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Annealing of induced absorption in quartz glasses

by ArF laser radiation

P.B. Sergeev, A.P. Sergeev

Abstract. Annealing of individual bands of electron-beam-
induced absorption (IA) in the region of 150—400 nm in KS-
4V, KU-1, and Corning 7980 (ArF Grade) quartz glasses by
ArF laser radiation is studied. It is shown that the photo-
transformation of the IA spectra occurs mainly due to a
significant decrease in the amplitudes of bands at 1 = 183.5,
213, and 260 nm. The role played by interstitial oxygen,
hydrogen, and chlorine in the formation and relaxation of
glass defects is considered.
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1. Introduction

The quartz glasses are basic materials for optics trans-
mitting UV (including laser) radiation. The high-intensity
UV radiation can considerably change their optical
characteristics, which is one of the key problems in physics
of quartz glasses.

At first, the gas-discharge excimer ArF lasers with a
wavelength of 193 nm served only as a new tool for
investigating defect formation in glasses [1—-3]. However,
the new opportunities opened for the use of their radiation
in microelectronics for photolithography systems stimulated
these investigations and focused them on the behaviour of
particular glasses under irradiation typical for such systems
[4-12].

It was shown that the 193-nm laser radiation forms in
glasses the same defects as other ionisers [1 —6]. In this case,
the change in the optical characteristics of quartz glasses is
mainly caused by the two-photon absorption of laser
radiation, which lead to the appearance of E’ centres
with an absorption band at 5.8 eV (214 nm) and non-
bridging oxygen atoms (NOAs) absorbing at 4.8 eV
(260 nm) [13—15]. The formation and stabilisation of this
complementary pair of intrinsic defects in glasses after
breaking the Si—O bond can occur if this bond was strained
before ionisation. An increase in the radiation-induced yield
of B’ centres in glass under mechanical stress was found in
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[16]. At the same time, the question of quantitative relation
between the applied stress and the lifetime of the created
defect pair remains open.

In glasses there are also other states, which can be
precursors of E’ centres and NOAs. In particular, these are
oxygen vacancies, or oxygen-deficient centres (ODCs)=
Si—Si=, and peroxide bridges (PBs)=Si—O0—-0O-Si=
[12], which are the simplest aggregates consisting of two
E’ centres and NOAs. The maximum of the ODC absorp-
tion line lies at 7.6 eV (164 nm). It is assumed [4—6] that
there is one more type of this defect, namely, unrelaxed
oxygen vacancy (=Si'Si=) with the absorption line at
6.9 eV. Bond breaking in ODCs and PBs can produce E’
centres and NOAs, respectively.

Numerous experiments have shown that type III silica
glasses with OH concentration of the order of 1000 ppm
(wet glasses) have the highest resistance to long-term
exposure to ArF laser radiation [4—6, 9—12]. These glasses
have up to 10%-cm™® =SiOH and =SiH terminal bonds,
which comprises a considerable portion of the total amount
of regular Si—O bonds (~ 8.8 x 10?2 cm ™). In wet glasses,
the terminal bonds decrease the number of strained ones [5].
The localisation of electronic excitations or holes on
terminal bonds leads to the detachment of hydrogen atoms
and to the appearance of NOAs and E’ centres [17]. The
subsequent relaxation of these defects occurs due to the
capture of interstitial hydrogen atoms. It is these mecha-
nisms of defect formation in vitreous SiO, under irradiation
by an ArF laser that were proposed and simulated in
[5—6, 9—12]. In these works, it was assumed that the linear
absorption at 193 nm belongs to E’ centres.

The above models do not take into account the single-
quantum stimulation of relaxation of defects formed due to
the two-photon absorption. The contributions from these
two processes are difficult to separate based only on the
results of irradiation of the sample solely by laser radiation.
The problem is easily solved in combined experiments, when
an ioniser at first forms glass defects and then their
photoresistance is studied. In particular, as we showed in
[18], the radiation of a KrF laser reduces the electron-beam-
induced absorption (IA) in pure silica glasses approximately
by a factor of two. Previously, it was reported about
quenching of the induced absorption in glasses under
VUV irradiation by mercury lamps [13, p. 126] and under
visible laser radiation [19], which proves that the accelerated
relaxation of IA under action of laser radiation must be
taken into account. It is also important to study these
processes in detail under irradiation by lasers with 1=
193 nm.
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Analysing the results of [18], one can see that the
radiation of KrF lasers with A = 248 nm (5 eV) is absorbed
both by the E’ centres and NOAs. It is still unclear the
excitation of which of these centres due to the absorption of
a photon accelerates their relaxation. It can be clarified by
experiments with the ArF laser radiation, which is not
absorbed by NOAs and absorbed by E’ centres. The
radiation with 4 =193 nm can also be absorbed by other
glass defects mentioned above. The aim of this work is to
study the effect of the ArF laser radiation on defects formed
by an electron beam (EB) in quartz glasses KS-4V, KU-1,
and Corning 7980 (ArF Grade) (hereinafter C8). These
glasses, which are widely used in UV optics, contain
pairwise similar and different amounts of the main (Cl
and OH) technological impurities. The KU-1 and C8 glasses
have approximately identical amounts of OH (~ 1000 ppm)
but strongly different amounts of chlorine, 200 and 20 ppm,
respectively. The C8 and KS-4V glasses contain approx-
imately the same amount of chlorine, but the concentration
of OH in KS-4V is ~ 0.1 ppm. Comparing the results of
investigations of these glasses, we can clarify the role played
by the technological impurities in the physical processes
occurring in their matrices under action of different
radiations.

2. Experimental technique

The experiments on the long-term stability of the 3 —4-mm-
thick KS-4V, KU-4, and C8 quartz glass samples
irradiated by 280-keV, 80-ns EB pulses were described in
detail in [18, 20, 21]. The induced absorption of all the
samples saturated with increasing the EB fluence. Some of
these samples were then used in the experiments on
annealing of TA by KrF laser radiation [18], after which
they were additionally exposed to an electron beam on an
ELA setup according to the standard technique. The
samples were irradiated from the same face as before in
the same regime [20, 21] with the EB fluence of about
2 J em~? per pulse. The additional fluence was 1 kJ cm™2,
and the overall fluence including the previous irradiation
was 5.1 kJ em™? for KS-4V, 19.7 kJ em™* for KU-1, and
7.4 kJ em? for C8.

Then, the samples were kept for more than two years in
dark at a temperature of about 0°C. Their transmission
spectra T'(A) were measured on an VMR-2 monochromator
in the region of 150—240 nm and on a Spectronics Gene-
sys-2 spectrophotometer in the region of 200— 1000 nm. The
numerical tables of the data on the dependence T (1) with
the steps of 3 nm at 1> 200 and 2.5 nm at A < 200 nm
were used to plot the optical density dependences D (1) =
In(T,/T). Here, Ty, is the initial transmittance of the sample
at the corresponding wavelength A. In our opinion, the
additional EB irradiation of the samples and their long-
term storage lead the samples to the same state in which
they were before the experiments with KrF laser radiation.

We irradiated the samples by an ArF laser on the ELA
setup [22], which, in these experiments, generated pulses
with an interval of 3—4 min. The ArF laser pulse duration
was 60 ns. The laser pulse energy density on the samples was
~ 0.2 J ecm™2. In the process of laser irradiation, the trans-
mittance of the samples at A = 193 nm was determined in
each pulse by measuring the incident and transmitted laser
radiation energy with calorimeters. The T (/) spectra were
measured before and several days after the laser irradiation.

3. Experimental results

Figure 1 shows the transmittance of a KU-1 sample at 1 =
193 nm versus the ArF laser pulse number 7,. One can see
that T increases from 54 % to 70 % after 60 pulses and then
almost does not change under further irradiation. The
transmittance of other quartz samples demonstrated almost
the same behaviour. The T'(1) spectra of these samples in
this new quasi-stationary state are shown in Fig. 2 together
with the spectra before irradiation. These spectra demon-
strate that the ArF laser radiation with an intensity of
about 3 MW cm™? anneals the induced absorption in
quartz glasses.

T (%)

70 @ & T oD om

| oo
EDDII:I

65 |
- KU-1

60 |5
]
u]

55 |

SO[F 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 n,

Figure 1. Dependence of the transmittance of a KU-1 glass sample at
193 nm on the ArF laser pulse number.
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Figure 2. Transmittance spectra of the studied glass samples before EB
irradiation ( /), as well as before (2) and after irradiation by an ArF
laser.
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This effect can be easier analysed using the optical
density spectra (Fig. 3) for the same samples. In addition
to the D (4) spectra before and after irradiation by the ArF
laser, Fig. 3 also shows their difference. After irradiation,
the densities D at 2 = 193 nm decrease from 0.49 to 0.22 for
KU-1, from 0.46 to 0.29 for C8, and from 0.089 to —0.007
for KS-4V. The negative D for KS-4V means that the entire
thickness of this sample becomes more transparent than in
the initial state before EB irradiation and even more so than
before laser irradiation. Such bleaching of quartz glasses
under irradiation by an ArF laser was previously observed
in [7].

3.0
2.5
2.0
1.5
1.0
0.5

0 1 1 1 -
150 200 250 300 350

Wavelength / nm

Optical density
T T T T
N

~

&

1.5

10 4

Optical density

150 200 250 300 350
Wavelength/nm

Optical density

0.9
0.6

0.3

150 200 250 300 350

Wavelength / nm

Figure 3. Spectra of the optical density of the studied glass samples
before (/) and after (2) irradiation by an ArF laser and their difference
(3).

To quantitatively analyse the photobleaching of induced
absorption in glasses, we decomposed all their spectra D (1)
(Fig. 3) into individual bands by a method used by us
previously to analyse the IA spectra in MgF, [23]. Examples
of this decomposition for the C8 sample before and after
irradiation by an ArF laser, as well as the decomposition of
the difference spectrum, are shown in Fig. 4. All the used
individual bands were described by the Gaussian energy
profiles and, depending on 4, had the shape
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Figure 4. Decomposition of the D (1) spectra of the C8 sample on
individual bands: spectrum before laser irradiation (line with circles),
calculated spectrum (SL;), and individual bands in this spectrum [L(4,,;)]
(a); the same after irradiation of the sample by an ArF laser (b); and the
same for the difference spectrum (Dif denotes the difference between the
experimental and calculated spectra) (c).

Here, A; is the amplitude coefficient of the band in the
corresponding spectrum, E.,; is the position of the band
maximum at the energy scale, AE; is band half-width, and
Ami 18 the wavelength of the band peak. The calculated
spectra depicted by SL; in Fig. 4 represent the sums of
contributions from all the individual bands.

Table 1 lists the characteristics of the individual bands
used in the decomposition of all the D (/) spectra of the
studied glasses. The procedure of this decomposition con-
sisted in minimisation of the difference between the
experimental and calculated spectra D(A) by selecting
corresponding parameters A;, E.; (and, hence, 1,;), and
AE;. This difference in our calculations did not exceed 0.01,

Table 1. Characteristics of individual absorption bands of quartz glasses.

Band Ami/nM EpifeV AE;[eV Absorbing centre
1 260 4.8 0.54 NOA

2 245 5.1 0.27 ODC(2)?

3 225 5.54 0.25 ?

4 213 5.86 0.42 E’ centre

5 183.5 6.8 0.55 ?

6 163.5 7.63 0.33 ODC
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which corresponds to the accuracy of the experimental D.
As a rule, more significant discrepancies appeared in the
form of independent bands, which were observed in differ-
ent spectra and for different samples. In Fig. 4, these low-
intensity bands are clearly seen in the curve corresponding
to the difference between the experimental and calculated D,
which is depicted as Dif. The possible nature of these bands
will be discussed below.

At the first stage of the IA spectrum decomposition, we
used the characteristics of individual bands from [7, 13—15].
The following multiple refinements of decomposition curves
by varying the corresponding parameters yielded the results
(Table 1) almost completely coinciding with experimental.
They were obtained based on the above-described process-
ing of about hundred of EP-induced absorption spectra
[20, 21] and their modifications after irradiation by KrF [18]
and ArF lasers in KU-1, KS-4V, and C8 quartz glasses.

The decomposition of spectra into individual bands
allows one to describe them by a set of A; coefficients
equal to the product of the absorption cross section ay,; at
the wavelength A,; and the surface density Ny of the
corresponding defects. The knowledge of N simplifies
the interpretation of processes occurring in glasses. Table
2 presents the coefficients 4; obtained by decomposition of
all the D (Z) spectra shown in Fig. 3 into individual bands.
In this table, the coefficients A4; for the AD (1) spectra of
corresponding samples must be equal to the difference
between their values given above. The existing discrepancies
are related to the accuracy of determination of these
coefficients, which on average did not exceed 0.03.

In addition, Table 2 presents the characteristics of the
spectra measured one hour and one month after the last shot
from the electron gun in the process of their additional EB
irradiation. Comparison of these spectra with the spectra
‘before ArF’ shows the degree of relaxation of the corre-
sponding TA components for 2.3 years of storage.

4. Discussion of results

To analyse the physical processes of IA annealing by ArF
laser radiation, it is necessary to know which defects are
responsible for the induced absorption. The nature of the
bands in Table 1 is known with different degrees of
reliability. In particular, the first band parameters well
coincide with the data on NOAs [13—15]. This band may

hide the weaker bands of interstitial O; molecules [14], as
well as of the bridging complexes (OCl), (O,Cl), (H), and
(Cl,) absorbing near 260 nm [24]. These bands were
sometimes observed in our spectra near the sensitivity limit.

A similar situation is with the fourth band, which we
assign to the E’ centres [13—15]. This band can also mask
other components, most of which belong to the three- of
two-co-ordinated silicon atoms in different charge states and
with different nearest environment [24]. When decomposing
the spectra, we in some cases had to change the wavelength
of this band maximum, but no stronger than by 1 nm, which
can reflect the variations in the composition of centres
absorbing in this region.

The relation of the six band to the ground state of ODCs
is also convincingly proved [13—15], but the rather large
spread of its key parameters points to the presence of other
absorbers in this spectral region. In particular, the position
of its maximum varied within 163.5+ 1 nm and AFE;
changed within the range of 0.33 +0.03 eV. In addition,
the Dif spectra in Fig. 4c clearly show narrow (~ 0.1 eV)
bands peaked at 165, 175, and 180 nm. The same structure
was observed in the KU-1 sample, but the intensity of the
shortest-wavelength band at 167.5 nm in this case was
approximately twofold higher, while the bands at 175
and 180 nm had the same intensity as for C8. The
corresponding spectra for KS-4V glass had the bands
peaked at 160, 170, and 177.5 nm with almost identical
amplitudes. The existence of these bands was predicted in
[24]. They are attributed to peroxy radicals (160 nm),
complexes = SiH, (175 nm), and complexes = SiCl,
(180 nm). The intensities of these bands are low, at the
level of 1% —5% of the intensity of the dominant ODC
band, but, nevertheless, they can affect its characteristics.

In the region of 7.5 eV, one also observes the absorption
tails of = SiOH [25—-27] and interstitial O, [28, 29] and H,O
[29] molecules. Their concentrations depend on the glass
history, especially if they were exposed to ionising or laser
radiation [30], which may manifest itself in variations in the
characteristics of the six absorption band. These variations
were also observed in [31].

The second and third bands were revealed by us when
analysing the results on the induced absorption in glasses,
which was easily annealed by KrF laser radiation [18]. We
managed to describe the difference spectra using these two
bands. Their intensities in KS-4V are almost identical, but

Table 2. Coefficients A; in the spectra of KU-1, C8, and KS-4V glasses one hour, one month, and 2.3 years (‘before ArF ) after EB irradiation, as well
as after irradiation by an ArF laser; AD (1) is the difference between the D (1) spectra before and after laser irradiation.

Irradiation

Glass conditions A, /260 nm A, /245 nm A3/225 nm A4/213 nm As/183.5nm Ag/163 nm
1h 0.56 0.01 0.09 1.16 0.85 -
before ArF 0.33 0.03 0.08 0.57 0.47 2.7
KU-1 after ArF 0.26 0.02 0.06 0.21 0.22 2.4
AD(2) 0.08 —0.02 —0.02 0.38 0.24 0.33
1h 0.4 0.05 0.12 0.75 0.51 -
1 month 0.35 0.03 0.12 0.63 0.52 1.3
s before ArF 0.3 0.03 0.11 0.59 0.41 1.25
after ArF 0.28 0.03 0.07 0.31 0.26 1.2
AD(2) 0.02 —0.01 0 0.23 0.15 0.02
1h 0.06 0.04 0.04 0.22 0.15 -
KSAV before ArF 0.04 0.03 0.03 0.12 0.08 1.57
after ArF 0.02 0 0 0.03 —0.01 1.67
AD(J) 0.02 0.03 0.03 0.09 0.09 —0.09
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the 225-nm band dominates in the spectra of wet glasses.
The nature of these bands has been discussed for a long time
[13], but is not yet completely clear [14, 15].

Concerning the band at 245 nm (5.1 eV), which is called
ODC(2) [13—-15], we should note the following: 2.3 years
after additional EB irradiation, the intensities of this band
became identical for all the samples, which can be seen from
Table 2, lines ‘before ArF’. At the same time, compared to
the situation immediately after irradiation, this band inten-
sity decreased in the case of KU-1 and slightly decreased C8
and KS-4V. The strange behaviour of this band in different
glasses, as well as its small intensity and low photostability,
can be explained, in our opinion, by its belonging to surface
centres.

The behaviour of the weak third band at 225 nm
(5.54 ¢V) also demonstrates many unusual features. Note
that its intensity decreased for 2.3 years after the additional
EB irradiation much weaker than the intensities of the first,
fourth, and fifth bands, which points to a high chemical
stability of this band. This is especially surprising in
combination with the low photostability. We suppose
that these properties can be inherent in nitrogen centres
considered in [24].

The nature of the strong fifth band peaked at 183.5 nm
(6.8 V) is also unclear [5, 7, 14, 15, 32, 33]. Its intensity is
close to the arithmetic mean between the intensities of
NOAs and E’ centres, which testifies to their interrelation.
All these centres have similar relaxation rates. Comparison
of the intensities of bands in corresponding spectra from
Table 2 shows the absence of strict correlation between
them. Therefore, all these bands (at least their main
components) belong to different defects, which refutes
the suggestion [14, 15] that the bands at 260 and 183 nm
belong to the same absorption centres.

The partial attribution of individual bands to known
defects and the knowledge of their absorption cross sections
in the maximum ¢,; allow one to determine only some
surface defect densities N; using the relation N; = A;/o ;.
The values of o,; were taken from [14]: 7, =5.3%
107% em?, 6,0 =25%x10"" cm?, and o, =7.5x
1077 cm?. Therefore, Table 2 was transformed to Table
3, whose data will be consider below.

The first important fact in Table 3 is the difference
between N; and N, for different glasses (see lines ‘1 hour’
and ‘before ArF’). Indeed, ionising radiation at first breaks

the Si—O bonds in quartz glasses. In this case, the number
of the primary E’ centres and NOAs must be identical. Due
to a large irradiation duration, the primary defect pairs in
process of relaxation can bind to mobile interstitial atoms
and molecules, which will change their equality. A difference
may also appear due to the defect formation as a result of
detachment of atoms from terminal bonds. In wet glasses,
the dominant complexes are = SiOH. The detachment of a
hydrogen atom from them will form NOAs. Due to the
diffusion of H, the inverse process will reduce this complex,
but in a different place. This causes a considerable spatial
separation of primary E’ centres and NOAs, which
increases the number of long-lived centres. These reactions
do not affect the total balance between N; and N,, but, if
the detached hydrogen atoms remain in interstitials due to
some reasons, the number of NOAs will be larger.

Due to a strongly different content of OH in glasses, it is
the reactions with hydrogen that determine the difference in
the amount and ratio between the E’ centres and NOAs in
C8 and KS-4V, which follows from Table 3. Since NOAs
evidently dominate in C8 (as well as in KU-1), the content of
= SiH defects, even if they exist, is low. In the opposite case,
the detachment of hydrogen from this defect and the
following more probable binding of H to a NOA would
form mainly the E’ centres.

Chlorine also forms terminal bonds of the =SiCl and
=SiOCI types. Its binding energy in these bonds is almost
the same [14], and, hence, the number of E’ centres and
NOAs formed due to the CI detachment should be approx-
imately identical (as well as the number of inverse reactions).
In this case, due to diffusion, CI (similar to H) will be bound
in another place, thus causing spatial separation and, hence,
stabilisation of the primary E’ centres and NOAs. Obvi-
ously, this is a universal mechanism of reduction of
radiation resistance of quartz glasses with hydrogen impur-
ities, as well as of alkaline and halide atoms closing the
terminal bonds.

The data on 44 and Ng in Tables 2 and 3 are also worthy
of notice. The appearance of ODCs in the regular glass
lattice regions must be accompanied by the release of
oxygen atoms into interstitials. This may occur due to their
knocking-out by electrons with energies exceeding 110 keV
[13, p. 110]. This mechanism is universal and should yield
almost identical amounts of ODCs and interstitial oxygen in
all glasses under similar irradiation conditions. The twofold

Table 3. Values of N; for the corresponding spectra of glass samples from Table 2.

Irradiation

Glass conditions N /10" em™? A, /245 nm A3/225 nm N,/10'6 em™? As/ 183.5 nm N¢/10'% em™?
1h 10.6 0.01 0.09 4.6 0.85 > 3.6
before ArF 6.2 0.03 0.08 2.3 0.47 3.6
KU-1 after ArF 4.9 0.02 0.06 0.8 0.22 3.2
AD(2) 1.5 —0.02 —0.02 1.5 0.24 0.4
1h 7.5 0.05 0.12 3 0.51 > 1.7
1 month 6.6 0.03 0.12 2.5 0.52 1.7
s before ArF 5.7 0.03 0.11 2.4 0.41 1.67
after ArF 5.3 0.03 0.07 1.2 0.26 1.6
AD(%) 0.4 —0.01 0 0.9 0.15 0.03
1h 1.13 0.04 0.04 0.88 0.15 > 2.1
before ArF 0.75 0.03 0.03 0.48 0.08 2.1
KS-4v
after ArF 0.38 0 0 0.12 —0.01 2.2
AD(2) 0.38 0.03 0.03 0.36 0.09 —0.1
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higher Ny for KU-1 is explained by the higher EB fluence for
this sample.

We admit the possibility of other mechanisms of
interstitial oxygen formation. This is evidenced by the
results of work [34], in which interstitial oxygen was
observed in glasses under X-ray irradiation with a maximum
energy of 45 keV, which is obviously insufficient for
realisation of impact mechanisms. However, these questions
require additional consideration. Of importance for our
study is the mere fact that interstitial oxygen atoms appear
under EB irradiation of glasses. It should also be noted that
a small (of the order of 5 x 101 cm’3) amount of O, can
accumulate in interstitials of glasses due to its diffusion from
air [28].

The interstitial oxygen and chlorine appeared in glasses
under EB irradiation can bind the hydrogen atoms released
into interstitials and thus form molecules and radicals, in
particular, H,O, HCIl, and OH. The number of hydrogen
atoms ‘stuck’ to these molecules determines the excess of
NOAs with respect to E’ centres. The binding of oxygen by
the E’ centres with formation of NOAs may also change the
ratio between these defects.

In KS-4V dry glasses, O and CI atoms should form O,,
Cl,, OCl, and OCIl, molecules, which was observed in [34].
The slow relaxation of NOAs and E’ centres during ionising
irradiation and after it is substantially determined by their
interactions with the interstitial molecules. As follows from
Table 3, the interaction of the primary defects with inter-
stitial oxygen and chlorine for more than two years changes
the N|/N, ratio for KS-4V approximately from 1.3 to 1.6.
This ratio in wet glasses is close to 2.5. This difference is
caused by the binding of interstitial hydrogen to oxygen
followed by a more probable reaction of OH or H,O with
E’ centres.

In 2.3 years after EB irradiation of glass samples, the
interstitials can still contain oxygen, chlorine, water, and
HCI molecules and OH and OCI radicals covalently bound
to oxygen atoms from regular glass lattice regions [14]. As
one can see from Fig. 4, the ArF laser wavelength falls
within the absorption band at A = 183 nm and the absorp-
tion band of E’ centres. The ArF laser radiation can also be
absorbed by O,, H,O, and HCI molecules [28, 29, 35], but
their absorption cross sections at 4= 193 nm are small.
Therefore, in the case of low-intensity ArF laser radiation,
the observed fast bleaching of IA in glasses is caused mainly
by the processes occurring upon absorption of photons by
glass defects.

This is also proved by the results presented in Tables 2
and 3. The 183.5-nm band intensity in wet glasses decreased
approximately twofold, while this band in KS-4V faded
completely. The number of E’ centres decreased approx-
imately by a factor of 3 in KU-1, by a factor of two in C8,
and by a factor of 4 in KS-4V. The number of NOAs in
arbitrary units decreased less steeply: by approximately
20% in KU-1, 7% in C8, and approximately 50 % in
KS-4V. At the same time, it should be noted that the
decrease in the number of NOAs and E' centres [line AD(J)
in Table 3] is almost the same for KU-1 and KS-4V. Based
on this similarity, we can conclude that the laser irradiation
into the absorption band of E’ centres leads to annihilation
of the long-lived but close defect pairs of E’ centres and
NOAs. However, this process may also involve defects with
the absorption band at A= 183 nm, which is shown by
experiments on A annealing by KrF laser radiation [18],

whose wavelength does not fall into the absorption band at
183 nm, but which, nevertheless, decreases this band inten-
sity approximately twofold [36]. To date, the absence of
exact knowledge of this band nature does not allow one to
study the processes of laser annealing of induced absorption
in quartz glasses in more detail.

5. Conclusions

The annealing of EB-induced absorption in modern high-
purity quartz glasses KS-4V, Corning 7980 (C8), and KU-1
by ArF laser radiation was studied. All the IA spectra of
the studied glass samples were decomposed into six
individual bands, whose amplitude variations under laser
irradiation were then analysed. It is shown that the ArF
laser radiation decreases the intensities of almost all the
individual bands. In particular, in KS-4V glass, the 245-,
225-, and 183-nm bands fade completely, while the number
of E’ centres and NOAs decreases by a factor of four and
two, respectively. The intensities of the IA bands at 260,
245, 225, and 163 nm in wet KU-1 and Corning 7980
glasses decrease insignificantly, within 10 % —20 %, while
the intensities of the bands at 213 and 183 nm decrease
approximately twofold.

The analysis of the experimental data shows that the
induced absorption of the studied quartz glasses is reduced
under action of both 193- and 248-nm laser radiation mainly
due to the stimulated relaxation of close defect pairs of E’
centres and NOAs, as well as of the centres absorbing at
183 nm, upon photoexcitation of any of them. An impor-
tant role in the formation and relaxation of defects in glasses
is also played by interstitial oxygen, nitrogen, and chlorine
atoms and their compounds formed under irradiation.

In our opinion, the presented experimental results and
their analysis will be useful for designers of high-power UV
and VUV lasers, as well as for quartz glass manufacturers
and physicists studying the problems of radiation defect
formation in these glasses.
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