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We report on the effect of organic molecular contamination on single shot laser induced damage density
at the wavelength of 351 nm, with a 3ns pulse length. Specific contamination experiments were made
with dioctylphthalate (DOP) in liquid or gaseous phase, on the surface of fused silica polished samples,
bare or solgel coated. Systematic laser induced damage was observed only in the case of liquid phase
contamination. Different chemical and morphological characterization methods were used to identify and
understand the damage process. We demonstrate that the contaminant morphology, rather than its
physicochemical nature, can be responsible for the decrease of laser induced damage threshold of

optics. © 2009 Optical Society of America
OCIS codes:  120.3940, 140.3330, 160.6030.

1. Introduction

The French atomic energy agency, Commissariat a
I’Energie Atomique (CEA), is currently building
the Megadoule Laser (LMJ) [1], a 240 beam laser fu-
sion facility. This high power laser fusion facility, si-
milar to the National Ignition Facility [2] in the
United States, will deliver a total energy of 1.8 MJ
at a wavelength of 351 nm. The Ligne d’Intégration
Laser (LIL) [3], a prototype of the future LMJ; is in-
tended to validate the technological choices made for
the future LMJ. The LIL, which consists of eight in-
dividual beams, is our working environment. In this
facility, laser beams are amplified by neodymium
glass laser slabs at a wavelength of 1053 nm. Each
beam is then frequency converted to a wavelength
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of 351nm in the frequency conversion system
(FCS). Maximal fluences of 25J/cm? are expected
at 10563nm and 14J/cm? at 351 nm for a 3 ns pulse
length. When submitted to such fluences at 351 nm,
fused silica optics used to convey the beam after fre-
quency conversion can exhibit localized damage that
dramatically limits the optics lifetime [4]. This da-
mage can be intrinsic, as it can depend on the pre-
vious fabrication polishing process. In this paper,
we focus on the effect of molecular contamination
as an extrinsic cause to UV laser damage of fused si-
lica optics. Various studies in microelectronic and
spatial domains have shown that organic molecular
contamination in a confined environment can be re-
sponsible for the degradation of optical perfor-
mances. Reflective and transmissive losses as well
as laser induced damage have been correlated to or-
ganic contamination level in many cases [5,6]. The
studied wavelengths ranged from far ultraviolet to



visible domains, and the incriminated molecules
were aromatics, siloxane derivatives, and phtha-
lates. Moreover, many studies with high repetition
laser rates have demonstrated that chemical con-
tamination can be responsible for laser induced da-
mage. In most cases, laser damage was generated
by a thermo mechanical rupture caused by absorp-
tion in a photo-deposited chemical pollution of aro-
matics, siloxanes, or phthalate molecules [7-11]. In
these studies, the authors were interested in near
IR or visible wavelengths, and the studied fluences
were less than 1J/cm?. In our particular case, a flu-
ence normal to the surface and higher than 10J/cm?
at a wavelength of 351 nm (3 w) for 3 ns pulse dura-
tion and a single shot/day frequency are considered.
Consequently, the contaminant effects we see as well
as the physical laser damage mechanism implied
shall be different than seen under other conditions.

Our first step was to get a good knowledge of the
organic contaminants present in our facility. Hence
daily organic compound measurements have been ta-
ken during a few days in the FCS of the LIL facility.
Samplings have been done using solid adsorbent car-
tridges. The adsorption tubes were placed inside an
automated thermal desorption device and analyzed
with a gas chromatograph coupled with a mass spec-
trometer (GC-MS). Aromatics, alkans, alcohol, ester,
aldehyde, phthalates, and silicons were found [12].
Phthalate compounds have particularly drawn our
attention, as they are condensable molecules com-
monly found on surfaces. Figure 1 presents daily
measures of phthalates in the FCS environment.
Important amounts of dioctylphthalate (DOP) were
also noted. The major source of this molecule is
the outgassing from materials present in the envir-

onment of the LIL. As DOP is a plasticizer, many
types of equipment can be responsible for its outgas-
sing. According to GC-MS measurements, DOP has
been found in substantial concentration compared
to its vapor pressure since DOP partial pressure is
on average 2, 2.10~" mbar, and bibliographic data
give a DOP vapor pressure of about 4.107" mbar
[13]. This induces a possible condensation of DOP.
Moreover, Pereira [14] established an important de-
gradation of laser induced damage density of a
Si0y/HfO, dielectric mirror contaminated by micro-
scopic droplets of DOP at 1064 nm in a single shot
laser irradiation condition. Based on these consid-
erations, we decided to study the effect of DOP con-
tamination on laser induced damage of fused silica
optics for single shot conditions similar to those of
our LIL and LMJ facilities at 351 nm.

Our experimental procedure is divided in different
steps: surface sample cleaning, controlled contami-
nation, morphological and chemical characterization
of the deposit, laser irradiation of the substrates, and
damage observation. For this study, we use 50 mm
diameter, 5 mm thick plano-parallel samples made
of Suprasil S312 synthetic fused silica from Heraeus.
Samples are superpolished (surface roughness of a
few angstroms) using colloidal silica as a polishing
compound. An automated cleaning procedure in a
spray system machine with RBS 50 soap is then used
to clean the samples. Damage site density data con-
firmed that our samples were clean as, at this step,
all bare samples exhibit the same laser induced da-
mage density as typical clean LIL or LMJ optics, i.e.,
approximately 0.1damage/cm? at 351nm, for
10J/cm?, and 3ns pulse length. As DOP is known
to be commonly found on surfaces, we are likely to
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Fig. 1. Daily measures of phthalates in the FCS environment, and comparison of DOP measured partial pressure with vapor pressure.
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find few monolayers of this molecule on all optical
surfaces. Also, as DOP is condensable and found in
significant concentration in the LIL atmosphere,
the risk of finding it under liquid form is not negli-
gible. To study these two contamination modes, we
deliberately contaminated fused silica samples with
DOP in both gaseous and liquid phase, as described
in Sections 2 and 3 respectively. In these sections, the
two contamination modes are detailed, as are the dif-
ferent chemical and morphological contamination
characterization of the surfaces. Results of the laser
tests are then presented. In Section 4, we describe
the means employed to explain the damages ob-
served. We outline the importance of the morphology,
and this leads us to suggest a laser induced damage
mechanism. This hypothesis is supported by a model
that is subsequently detailed. Finally, we offer our
conclusion in the last section.

2. Effect of Dioctylphthalate Contamination
in Gaseous Phase on Laser Induced Damage
of Fused Silica

In this section, the gaseous phase contamination of
fused silica optics with DOP is described. Gaseous
phase contamination consists of exposing the optics
in a confined atmosphere. To saturate the atmo-
sphere with DOP (Cy4H350,4, 117-81-7), the optic
and 10 mL of liquid DOP are placed in a clean glass
box, then heated up to 70 °C in a drying oven during
one hour and maintained a few minutes at 20 °C in
order to help produce condensation of organics on the
surface of the sample. To avoid any external contam-
ination and to guarantee the repeatability of the con-
tamination process, the glass boxes are cleaned every
time in a washing machine with L51 soap followed by
an ethanol cleaning.

After gaseous phase contamination, GC—MS ana-
lysis with Clarus 500 Perkin—Elmer equipment is
performed to identify the nature of the contaminants.
GS-MS analysis starts with liquid extraction with a
solvent composed of an iso-volume mix of acetone
(C3HgO, 67-64-1) and chloroform (CHCl;, 67-66-3)
and ultrasound. The organic contamination on the
substrates surface is consecutively sampled twice.
The important experimental parameters are listed
in Table 1. The initial oven temperature is set at
350 °C. Analyses are made on a reference clean sub-
strate and a contaminated one. The reference is
heated up with the same experimental procedure
as the contaminated substrate without any contami-
nant. The detection limit has been evaluated at 20 ng
per sample. After the contamination experience, we
confirm the presence of DOP in substantial quantity
compared to the reference optics. Table 2 shows that

Table 1. Experimental Parameters of Gas Chromatograph
Coupled with Mass Spectrometer Analysis

Injection temperature 350°C
Chromatographic column BPX5 (25m/0.15mm/25 ym)
Mass scanning 40-525 amu
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Table 2. Estimated Surfacic Contamination

DOP
Sample (ng/sample)
Reference Incubation 70°C 1h 401

DOP contaminated Incubation 70°C 1h with DOP 1300

the quantity of DOP on the contaminated sample is
more than 3 times higher than on the reference sam-
ple. The presence of DOP on the reference is not sur-
prising as it is a usual contaminant of surfaces.
1300 ng of DOP found on the contaminated sample
corresponds to a thickness of about 3nm. For the
morphology study of the deposit, atomic force micro-
scopy (AFM) is used. Imaging was performed with a
thermomicroscope autoprobe CR Research AFM.
Silicon cantilevers with a force constant of about
40 N/m were used with a silicon tip (NCL Nanosen-
sor). All operations were carried out in air at room
temperature inside a glove box under relative
humidity of 20-25%. Images were collected by the
tapping mode and are presented in Fig. 2. Figure 2
compares the same area before and after contamina-
tion. Substantial contamination at the surface of a
sample such as an oil film can cause AFM image ar-
tifacts [15]. Such artifacts appear as streaks on the
images, especially in locations where there are sharp
features and edges on the sample surface such as
scratches or digs. It is exactly what we see in Fig. 2.
Each of the specks in Fig. 2(a) correspond to streaks
on the images after contamination in Fig. 2(b).
Therefore the AFM observations show, on the surface
of the optics, the presence of a film that is known to
be mainly DOP as confirmed by GC-MS experiments
as detailed previously. In summary, AFM and GC-MS
experiments demonstrate the presence of a nano-
metric film of DOP adsorbed on the samples during
gaseous contamination.

Our laser irradiation test uses a tripled neody-
mium doped yttrium aluminum garnet (Nd:YAG) la-
ser at a wavelength of 355nm. The spatial beam
profile is Gaussian with a 1/e? diameter of 600 ym.
The pulse is a single mode longitudinally, with aver-
age pulse duration r = 2.5 ns, t being defined as the
ratio of total energy to peak power. The laser scans
the substrate, raster scan test procedure [16], with a
step of 300 um in order to realize a complete irradia-
tion of the defined component area. With a pulsed la-
ser, spatial and temporal profiles as well as energy
fluctuate from shot to shot. During the test, energy,
spatial, and temporal profiles are recorded to calcu-
late real fluence of each shot. Temporal profile is
rather stable; the laser was checked to go on working
with a single longitudinal mode. Then the observa-
tion of irradiated areas with a long focal length work-
ing microscope at normal incidence gives a damage
map of the sample. The minimum damage size de-
tected is about 10um [16]. With this setup, a shot
to shot correlation is performed between the
damage occurrence and the corresponding real
fluence. A damage site density is then plotted as a
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Fig. 2. AFM observation of a sample (a) before and (b) after DOP
contamination in gaseous phase.

function of peak fluence. The irradiation tests per-
formed on bare polished fused silica contaminated
in gaseous phase presented in Fig. 3 show damage
density for one of the reference samples. The laser
tests have been repeated many times with the same
result, so we conclude that a few monolayers of DOP
obtained by gaseous contamination on bare polished
fused silica optics have little effect on the laser in-
duced damage density at 351 nm. Next, liquid phase
contamination is investigated since it seems to be
possible to find DOP in liquid form in the LIL facility.

3. Effect of Dioctylphthalate Contamination in Liquid
Phase on Laser Induced Damage of Fused Silica

The liquid phase contamination was made by spin
coating using 0.5ml of DOP (CyyH350,, 117-81-7).
First, the sample reaches a speed of 600 revolutions
per minute during 30 seconds when the droplet of

100 ¢
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Fig. 3. Comparison of laser damage density between a reference
sample and a sample contaminated by DOP in gaseous phase.

contaminant is set down; then the sample goes on
turning at 1500 revolutions per minute during 60
seconds to spread out the liquid. Contaminated sam-
ples were observed by optical microscopy with a
Leica DMLM equipped with a 20x objective lens in
normal incidence. This observation revealed the pre-
sence of droplets from a few microns to a few hundred
microns radially spread onto the optics. Droplets
shapes were measured on a Lasertec 1LM21WD
optical profilometer. This device uses a He—Ne laser
beam (633 nm), normal to the surface to be observed,
and for the 50x objective, the lateral and vertical
resolutions are 300nm and 100 nm, respectively. A
typical image of a droplet is shown in Fig. 4; the
shape is close to a portion of sphere.

The contaminated samples were laser tested with
a raster scan procedure [16]. Two configurations
were tested where droplets were placed on the input
or on the output surface as shown in Fig. 5.

Figure 6 shows systematic damage under the dro-
plets. The damage appeared for droplets larger than
approximately 10 ym, at 1J/cm? for the front surface
irradiation configuration and 4 J/cm? for the output
surface irradiation configuration. After liquid phase

13.7um

115.4pum

Fig. 4. Typical image of a DOP droplet on fused polished silica
optics measured with a Lasertec 1LM21WD optical profilometer
(top view and side view superposed—x and y scales are different).
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Fig. 5. Laser irradiation configurations: (a) droplets placed on
input surface, (b) droplets placed on output surface.

contamination, laser damage density increases sig-
nificantly for bare polished fused silica optics at
351 nm. The peculiar morphology of the contaminant
seems to be responsible of the laser induced damage
degradation. The next section describes the comple-
mentary experiments we made to find out the
damage mechanism.

4. Discussion

For samples contaminated by spin coating, droplets
scattered on the surface generate systematic damage
for droplets larger than a few microns, and for
fluences lower than our typical LIL/LMJ fluence.
The damage sites are situated in the bulk of the
samples and centered under the droplets. Because
of the position of these damage sites, confocal micro-
scopy was used to give an overview of both the dro-
plet and the damage after irradiation. Confocal
images are acquired on a Leica DMR TCS SP2 micro-
scope at normal incidence. The following experimen-
tal conditions were used: 20x objective, 458 nm
wavelength laser normal to the surface to be ob-
served, lateral resolution of 280 nm, and vertical re-
solution of 770 nm. An example of such an acquisition
is given in Fig. 7. Confocal microscopy gives the mea-
surement of the damage depth. Nevertheless, for
more simplicity and rapidity, damage depths were
evaluated by optical microscopy with a Leica DMLM
microscope. Vertical resolution of this microscope is
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Fig. 6. Polished fused silica polluted by spin coating and raster
scan irradiated with droplets on the output surface. A Leica
DMLM optical microscope was used.
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+————— droplet
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resolution : 280 nm

Fig. 7. Confocal microscopy image of a damage generated by
droplet on silica.

about 1um. Measurements prove that damage
depths depend on the size of the droplets and theirs
position (input or output surface).

To evaluate the role of physical/chemical mechan-
isms [7-11] in the damage process, spectroscopic
measures were completed. First, the absorption coef-
ficient of DOP at a wavelength of 355 nm was mea-
sured. A value of 0.1cm™! was found. Considering
a thermally isolated contaminant deposit of thick-
ness e with ex < 1, the heating of the film AT during
a single shot is given by

F
AT = 22 1
G 1)

where « is the film’s absorption coefficient, F' is the
fluence, C, is the film’s specific heat, and p is the
film’s density. In the case of DOP, the specific heat
is 1800J/kg/K and the density is 980 kg/m?. For a
pulse of 10J/cm?, the increase of temperature is
about 0.06 °C. This was too low to explain a material
breakdown by an increase in temperature, and me-
chanical rupture due to rising temperature cannot
explain the damage observed. Raman spectra of dro-
plets before and after irradiation were made on a
LabRam 1B microspectrometer from Jobin Yvon,
coupled with a Ar-Kr Spectra Physics 2018 laser.
The emission ray used was at 514.5nm, and detec-
tion was made with a CCD camera. In both cases,
we measure the exact signature of DOP (see Fig. 8),
and the identical traces show that a photo-induced
chemical damage mechanism can be ruled out.

To get a better understanding of the damage pro-
cess, some samples were slowly polished on a Logi-
tech PM5 machine until the bulk damage came to
the surface. Side and top views of a typical damage
crater can be seen in Fig. 9. Damage craters were
seen to consist of a solidified previously molten re-
gion surrounded by a near concentric region of frac-
tured material as shown in Fig. 9(a). This damage
morphology is in good concordance with results from
Wong [17]. In order to identify the nature of the da-
maged material, x-ray photoelectron spectroscopy
(XPS) analysis was done on a bulk damage site
revealed by polishing and on an undamaged zone
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Fig. 8. Raman spectrum of a liquid phase contamination sample
before and after laser irradiation.

of a sample. The results are presented in Fig. 10. XPS
spectra were acquired on a VG ESCALAB 220i-XL
system. The x-ray source was a Mg-Ka beam
(1253.6 eV) with a power of 100 W. The analyzed area
was about 150 um. On undamaged silica, we found a
Si2p spectrum with a maximum at a binding energy
of 103.5eV attributed to Si** bonding. The damage
area also showed a Si2p spectrum with a maximum
at 103.5 eV, but the fitting of this spectrum disclosed
an additional component at lower energy (i.e.,
101.7 eV) characteristic of lower valence Si3* species
[17]. A supplementary peak at 99.6eV assigned to
Si? is particularly distinguishable on damage gener-
ated by droplets placed on the input surface. Wong
[17] and Awazu [18] both noticed these silica modifi-
cations when silica was subjected to high laser flu-
ences. Awazu [18] showed that reduction can
continue until 0 degrees species on damaged silica.
This shows that the high fluence is at the origin of
the damage mechanism, and earlier showed that
no thermic or photo-chemical effect could explain
the damages observed.

Considering that the position of the damage site
was always associated with a droplet, we suspected
a droplet micro-lensing effect, inducing a local in-
crease of power density. The damage morphology
in Fig. 9(b) seems to be in accordance with this hy-
pothesis as it takes the shape of the laser beam geo-
metrical caustic. Droplets were considered to be
spherical. Since DOP has a refractive index, n, close
to the index of fused silica (n = 1.48 at the wave-
length A = 351nm), we considered two cases asso-
ciated with the two irradiation configurations
presented in Fig. 5. Droplets on the input surface
were taken as equivalent to spherical diopters with
a transmission coefficient of 96%. Droplets placed on
output surfaces were considered as spherical mirrors
with a reflection coefficient of 4%. We calculated
Fresnel diffraction by a circular aperture of the fo-
cused beam including the effects of aberration. This
can be written in the following form in the Fresnel
approximation:

Fig.9. Typical morphology of bulk damage after polishing: (a) top
view, (b) side view.

Alp) = - 22T / A(r)ei®e % (k:’O)rd 2)

where p and r are cylindrical radial coordinates in
the observation and aperture planes, respectively,
R is the droplet’s radius, z is the propagation axis,
k = 2zn /2 is the wave number, and o/, is the zeroth
order Bessel function. The phase difference ® result-
ing from the contaminant droplets is then given by
the following expression:

cp:-k<"_-A>. (3)

The focal distance isf = nR,/(n — 1) for a spherical
diopter and f = R, /2 for a spherical mirror, where R,
is the radius of curvature of the droplet. A is the
wave aberration of the system; the main ones, in
our case, are defocus and spherical aberrations. We
used ZEMAX optical software to describe the aberra-
tion parameters in terms of Zernike polynomials.
With this analytical model, we calculated the beam
fluence at the average damage depth measured by
optical microscopy. An example of the calculated flu-
ence distribution at one damage position is given in

20 April 2009 / Vol. 48, No. 12 / APPLIED OPTICS 2233



9500 -

8500 - » 4
7500 - / )
Experimental
6500 - //‘ \ —+ Fitted
,g ’/ —= Si3+
5 5500 / \ = Sid+
o i b — Backgroud
4500 / \
A -
3500 - / N
A =
2500 - o &\
a’. g '&\“A\
e g L iinliliale -
1500 == . " - ; Letetocon
107 106 105 104 103 102 101 100

Binding energy (eV)
Fig. 10. Line profile of the Si2p photoemission peak on a damage
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Fig. 11. Calculated maximum fluences are between
35dJ/cm? and 100J/cm? for all the damage sites po-
sitions and for both irradiation configurations. We
compared these values with bulk SiOy laser induced
damage threshold data. Kuzuu [19] reported a laser
damage threshold of 20 J/cm? at 355nm and 0.85ns
on synthetic fused silica. This value is equivalent to
37J/cm? at 2.5 ns using a %9 scaling law [20]. Con-
sequently, calculated maximum fluences are greater
than the real bulk damage threshold measured in
fused silica, demonstrating that the micro-lens
focalization mechanism can explain the damage
observed.

Previous results have been obtained on bare po-
lished fused silica samples. Nevertheless, LIL/LMJ
optical components have a solgel antireflecting coat-
ing [21] to reduce the transmission losses along the
laser beam path. Therefore we also studied the effect
of DOP on solgel coated fused silica polished samples
to compare to our previous results on bare polished
fused silica samples. In the case of solgel coated sam-
ples, gaseous contamination was carried out, and the
results showed no effect like for bare silica samples.
Also, the same droplet liquid contamination studies
were done on solgel coated samples. Here, we also ob-
served a different behavior, since, after a few min-
utes, the droplets partially spread into the porous
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Fig. 11. Cross section of fluence profile of laser beam propagated
after a 17.5 ym radius and 3.3 ym thick droplet with a paraxial fo-
cus of 150.6 ym at the damage position 121.6 ym.
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solgel coating. On antireflecting coated silica sam-
ples, after a few days, the droplets spread into the
porous solgel coating (which became whitish). The
droplet’s radii increase due to their spreading into
the coating. An irradiation at 10J/cm? did not gen-
erate any damage. Using the same model, we
checked, and the local fluences stayed below the bulk
damage threshold, as the shape of the droplets leads
to a focalization distance larger than the substrate
thickness. The solgel antireflecting coating thus pro-
tects the optics from this type of contamination
damage.

5. Conclusion

We studied the effect of DOP organic contamination
in gaseous and liquid phase on the laser induced da-
mage density of polished fused silica optics at 351 nm
in the nanosecond regime. We deliberately contami-
nated bare and solgel polished fused silica optics
with DOP. In gaseous phase the reference samples
as well as the contaminated ones showed the same
damage behavior. On the contrary, we observed sys-
tematic damage of bare optics contaminated in liquid
phase, for fluences lower than the usual damage
threshold. This damage event was correlated with
the presence of DOP droplets. Using optical calcula-
tions we demonstrated that the droplets play the role
of micro-lenses. The resultant beam focusing creates
a peak fluence and causes damage. However, know-
ing the widespread use of organic material in indus-
trial environments, especially plasticizers like DOP,
and the numerous demonstrations of damage events
due to physical or chemical processes, it is important
to highlight that the morphology of the contaminant
deposit can also be responsible for the decrease of la-
ser induced damage threshold of fused polished silica
optics rather than purely physical or chemical
processes.
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de Chimie de la Matiere Condensée de Bordeaux
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nov companies for the use of their equipment. The
authors thank H. Bercegol, P. Grua, and C. Sauteret
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