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Abstract

The transmission of ArF laser pulses in virgin fused silica (type III) samples changes during N = 106 pulses at an incoming fluence
Hin = 5 mJ cm�2 pulse�1. The related absorption is determined by the pulse energy absorption coefficient a(N, Hin) using a modified
Beer’s law, yielding initial values aini around 0.005 cm�1, a maximum amax 6 0.02 cm�1 at N = 103–104 and stationary values
0.0045 cm�1

6 aend 6 0.0094 cm�1 after N � 6 · 105 pulses. The development a(N, Hin = const.) is simulated by a rate equation model
assuming a pulse number dependent E 0 center density E 0(N). E 0(N) is determined by a dynamic equilibrium between E 0 center generation
and annealing. Generation occurs photolytically from the precursors ODC II and unstable SiH structures upon single photon absorption
and from strained SiO bonds via two-photon excitation. Annealing in the dark periods between the laser pulses is dominated by the reac-
tion of E 0 with H2 present in the SiO2 network. The development a(N, Hin = const.) is observed for the very first sample irradiation only
(virgin state). The values aend are not accessible by simple spectrophotometer measurements.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Synthetic fused silica is currently the most widely used
lens material in deep ultra-violet (DUV) applications, such
as DUV optical lithography and excimer laser microfabrica-
tion. In optical lithography the printing of ever smaller fea-
tures required to reduce the wavelength from 436 nm (g-line)
and 365 nm (i-line) obtained from high pressure continuous
Hg discharge lamps to 248 nm (KrF laser), and more
recently, to 193 nm (ArF laser) obtained from pulsed lasers
[1,2]. Well collimated beams of narrow bandwidth are
applied at low fluences in the 0.1–10 mJ cm�2 pulse�1 range.
0022-3093/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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In laser microfabrication, on the other hand, high fluences
above the ablation threshold of typically >1 J cm�2 pulse�1

are necessary and typically achieved in focussed beams with-
out spectral narrowing.

Generally, DUV laser pulses imply peak intensities
which are high enough to induce two photon absorption
and optical degradation in fused silica. Over long irradia-
tion periods this yields an absorption increase due to defect
formation and a refractive index change due to microscopic
structural rearrangements limiting the lifetime of optical
components. In order to proof and to model the long term
laser stability of fused silica, material tests are carried out
with up to 1010 laser pulses and intermediate transmis-
sion and/or refractive index measurements [3–8]. Besides
long term optical degradation, however, it is necessary to
investigate the optical properties on the much shorter
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second-to-minute time scale, commonly depicted as rapid
damage regime [9,10]. In particular, relatively rapid
absorption changes, induced e.g. by switching the fluence
or repetition rate, may affect the illumination dose on the
photo resist in lithographic fabrication. Furthermore,
absorption changes will vary the temperature distribution
in the optical system and diminish the spatial imaging res-
olution. Finally it is pointed out that rapid damage has to
be considered carefully when laying down the specification
test procedures: ArF laser irradiation of fused silica in its
virgin state, i.e. the very first irradiation, induces consider-
able absorption changes on the minute time scale [9,10].

In this work, ArF laser transmission measurements are
applied to quantitatively investigate the absorption
changes in virgin fused silica (type III) upon the first 106

laser pulses. The measured absorption behavior is simu-
lated by kinetic modelling the E 0 center generation and
annealing.
2. Experimental

The investigated fused silica samples from Schott Litho-
tec AG, Jena, are of type III (OH content >1000 ppm) pre-
pared by flame hydrolysis of high purity synthetic raw
material. Sample 1 is defined as excimer grade material
whereas samples 2 and 3 are of experimental grade. In sam-
ple 3 the hydrogen content is reduced compared to samples
1 and 2. All samples have a cross section of 25 · 25 mm2

and a length of 300 mm and their relevant polished surfaces
are cleaned with pure ethanol prior to laser irradiation.

The experiments are carried out at room temperature in
a nitrogen purged experimental setup using an ArF laser
(LPX 240i, Lambda Physik). The laser beam is shaped by
an aperture in front of the sample to a cross section of
15 · 5 mm2 with a top-hat like intensity profile. The sam-
ples are irradiated at the incoming fluence Hin =
5 mJ cm�2 pulse-1 that is small enough to keep two-photon
absorption at a low level and to achieve a stationary
absorption behavior within an experimentally reasonable
number of laser pulses N = 6.5 · 106. The repetition rates
of 150 Hz for the in situ transmission measurements and
200 Hz for irradiation represent the upper experimental
limits for the transmission measurements (limit of detector
heads) and for minimum variations of the irradiation con-
ditions from pulse to pulse, respectively. At the irradiation
end, equal to a total irradiation dose of 3.25 kJ cm�2, the
gradient da/dN < 10�8 cm�1 pulse�1 is regarded small
enough to estimate the aend value.

For in situ transmission measurements the energy of
each single laser pulse is recorded simultaneously in front
of the sample using a beam splitter (Ein) and directly
behind the sample (Eout) by fast pyroelectric detectors
(PE-25 H, OPHIR Optronics, Inc.) which are calibrated
by the supplier for 193 nm relative to a NIST traceable
standard. The ratios Eout/Ein of 50 consecutive laser pulses
are averaged. The obtained absolute transmission accuracy
DT is better than ±0.2% which transforms into the accu-
racy |Da| 6 0.0001 cm�1 for the absorption coefficient.
3. Results

The measured laser pulse energy values Ein and Eout are
easily converted to fluence values Hin and Hout, respec-
tively. The fluence H is considered as a measure of the aver-
age laser pulse intensity I particularly if the temporal laser
beam profile stays constant. Consequently it is very com-
mon and convenient to convert Beer’s law to dH(z)/
dz = �aH(z) in order to describe the fluence attenuation
along the sample length axis z. Keeping in mind that light
scattering and nonlinear absorption are very small in the
highly transparent samples it appears appropriate to con-
sider a as the absorption coefficient which is constant
throughout the sample length. Taking furthermore into
account that the optical sample properties vary during
(prolonged) irradiation by a laser pulse series and that
absorption is affected by two-photon absorption, the
absorption coefficient is described as a function of the laser
pulse number N and incoming fluence Hin, i.e. a = a(N,
Hin). This leads to the modified Beer’s law

dHðzÞ=dz ¼ �aðN ;H inÞHðzÞ: ð1Þ

Integration of Eq. (1) yields a(N, Hin) = �1/z ln(Hout/Hin).
The ratio Hout/Hin can be replaced by T(N, Hin)/Tmax with
T(N, Hin) being the sample transmission determined from
the laser pulse energies Ein and Eout of the laser pulse num-
ber N irradiating with fluence Hin. Tmax is the ideal laser
pulse transmission without any absorption and scattering
by the sample but Fresnel reflection at the beam entrance
and exit surfaces. Thus we achieve the following relation
between a(N, Hin) and the experimental value T(N, Hin):

aðN ;H inÞ ¼ �1=z lnðT ðN ;H inÞ=T maxÞ: ð2Þ

The development of the laser energy absorption coefficient
a(N, Hin) with the pulse number N upon ArF laser irradi-
ation is qualitatively the same for all investigated virgin
fused silica samples (Figs. 1 and 2). The first measurement
value a(1–50, Hin) is defined as initial absorption coefficient
aini, which is assumed to be close to the value of the virgin
sample, e.g. measured by a spectrophotometer. The results
yield aini (sample 3) = 0.0041 < aini (sample 1) = 0.0058
cm�1 < aini (sample 2) = 0.0065 cm�1. Within the first
103–104 laser pulses a(N, Hin) rises to a maximum value
amax (Fig. 1). The difference amax � aini = 0.0040 cm�1 of
sample 1 is considerably smaller than the related values
of 0.0074 cm�1 and 0.0164 cm�1 for samples 2 and 3,
respectively. The same ranking is found if the absolute
da/dN slope values are considered. During further irradia-
tion the absorption decreases towards a stationary value
(Fig. 2) and the last measurement value is defined as aend.
In contrast to the irradiation start sample 2 now exhibits
the lowest value aend = 0.0045 cm�1 compared to aend =
0.0057 cm�1 and aend = 0.0094 cm�1 for samples 1 and 3,



0.0 2.5 5.0 7.5
0.000

0.006

0.012

0.018

0.024

Sample 2

Sample 1

Sample 3

α(
N

,H
in
) 

(c
m

-1
)

N (105)

Fig. 2. ArF laser energy absorption coefficients a(N, Hin) of virgin fused
silica samples determined at a fluence of 5 mJ cm�2 pulse�1 and 150 Hz
repetition rate as a function of the laser pulse number N 6 6.5 · 105; the
straight lines for N > 2 · 104 represent irradiation at 200 Hz repetition rate
between the measurement points. The accuracy of the absorption data is
|Da| 6 0.0001 cm�1.
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Fig. 1. ArF laser energy absorption coefficients a(N, Hin) of virgin fused
silica samples determined at a fluence of 5 mJ cm�2 pulse�1 and 150 Hz
repetition rate as a function of the laser pulse number N 6 2 · 104. The
accuracy of the absorption data is |Da| 6 0.0001 cm�1.
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respectively. It is pointed out that the values of samples 2
and 3 are the highest and lowest at the beginning and turn
to the lowest and highest values at the end, respectively. It
is remarkable that the absorption aend of sample 2 at the
irradiation end is smaller than the initial value aini. A
Table 1
ArF laser energy absorption coefficients a(N, Hin) (cm�1) of fused silica
samples during irradiation with N = 6.5 · 105 laser pulses at a fluence of
5 mJ cm�2 pulse�1 (data from Figs. 1 and 2) determined at the beginning
(aini), the intermediate maximum (amax) and the end (aend) with error limits
|Da| 6 0.00015 cm�1

Sample aini amax aend

1 0.0058 0.0098 0.0057
2 0.0065 0.0139 0.0045
3 0.0041 0.0205 0.0094
summary of the aini, amax and aend values is given in
Table 1.

The observed absorption development is irreversible:
when repeating the experiment after a couple of days,
a(N, Hin) very quickly reaches its final value aend obtained
in the very first laser irradiation sequence and then remains
constant.
4. Model

Single photon absorption in the UV/DUV spectral
region by synthetic fused silica of high purity is mainly
attributed to three intrinsic defects known from literature
[11], the oxygen deficient centers (ODC), the non-bridging
oxygen hole centers (NBOH), and the E 0 centers. Looking
at their absorption cross sections at the ArF laser wave-
length of 193 nm (Fig. 3) the E 0 center dominates by far
and therefore has been implemented in the following
absorption development model.

To simulate the a(N, Hin) development with the number
of laser pulses N as displayed in Figs. 1 and 2 our model
focuses on the generation of E 0 centers during the ArF laser
pulses and their annealing during the intermediate dark peri-
ods between the laser pulses. For convenience Fig. 4 shows
the temporal scheme underlying the simulation model.
[E 0]0 is the initial density of E 0 states prior to the first laser
pulse, which is assumed to be negligible for the selected fused
silica samples, i.e. [E 0]0 = 0. ArF laser absorption during the
first pulse of duration sL is described by a(N = 1, Hin =
5 mJ/cm2 pulse�1), abbreviated by a1, leading to an increase
D1[E 0]g of [E 0] due to defect generation (index g). In the sub-
sequent dark period of duration sa the [E 0] value decreases
about D1[E 0]a due to annealing (index a). The total change
of [E 0] between the start of the first and the start of the sec-
ond laser pulse amounts to D1[E 0] = D1[E 0]g � D1[E 0]a, i.e.
[E 0]1 = [E 0]0 + D1[E 0], or more generally

E0½ �N ¼ E0½ �N�1 þ DN E0½ �; ð3Þ
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Fig. 3. Optical absorption bands of the NBOH (non-bridging oxygen
hole), ODC (oxygen deficient center) and E 0 defect centers in fused silica
[12].
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Fig. 5. Fit of the experimental data aN of sample 3 in Fig. 2 by Eq.(8).
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with

DN E0½ � ¼ DN E0½ �g � DN E0½ �a: ð4Þ

The change of [E 0] from pulse to pulse is reflected by a
change of the absorption coefficient, i.e. individual aN val-
ues apply to the individual laser pulses of number N. The
calculation of the aN development with N is based on the
calculations of the DN[E 0] values and their relation to aN

which are described in the following.
The E 0 generation during the laser pulses is induced by

photolytic conversion of oxygen deficient centers ODCII
(precursors P1 and P2) [11–13], of unstable SiH structures
(precursor P3) [9] and of strained bonds in the SiO2 matrix
(precursor P4) [14–16]. The conversion of precursors P1 to
P3 occurs via single photon absorption whereas the conver-
sion of P4 requires a two photon absorption process. The
E 0 center generation term then has the structure

DN E0½ �g ¼
X

i

½P i�N�1 � exp �ki � sLð Þ; ð5Þ

where [Pi]N�1 denotes the concentration of convertable pre-
cursor Pi before laser pulse N and ki = ki(Hin) the related
conversion rate constant. The rate constants k1(Hin =
5 mJ cm�2 pulse�1) = 2 · 103 s�1 and k2(Hin = 5 mJ cm�2

pulse�1) = 2 · 104 s�1 can be derived from fluorescence
measurements (cf. discussion). The initial precursor densi-
ties [P1]0, [P2]0, and [P3]0 as well as k3 are obtained from
the curve fitting procedure (cf. below). Precursor P4 is
known to be responsible for the absorption increase in
fused silica over long irradiation periods by laser induced
transformation into E 0 and NBOH centers [7]. At low flu-
ences H < 5 mJ cm�2 pulse�1 this absorption increase typi-
cally lasts more the 109 laser pulses until all precursors P4

in the irradiated sample volume have been transformed
[3]. Thus, taking into account the applied pulse number
N < 106 in the presented experiments, the original density
[P4]0 is considered constant throughout the applied pulse
series. This yields a constant E 0 generation g [P4]0 (g� 1)
per pulse from strained bonds, which is obtained from
the curve fitting procedure.
E 0 annealing between the laser pulses due to the reaction
with molecular hydrogen is expressed by

DN½E0�a ¼ ½E0�N�1 þ DN½E0�g
� �

� expð�ka � saÞ; ð6Þ

with the annealing rate constant ka, which is obtained from
the curve fitting procedure.

The absorption coefficient aN relevant for laser pulse N
is connected to the density [E 0]N�1 by the relation aN =
r(E 0, 193 nm) Æ [E 0]N�1 with r(E 0, 193 nm) = 8 · 10�18 cm2

(mean value from literature data [11,12]). Looking at the
effect of successive laser pulses, the following recurring for-
mula can be derived:

aN ¼ rðE0Þ � AN�1
X2

i¼1

Bi �
XN�1

j¼0

Cj
i A
�j

 !"

þ D �
XN¼1

j¼0

A�j þ B3 �
XN¼1

j¼0

Cj
3A�j

#
: ð7Þ

Inserting the solutions for finite geometric series into Eq.
(7) yields the final expression for aN:

aN ¼ rðE0Þ �
X2

i¼1

Bi

Ci � A
ðCN

i � ANÞ
 

þ D
1� A

ð1� AN Þ þ B3

C3 � A
ðCN

3 � AN Þ
�
; ð8Þ

with the abbreviations A = exp(�ka Æ sa), Bi = [Pi]0(1 �
exp(�ki Æ sL)), Ci = exp(�ki Æ sL) and D = g[P4]0 (g � 1).
For all investigated samples the experimental data can be
adapted very well by using Eq. (8). For example, applying
Eq. (8) to the aN curve of sample 3 (Fig. 2) setting a0 = 0,
varying the parameters [P1]0, [P2]0, [P3]0, g [P4]0, k3, and ka

by following the least squares method yields the fitting
curve displayed in Fig. 5 together with the values for the
above parameters as summarized in Table 2. The same pro-
cedure applied to the aN curves of samples 1 and 2 yields
fitting curves of comparable quality and the parameter val-
ues given in Table 2.



Table 2
Material parameters for samples 1–3 obtained from fits of the experimental results (Figs. 1 and 2) using Eq. (8) The relative error for the parameters is
estimated to 610%

Sample [P1]0 (cm�3) [P2]0 (cm�3) [P3]0 (cm�3) g Æ [P4]0 (cm�3 pulse�1) ka (s�1) k3 (s�1)

1 3.3 · 1014 5.2 · 1016 2.5 · 1017 2.3 · 1012 0.66 240
2 3.2 · 1013 2 · 1015 3 · 1017 3.2 · 1012 0.78 241
3 1.2 · 1013 3 · 1015 1.1 · 1017 1.1 · 1012 0.14 300
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5. Discussion

The following discussion is dealing with the comparison
between the model calculation and the experimental data
(5.1), the comparison of the calculated material parameters
with literature values (5.2) and the sensitivity of the model
results to material parameter variations (5.3).
5.1. Comparison between model calculation and

experimental data

The measured change of the ArF laser absorption by the
selected fused silica samples during the first 106 laser pulses
is assumed to be dominated by the E 0 center absorption
development. In the above model the density [E 0] is deter-
mined by the dynamic equilibrium between E 0 center for-
mation during the ArF laser pulses and their annealing in
the dark periods. The generation of E 0 centers is based
on different precursors (P1 to P4) obtained during manufac-
turing. The annealing is due to the reaction of E 0 centers
with interstitial molecular hydrogen.

At the beginning of ArF laser irradiation all samples
show an instantaneous absorption aini > 0 in agreement
with spectrometer measurements. The data from Tables 1
and 2 reveal a good correlation between these aini values
and the sum ([P1]0 + [P2]0 + [P3]0) related to the initial
ODCII and unstable SiH densities, respectively. In partic-
ular, it appears from Table 2 that unstable SiH bonds play
the major role for the ArF laser absorption in the selected
virgin samples. This underlines that single photon absorp-
tion is dominant in virgin fused silica for the applied laser
pulse fluence H = 5 mJ cm�2 pulse�1. The sum ([P1]0 +
[P2]0 + [P3]0) is very similar for samples 1 and 2 (�3 ·
1017 cm�3) resulting in comparable aini values of 5.8 ·
10�3 cm�1 and 6.5 · 10�3 cm�1, whereas sample 3 shows
lower values of 1.1 · 1017 cm�3 and 4.1 · 10�3 cm�1,
respectively. These results support the model assumption
[E 0]0 = 0 but demand a model extension by adding a pre-
cursor related initial absorption that diminishes strongly
upon the first ArF laser irradiation due to the precursor
transformation into E 0 centers.

During the first 104 pulses of ArF laser irradiation the
precursor conversion results in a fast accumulation of E 0

centers, i.e. in a rapid absorption increase. The latter, how-
ever, lowers with the number of pulses due to the decreas-
ing precursor densities [P1] to [P3]. As a result, the
absorption reaches an intermediate amax value which
depends on both the precursor densities and the annealing
rate. Sample 3 shows the highest amax value (0.0205 cm�1,
followed by sample 2 (0.0139 cm�1) and sample 1
(0.0098 cm�1). From Table 2 it is seen that the annealing
rate constant ka of sample 3 is about a factor of 5 smaller
than the ka values of samples 1 and 2. It is assumed that
this results in the much higher amax value of sample 3 com-
pared to samples 1 and 2. In contrast, the lower intermedi-
ate amax value of sample 1 compared to sample 2 is
probably due to the lower [P3]0 and g [P4]0 values of sample
1.

For all investigated samples laser irradiation beyond the
intermediate amax values results in an absorption decrease
which lowers with increasing pulse number. At the irradia-
tion end (N = 6.5 · 105 pulses) the absorption appears to
reach a stationary level denoted as aend. It is seen from
Table 1 that the aend values do not correlate with the aini

data, i.e. with the sum ([P1]0 + [P2]0 + [P3]0) related to the
initial ODCII and unstable SiH densities. That means that
absorption data of virgin fused silica, typically measured
by spectrometers, are not necessarily ‘reliable’ figures of
merit with respect to the evaluation of fused silica for
ArF laser applications. Comparing the material parameters
in Table 2 however, the annealing rates ka are assumed to
be the major reason for the different aend data. The calcu-
lated ka value of sample 3 is about a factor of 5 smaller
than those of samples 1 and 2. This is in agreement with
the reduced molecular hydrogen content in sample 3. As
a result sample 3, even though having the lowest constant
E 0 generation rate per pulse g [P4]0 of all samples, shows
an aend value (0.0094 cm�1) that is significantly larger than
aend for samples 1 (0.0057 cm�1) and 2 (0.0045 cm�1),
respectively.
5.2. Comparison of calculated material parameters with

literature values

The fixed parameter: r(E 0, 193 nm) = 8 · 10�18 cm2 has
been derived as a mean value from several literature data
[11,12]. The parameters k1 = 2 · 103 s�1 and k2 = 2 ·
104 s�1 were calculated from the measured decay of the
two ODCII fluorescence bands upon ArF laser irradiation
[17]. Furthermore, the initial E 0 density as obtained from
manufacturing was neglected, that is a0 = 0. The remaining
material parameters (Table 2) were obtained from the fit-
ting procedures and deserve a critical review in comparison
to literature values.

The individual sums ([P1]0 + [P2]0) are related to the
individual initial ODCII densities and found to lie in the
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1015–1016 cm�3 range. These values are in agreement with
the theoretically estimated concentrations of up to some
1016 cm�3 ODCII defects in stoichiometric fused silica
loaded with hydrogen [18]. The calculated values for the
E 0 center increase per pulse from strained SiO bonds, g
[P4]0, are about 2–3 orders of magnitude higher than the lit-
erature data for hydroxyl-free fused silica ([OH] < 1 ppm)
[19]. Increasing the OH content, however, raises the g
[P4]0 values. A value g [P4]0 � 2 · 1012 cm�3 pulse�1 was
found for ArF laser irradiation of fused silica with
[OH] = 20 ppm at a fluence of 35 mJ cm�2 pulse�1 [18].
This corresponds to g [P4]0 � 4 · 1010 cm�3 pulse�1 for
H = 5 mJ cm�2 pulse�1 in the present study if taking into
account a quadratic fluence dependence of the two photon
absorption process for the E 0 center generation from
strained SiO bonds. A linear extrapolation to [OH]
�1000 ppm of the samples in this study yields g [P4]0
�2 · 1012 cm�3 pulse�1 in agreement with the values in
Table 2.

Looking at E 0 annealing, two rate values are discussed in
the literature. For the annealing of newly generated E 0 cen-
ters by molecular hydrogen the rates range from 0.01 to
0.1 s�1 [9]. E 0 centers generated from SiH bonds, however,
are annealed by atomic hydrogen (gemini pair E 0 + H) at
higher rates in the 10 s�1 range [9]. The ka values between
0.1 and 0.8 s�1 in the present study are slightly above those
found for E 0 center annealing by molecular hydrogen. This
reveals that E 0 center annealing during the first ArF laser
irradiation period with approximately 106 pulses is proba-
bly dominated by molecular hydrogen. Finally, no data for
the parameters [P3]0 and k3 related to the unstable SiH
modification, are so far available in the literature.

5.3. Sensitivity of model results to material parameter

variation

To study the influence of the selected material parame-
ters on the modelled absorption values aN following Eq.
(8) the parameters [P1]0, [P2]0 [P3]0, g [P4]0 and ka obtained
from the fitting curves are varied individually by 20%.
Raising the [P1]0 or the [P2]0 value by 20% has no apparent
effect. Only when reaching the order of magnitude of the
[P3]0 density, i.e. an increase by at least a factor of 10,
the ODCII density yields a relevant change in the absorp-
tion course. Changing the parameters [P3]0, g [P4]0 or ka

yields significant effects as exemplified for sample 3 in
Fig. 6(a) and (b).

Figs. 6(a) and (b) show that an increased initial density
[P3]0 of unstable SiH bonds raises the absorption coefficient
only within the first time interval. At higher pulse numbers
N with N Æ g Æ [P4]0 > [P3]0 the absorption behavior and thus
the final absorption coefficient aend remains unchanged.
This is in good agreement with the results in Section 5.1
showing that the original density [P3]0 does not affect the
aend values. Raising the g [P4]0 value by 20%, however,
results in a permanent absorption coefficient increase. Par-
ticularly in the final part, when the E 0 generation from
ODCII and unstable SiH bonds is terminated to a great
extent, the influence of strained SiO bonds becomes high
and aend follows the g [P4]0 value. The most significant
change of aN, however, arises from increasing the anneal-
ing rate constant ka. The aN data decrease throughout
the entire irradiation time by the same percentage as the
annealing rate increases. Again, the explanation for the
measured experimental data in Section 5.1 is confirmed:
the annealing has a strong impact on the intermediate amax

and the final aend values.

6. Summary and conclusions

The transparency of synthetic fused silica of type III for
an ArF laser beam was studied during a series of about
106 pulses. The pulse energy absorption was quantified via
a modified Beer’s law. In this modification the light intensity
I was replaced by the pulse energy fluence H. The related
absorption coefficient a(N, Hin) was considered to be a func-
tion of the laser pulse number N and the incoming fluence
Hin. The a(N, Hin) values recorded at Hin = 5 mJ cm�2

pulse�1 ranged from 4 · 10�3 to 2 · 10�2 cm�1. Starting
from a low level aini, they exhibited a maximum amax after
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about 103–104 pulses and approached a relatively low sta-
tionary value aend after about 6.5 · 105 pulses.

The development of a(N, Hin = 5 mJ cm�2 pulse�1) with
N was well fitted by a simple rate equation model. In this
model it is assumed that these a values are proportional
to the E 0 defect center density. The density [E 0] is modelled
by assuming a dynamic equilibrium between defect genera-
tion during the laser pulses and annealing in the dark peri-
ods between the laser pulses. Defect generation occurs
photolytically from ODC II centers and unstable SiH
structures upon single photon absorption and from
strained SiO bonds upon two-photon absorption. Anneal-
ing is under these conditions dominated by the reaction of
the E 0 defect centers with molecular hydrogen present in
the SiO2 network.

The obtained results are of high practical importance
with respect to the evaluation of fused silica for ArF laser
applications, particularly for long term applications under
constant laser absorption conditions. It has been shown that
the initial absorption value aini, as e.g. measured in spectro-
photometers, does not provide a measure of the intermediate
and long term performance of the fused silica samples under
ArF laser irradiation. Evidently it is necessary to apply a
minimum irradiation dose to the material before ‘reliable’
figures of merit can be extracted from the measurements.
For the above fluence Hin = 5 mJ cm�2 pulse�1 a minimum
pulse number Nmin = 6.5 · 105 appears necessary, i.e. a dose
of 3.25 kJ cm�2. It will be very interesting to find out how
Nmin scales with the fluence H in order to design an evalua-
tion procedure particularly in view of the fact that each sam-
ple can be used once only.

Finally it is pointed out that the approximations applied
to the model for the short and intermediate time develop-
ments of the absorption coefficient a(N, Hin) need not nec-
essarily apply to the ‘marathon’ test results of fused silica.
It is e.g. very likely that the consumption of molecular
hydrogen and the formation of SiH bond structures upon
prolonged ArF laser irradiation will change the importance
of the individual defect generation and annealing processes.
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