (𝐼 = 1.0W/cm2),
(b) inspection image with polarization interferometric linear confocal microscope (𝐼 = 8.0W/cm2), and (c)-(d) inspection images with
polarization interferometric nonlinear confocal microscope (𝐼 = 1.0 × 102W/cm2 and 𝐼 = 2.5 × 103W/cm2).
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