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v-ray-induced bleaching in silica: Conversion from optical to paramagnetic defects
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We report experimental results on optical and ESR measurements performyeidadiated natural silica
samples having different content of OH groups. A partial bleaching of the optical absorptioBpaat5.15
eV and the related photoluminescence emissions at 3.1 eV and 4.2 eV is observed together with the growth of
an ESR doublet split by 11.8 mT. The kinetics of the two processes as a function pfdibee are correlated
and depend on the OH content. Our experiments indicate the occurrencerafyainduced conversion, from
optically active centers to paramagnetic ones and vice versa, changing the relative concentration of the two
defects until a steady state is reached. A conversion model is proposed inwiaghactivated H atoms either
are trapped in optically active defects, giving rise to paramagnetic ones, or interact with the last ones, restoring
the original optical centers. Our results are consistent with a structural model in which the optical active center
is a twofold coordinated Ge and the 11.8 mT doublet originates frore=s38 —H center.

[. INTRODUCTION allow univocal determination of its structural model.
Recently, in a preliminary repdftwe found that the par-
) "~ tial bleaching of the B activity, observed in a large number
absorption(OA) at 5.15 eV 8,4 band, and the relalte_d EMIS- of natural silica types after exposure to a low dose oys,
sions at 4.26 eV ¢ band and 3.15 eV 8 band,” is still 5 correlated to the growth of an ESR doublet with a split of
matter of debate in the field of point defects in §i@ spite 17 g mT. In particular, as the observed structure can be as-
of many experimental and theoretical studies reported in thgriped to the hyperfine interaction of an electronic sin
literature from about four decadéSome authors suggested =1/2 with a hydrogen nucled$;?® we tentatively hypoth-
that the defect responSible for this aCtiVity is an intrinSiCesized that H atoms, activated byrayS, induced a conver-
oxygen deficient centgfODC) consisting in a twofold coor-  sjon between the optically active center and the paramag-
dinated Si (@=Si"),** where the symbol<=) indicates the netic one. In this paper, we investigate tiyeray-induced
bonds of Si with two O atoms anthe double overdols bleaching of the B activity and the growth of the 11.8 mT
indicate two paired electrons in the same orbital. Alterna-doublet in natural silica samples having different OH con-
tively, on the basis of the observation of an intense absorptent, aiming to clarify the effective role played by H atoms in
tion at ~5.1 eV in Ge doped silica, thB,; band was as- the conversion mechanism.
cribed to a Ge-related ODT? In particular, under the
hypothesis that the Ge is substitutional to Si, structural mod- 1. SAMPLES AND METHODS
els directly related to Ge, as the twofold coordindt&e
(O=Ge") or Ge-related oxygen vacancies, have been Optical and ESR measurements were performed at room
proposed:’ Other authors, ascribing an indirect role to Ge temperature in four representative natural silica samples, be-
impurities, have suggested that tBeactivity arises from a fore and after exposure tp rays: two natural drytype ),**
silicon based ODC perturbed by a neighboring Ge &tdm. Infrasil 301 (1301) and Silica EQ(EQ906, with nominal
Actually, the consideration of only the optical activity is content of hydroxyl groups of 10—20 part per milligopm)
not sufficient to identify the structure of the defect. At vari- by weight (~10'® centers/cr); and two natural weftype
ance, valuable information on the structure both of the activél),** Herasil 1(H1) and Homosil(HM), with nominal OH
center and of its neighborhood can be obtained by electropontent of 150 ppm-{¢10* centers/cr).
spin resonancéESR spectroscopy, provided the paramag- The concentration of OH was verified by measuring the
netic nature of the defect. Moreover, correlation between opintensity of the absorption band at 3600 c¢in(due to the
tical and ESR signals shows evidence of conversion mech&H stretching. Other impurities with concentration of few
nisms involving the corresponding point defects. In thisppm are also present in our samples; in particular, the nomi-
respect, the bleaching of the OA in the spectral regiornal content of Ge atoms is1 ppm.
around 5 eV and the simultaneous generation of ESR signals The materials 1301, H1, and HM were supplied by Her-
associated with Ge-related paramagnetic centers were obeus Quartzgld$while EQ906 was supplied by Quartz and
served in Ge-doped silica irradiated with UV ligh®"The  Silice?® The samples have dimensionx5x1 mn? with
conversion mechanisms proposed to explain thosé#he large surfaces optically polished.
findings'19-1214yupport the direct role of substitutional Ge ~ The vy irradiation was performed at room temperature us-
in the ODC defect creating thB activity, but they do not ing a ®Co source. Doses ranging fromx3.0 * to 1 Mrad

The origin of theB-type activity in natural silica, optical
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FIG. 1. (a) UV absorption spectra as detected in H1 sample:
dashed curve, unirradiated; solid curves, irradiated withoses of 0.0 ) 1
3%x10°3, 102, and 4x10°2? Mrad. (b) Difference absorption 3.0 35 4.0 45
spectra before and aftery irradiation with doses of 3 Energy (eV)

X 1073, 1072, and 4x10™2 Mrad.
. . . FIG. 2. Photoluminescence spectra excited at 5.0 eM)it301
(Si) were progressively accumulated in the same sample of,q (b) HM samples. Dashed curves are the spectra detected in

each silica type. _ ~ unirradiated samples; solid curves are the spectra detected after
OA measurements in the range 4.0-6.0 eV were carriegarious y doses increasing up t0>210~! and 2x 102 Mrad for

out by a JASCO V-570 double beam spectrometer. Steadygo1 and HM, respectively.

state photoluminescend®L) spectra in the spectral region ) . ) .

2.5-5.0 eV under excitation by 5.0 eV light were investi-Was observed in all the investigated samples, with a rate
gated by a JASCO PF-770 spectrofluorometer, mounting #epending on the silica type. In particular, while the HM
xenon |amp of 150 W and corrected for the energy depensample exhibited the same behQVIOr as Hi, the bleaChlng
dence of the detection system. ESR spectra were detected Bffect occurred at highey doses in dry samples 1301 and

a Bruker EMX spectrometer at 9.8 GHX (band with mi- ~ EQ906

crowave poweP=3.2 mW and a modulation field having _ The exposure toy rays causes as well the growth of an
amplitudeB,,= 0.4 mT and frequency of 100 kHz. The con- OA band at 5.8 eV, associated willi centers’ that par-
centration of paramagnetic centers that create the 11.8 mtially superimposes to thé,; band. This circumstance
doublet was evaluated by comparing the double—integrateﬂTakeS unreliable the quantitative measurement of this band,
ESR spectra with that &' centers* whose absolute den- SO that the study of thB-activity bleaching is more conve-
sity was determined by spin-echo measurements, carried oltently carried out by detecting the PL emissiansand 3.

atT=4.2 K, using the instantaneous diffusion metﬁad In faCt, due to the low absorption at5.1 eV, the emission
intensities are proportional to the intensity of tBg; band
IIl. RESULTS and therefore to the concentration of optically active centers.

In Fig. 2 we report the PL spectra, excited at 5.0 eV, for

The effect ofy irradiation on the UV absorption of natu- the samplega) 1301 and(b) HM, before and after varioug
ral silica is shown in Fig. (8) as observed in our sample H1. doses. The intensity of the two emissions centered arl
The unirradiated sample exhibits a well-pronounced ban@V (8) and~4.2 eV (ag) is maximum in the unirradiated
B, centered at 5.15 eV, whose intensity decreases on irsamples(dashed curvgsand it is partially reduced on in-
creasing the accumulateg dose. The bleaching effect is creasing they dose. We observe that the decrease of these
evident in Fig. 1b) where we report the difference between PL bands is effective up to an accumulated dose depending
the spectra before and after each irradiation. As shown, then the silica type~10"* Mrad for sample 1301 ane- 10?2
absorption coefficient at 5.15 eV decreases~d1.2 cm ! Mrad for HM. At higher doses, the PL intensity remains
after a dose of %410 2 Mrad. The decrease of th®,; band  constant, thus indicating the end of the bleaching process.
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FIG. 3. ESR spectra detected (@ 1301 and(b) HM samples ¥ Dose (Mrad)
irradiated at differenty doses, increasing up to>x210 * and 102 o )
Mrad, respectively. FIG. 4. Kinetics of the 11.8 mT doublet as a function of the

dose, detected ifa) 1301 and(b) HM samples. The solid lines
Analogous effects were observed in samples EQ906 and Hiesult from a fit of Eqs(5) to the experimental data. In the insets of
exhibiting the same dose kinetics of the samples 1301 antloth figures we report the intensity of the photoluminescefice
HM, respectively. band(3.15 eV} as a function of they dose, normalized to the value

The different behavior of the silica type(I301, EQ906  obtained in the unirradiated sample.

and type Il (H1, HM) is further pointed out by the ESR
measurements. In Fig. 3, ESR spectra detecte@)in301
and (b) HM, after variousy doses, are shown. For both  The correlation of the variation of the OA at 5.15 eV and
samples, we observed a doublet with a split of 11.8 mTthe two PL emissions at 3.15 and 4.26 eV with the growth of
around the resonance line & center, which is strongly the 11.8 mT doublet signal, already shown in Ref. 18, is
distorted by the high microwave power. In HM sample, theconfirmed by the extended data reported here. Such a corre-
11.8 mT doublet is detectable, in the limit of our experimen-lation leads one to interpret the bleaching effect in terms of a
tal sensitivity, after a dose of*610~*# Mrad. On increasing conversion mechanism, activated yrays, from an opti-
the y dose, its intensity grows and reaches a saturation valueally active center responsible for the B activity to a para-
at ~10 2 Mrad. At variance, in 1301 a minimum dose of magnetic one originating the 11.8 mT doublet. As the ESR
~10 2 Mrad is required to observe the doublet, whose in-signal originates from the hyperfine interaction between an

IV. DISCUSSION

tensity saturates after a dose-efl0* Mrad. electron spin ath a H nucleus;?°H atoms are expected to
In Fig. 4 we compare the kinetics of bleaching of fBe play a crucial role in this conversion process.
band and of growth of the 11.8 mT doublet f@ 1301 and Our experimental results point out two main features.

(b) HM. In the 1301 sample, the PL intensity decreases and (a) The bleaching of the optica activity is only partial

the doublet signal grows until both reach a constant valuén all the investigated samples, as the luminescence intensity
after~2x 10! Mrad. In HM, the same correlated behavior decreases from the initial valubefore irradiation by a fac-

of PL and ESR signals is observed but the constant value i®r ranging from 2 to 3see insets in Fig. )4

reached after- 102 Mrad, an order of magnitude less than  (b) The conversion rate depends on the OH content of the
that for 1301. For the samples EQ906 and H1 we observedilica samples, as for type Il siliodl1, HM) the conversion
similar behaviors as 1301 and HM, respectively. We note thats completed within~10"2 Mrad whereas for type (1301,

the saturated concentration of paramagnetic centers for atQ908 it occurs more slowly and stops at10™! Mrad.
investigated samples is estimated to be °10 The partial bleaching effect of thHgactivity indicates that
10% centers/cr a back-conversion occurs from ESR Booptically active
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centers, which counteracts the conversion until equilibrium TABLE I. Sample list: absorption coefficieat at 5.15 eV 8,4

is reached, according to the following reaction scheme: band, OH content and best-fit parameters of 11.8 mT kinetics with
the functionl cgg=a(1—e~°P) whereD is the accumulateg-ray

ke dose and ggRis the intensity of the hyperfine structure.
_
NOPT ) NESR' (1) o at
:° Sample 5.15 eV [OH] a b
) ) ) name cm?t m by weight (arb. unit Mrad™1!
whereN°PT (NESR s the concentration oB-active (ESR- (cm’) (ppm by weig > ( )
active centers, and. (kyc) is the rate of they-induced 1301 0.46:£0.02 10 0.016:0.001 24r1
conversion(back-conversionprocess. EQ906 0.3%-0.02 20 0.0120.001 30-1
To take into account the observed dependence on the OHH1 0.41+0.02 150 0.01+0.001 28@-10
content(Fig. 4), we assume that the H atoms involved in the HM 0.36+0.02 150 0.0120.001 22G6-10

above process are generated byy-activated breaking of
O—H bonds. A simple law connecting the incremental num-

ber of y-activated H atoms to the incrementaldosedD is Additionally, the points(ii) and(iii) allow us to estimate
the concentration of the defects responsible forBlaetivity
dN"=(N°H-N")P_dD, (2)  to be within the range 5 10°-10'® cm™2 and to determine

roughly that the absorption cross section at 5.15(p¥ak
energy of theB,z; band lies in the range %10 ‘-
&0_16 cne.

Finally, we report in Table | the parameters obtained by a
best-fit procedure of Eqg5) to the experimental curves of
the ESR intensity as a function of thedose(Fig. 4), for the
investigated samples. The quantitative analysis makes evi-
dent the strict correlation between the rate of the conversion
process and the OH content in the samples; on the other

dNH=NOHP_dD. 3y  hand, the number of converted centers does not depend on
the OH concentration, rather it is proportional to the concen-

On the basis of Eq.(3) and under the condition tration of theB-active defects in our samples befoyerra-
NOPT(D) + NESRD)=const=N°PT(0), the rate equations diation.

whereN®" andN" are the concentrations of OH groups and
H atoms, respectively, arfél, is the H generation probability
per unitary dose. Assuming that all the H atoms generate
are involved in the reactiofll) and on the basis of the mea-
sured concentration of paramagnetic centers 1340
10'® centers/cr), we infer thatN" is much less thaiN®",

by two orders of magnitude, at least. So, Ef) can be
rewritten as

for N°PT andNESR can be written as We discuss now the possible structure of diamagnetic and
paramagnetic centers and the conversion mechanisms acting
dNOPT  dNESR o opT Es on them. The paramagnetic one is commonly identifiéd
dD __ dD =P,N"(—kN"""+k,N 9, 4) as the structure (©&-Ge—H) known as Hll) center, where

. _ the 11.8 mT doublet originates from the hyperfine interaction
wherek; andk; are the probabilities of conversion of an petween the unpaired electron and the H nuclear spin. Since
optical center and of a paramagnetic one, respectively. Thghe H(l) saturated concentration does not depend on the OH

solutions of Eq.(4) are given by content, it is reasonable that the precurBeactive center is

OH free. Moreover, as the rate of creation ofilbl centers

NOPT(D)=NCPT(0 Ko+ k, e PytkitkaNO"Dy depends on OH content, we can assume thaytrays break
(D) ( )kl+ k2( 2THE Y ) OH groups and the activated H atoms react with the optical

(5) centers. These evidences support the hypothesis that the op-
tically active center is a twofold coordinafedGe

k _ Ce r o
NESR D)= NOPT(0) 1 (1_e_py(k1+k2)NOHD). (O=Ge") and they-induced reaction is

ki+Kky . 0 .
_ _ | O0=Gc +H"=0=Ge-H
The solutions (5) fit the process(1), provided k, B-active center H(II) center

=P.k; N andky.=P,k,N°" and agree with our experi-
mental results in the following respects.

(i) The bleaching of the optical activity and the growth of We recall that to ascribe the opticBlactivity to a twofold
the paramagnetic ones occur with the same dose rate, proeordinated Ge is consistent with recet initio theoretical
portional to the OH content. calculations’’-?8

(i) The saturated value &§°"7(«) is reduced by a factor As regards the back-conversion process froft Ho the
k,/(k;+k,) with respect to its initial valudN®"T(0). As a  twofold coordinated Ge, sincky is of the same order of
consequence, the experimental values of this i@itam 0.3  magnitude ak. and both parameters are related to the OH
to 0.5 indicate that the conversion and the back-conversiortoncentration, we infer that free H atoms produced/bypys
processes have probabilities of the same order of magnitudare involved as well in the process in which the break of a
ki~ (1-2)s. Ge—H bond in the HlIl) defect occurs and the twofold co-

(iii ) The high-dose saturated valueNfSRis proportional  ordinated Ge structure is restored. In this scheme, the con-
to the initial valueN®PT(0) (see Fig. 5 of Ref. 18and is  version and back-conversion processes reach a stationary
independent of OH content. state, when the concentrations of diamagnetic and paramag-
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netic centers are of the same order of magnitude and the frempinion the interplay between different bleaching mecha-
H atom has equal probability to be trapped in a diamagnetinisms is controlled by the content of Ge impurities and OH
defect or to interact with a ) center, detaching the bonded groups.

H atom and, probably, forming Hmolecules. According to

this mechanism, both optical and ESR intensities do not V. CONCLUSION

> -1 i -
change for ay doseD> (ks kyc) *, as experimentally ob The results here reported show thatrays induce two

served. . " ) .
. : correlated effects in natural silica samples: the partial bleach-
A final remark concerns the comparison of our results.

with the previously reported ddt®-'"on the bleaching of "9 of the optical B activitOA bandB,, at 5.15 eV and PL

; . o emissions at 3.15 eV and 4.26 e¥nd the simultaneous
the OA bandB, induced by UV irradiation in Ge-doped rowth of an ESR doublet split by 11.8 mT. The kinetics of

silica. In those samples, it was observed that the decrease ﬁle two processes as a function of thedose strongly de-
the absorption at 5.15 eV induced by UV photons is corre- P gy

. ; . ds on the silica type: in type(DH content~10 ppm
lated to the growth of ESR signals. In particular, it was hy—pen ) :
pothesized a different conversion mechanism, in which a{hey tend to saturate at10™" Mrad, whereas in type {OH
twofold coordinated Ge (©-Ge) originates two paramag- content~150 ppm they have a faster rate and saturate at

. . N doses=10"2 Mrad. At variance, the saturated intensity of
netic centers, the positively charged dBe) ™ and the the 11.8 mT doublet does not depend on the silica type and it

- 14
(GeQy ", via an electron transféf. is well correlated to the initial intensity of the absorption

In the conditions considered in the present paper, the situ- . S S
ation appears to be different. In fact, theray-induced LLandeﬁ. These expe-nmental findings cllearly indicate the
occurrence of vy-ray-induced conversion and back-

bleaching of the OA at 5.15 eV is related only to the growth . . ;

of the ESR doublet at 11.8 mT and no signal ascribable tGONVErsion processes from optically active centers to para-

the above Ge-related paramagnetic centers could be o nagnetic ones whose rates are propprtlonal to th_e OH. con-

served. The absence of these defects in our samples can t.|_(|)utr resultsdcan ge explalngdttﬁswt\)g akmOde][ mQW:'Ch a

explained by considering the different Ge concentration i rgr? d aei?rr;,:rprics) L;?:pp?grai‘zs \alllatwc?folr;acg]c?rgin;e 4 Ge
- ili f Refs. 12 14 i . In fact, th ’ - _

Ge-doped silica of Refs and and in ours. In fact, I;g_():Ge“)glvmg rise to the Hll) center (G=Ge—H) or

process proposed in Refs. 12 and 14 implies a correspo . . -
dence of each twofold coordinated Ge with a relatively Iargereacts with the latter, restoring the original structure of the

number of substitutional fourfold-coordinated Ge. This con—Optlcal center.
dition can be easily fulfilled in samples where the ratio

GeO,/SiO, reaches a few percent but it is not expected in

our samples, where the estimated concentration of B-active The authors express their gratitude to Professor E.
defects (@=Ge") is of the same order of the nominal Ge Calderaro(Department of Nuclear Engineering, University
concentration, namely, less than 1 ppm. We conclude thaisf Palermo for taking care of they irradiation in the irra-
the conversion mechanism proposed here is the most effediator IGS-2. This work was part of a project supported by
tive in natural silica but our results do not rule out that otherthe Ministero ltaliano della Ricerca Scientifica e Tecno-
processes can be effective in heavily Ge-doped silica. In oubgica, Rome, Italy.
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