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This paper will discuss some aspects of the induced physical processes and chemical reactions which are observed when Silicate and 
aluminosilicate glasses are exposed to UV radiation (248 nm; excimer laser), y radiation (^^Co) and pulses of fast electrons (3.8 MeV). 
The stimulated emission and absorption of short-lived defects and Cerenkov radiation are detected in the optical ränge between 200 
and 800 nm and on the microsecond time scale. Stahle hole centres (Si-0"/h"^, Si-O-Al/h"^) and electron centres (among others 
Zn"^, Cd"^, (Fe^"^)~) are detected by ESR spectroscopy at room temperature. They show surprising differences in regard to their 
thermal stability, i.e., the distribution and mean value of their trap depths. Induced absoφtion in the UVA^IS ränge exhibits broad 
and overlapping bands, some of which can be partially assigned to centres detected by ESR spectroscopy. Therefore, UVA^IS 
spectroscopy provides complementary information, an induced absorption at 300 nm for example, which has no analogy in ESR 
measurements. 

Zur Wechselwirkung von Gläsern mit hochenergetischer Strahlung - Kombinierte ESR- und optische Untersuchungen 

Am Beispiel UV- (248 nm, Excimer-Laser) und y- (^^Co)bestrahlter sowie Elektronenstrahlpulsen (3.8 MeV) ausgesetzter Silicat-
und Alumosilicatgläser werden einige Aspekte der induzierten physikalischen Prozesse bzw. chemischen Reaktionen diskutiert. Die 
Untersuchungen umfassen den optischen (200 bis 800 nm; Mikrosekunden-Bereich) Nachweis sowohl von Cerenkov-Strahlung als 
auch der stimulierten Emission und Absorption kurzlebiger Defekte. ESR-spektroskopisch ließen sich langlebige, d.h. bei Zimmer
temperatur stabile. Loch- (Si-O' /h"^, Si-O-Al/h"^) und Elektronenzentren (u.a. Zn"^, Cd^, (Fe^^)") nachweisen. Diese zeigen 
überraschende Unterschiede bezüglich der thermischen Stabilität, d.h. der Mittelwerte und Verteilungen der Fallentiefen. Die 
UVA/^IS-spektroskopische Charakterisierung der induzierten Absorption ist auf sehr breite, überlagerte Banden zurückzuführen, die 
teilweise ESR-spektroskopisch nachgewiesenen Defekten zuzuordnen sind. Daher liefert die UVA^IS-Spektroskopie komplementäre 
Aussagen, z.B. bezüglich einer Absoφtionsbande bei 300 nm, die keine ESR-Entsprechung findet. 

1. Introduction 
The broad ränge of applications of glasses covers a v^ide 
variety of instances wehere these materials, aimed or ac-
cidentally, are exposed to different kinds of radiation. 
One of the largest fields is the interaction of optical ma
terials with radiation. Thus, systematic experimental 
studies of irradiation-induced changes of optical proper
ties started in the 40 s. It was the goal of the first 
research projects to reduce or avoid the formation of col
our centres. During the next two decades numerous 
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radiation effect studies were performed. Overviews of 
the results and main ideas developed up to the 80s are 
given in [1 and 2]. Α lot of knowledge of the basic 
phenomena was collected including the identification of 
several electron and hole centres detectable by means of 
optical and ESR spectroscopy and its assignment to 
structural units of the glasses. Only a few studies were 
devoted to the kinetics of formation and reaction of col
our and paramagnetic centres, respectively. 

Nowadays, new fields of apphcation (figure 1), es
pecially the use of waveguides in communication Sys
tems, nuclear technology, and space research, require a 
knowledge in depth of relations between glass compo-
sition/local structure and parameters of radiation (e.g., 
energy, dose, dose rate). The resulting activities have not 
only to be directed to the study of the properties of 
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Figure 1. Fields of interaction between radiation and glasses or 
glassy-crystalline materials and resulting problems and oppor
tunities in materials science. 

defects stable at room temperature but also to in situ 
investigation of the immediate processes. Thus, numer
ous publications appeared in the last ten years [3 to 22] 
v^hich essentially dealt with 

- optical fibers (e.g., Si02-containing different 
amounts of OH groups and dopants), 

- Si02films, 
- special optical glasses used for the fabrication of len

ses and filters, 
- float glass, 
- glass-ceramic materials with low thermal expansion 

(e.g. ZERODUR). 

These materials interacted with y quanta (^^Co, 
^^^Cs), excimer lasers (operating at 193, 248 or 308 nm), 
fast neutrons, electrons or protons, or ion beams. 

In the present paper, selected effects of the action of 
UV (248 nm; excimer laser), y irradiation (^^Co) and fast 
electrons (3.8 IVIeV) on Silicate and aluminosilicate 
glasses will be discussed under physical and chemical as
pects. This work includes different tasks: first, construc
tion of suitable experimental arrangements for a sensi
tive and fast detection of radiation-induced changes, 
second, apphcation of appropriate algorithms for utiliz
ing the obtained data sets, and third, interpretation of 
the observed relations and dependencies. 
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Figures 2a and b. Experimental equipment for a) in situ Obser
vation of optical and thermal bleaching behaviour in the X 
band ESR spectrometer, b) optical spectroscopy in the ränge of 
microseconds to milliseconds after the impact of 3.8 MeV elec
trons. 

Table 1. Compositions of samples under consideration 

sample composition in mol % 

BS 30 BaO, 70 Si02 
CASl 33 CaO, 5 AI2O3, 62 SiOs 
CAS2 30 CaO, 30 AI2O3, 40 Si02 
CAS3 29 CaO, 13 AI2O3, 58 Si02 
CCdAS 21 CaO, 8 CdO, 13 AI2O3, 58 Si02 
CdAS 21 CdO, 21 AI2O3, 58 Si02 
CZAS 21 CaO, 8 ZnO, 13 AI2O3, 58 Si02 
ZAS 15ZnO, 20 AI2O3, 65 Si02 

It is the aim of this paper to show new opportunities 
and results as well as unresolved problems of combi
nation of optical and ESR spectroscopy for the study of 
irradiation-induced changes of glasses. 



2. Experimental 
2.1 Experimental tools for studying radiation-
induced processes and characterization of 
defects fornned in their result 
The demand for a sensitive and fast detection of ir
radiation-induced reactions of glassy solids is v^ell met 
by ESR, pulse radiolysis and several kinds of optical 
spectroscopy as v^ell. These methods do not only allow 
the study of the results of irradiation, but, by direct com
bination with radiation sources, also make it possible to 
follow processes going on. Two of such direct couplings 
of radiation sources with an ESR spectrometer and 
optical detection Systems, respectively, are depicted in 
figures 2a and b. 

Figure 2a shows the main parts of the experimental 
arrangement for performing UV irradiations by means 
of an excimer laser (compexlOO, Laserphysik, Göttingen 
(Germany)) or a lamp in the cavity of an X-band ESR 
spectrometer at temperatures between 77 and 800 Κ [23]. 
For experiments at 77 Κ the sample is put into a liquid 
nitrogen dewar. For measurements at room temperature, 
a rod-like sample may be located in the cavity of the 
spectrometer or a powdered sample is filled into an ESR 
tube. For high-temperature studies an additional high-
temperature dewar (heated with hot gas: 9 0 % N2/10% 
H2) is necessary. Thus, the radiation Coming into the cav
ity either reaches a sample directly or has to pass 
through dewars and/or sample tubes. Therefore, these 
were made from high-purity quartz glass in order to 
avoid or to diminish defect formation in other units than 
the sample. Using such arrangements it is possible to 
scan a selected ränge of the magnetic field during the 
irradiation or to study time dependencies of defect for
mation or recombination after switching on or off the 
radiation sources. Additionally, it is possible to study the 
thermal bleaching behaviour of the defects formed under 
irradiation as a function of temperature and time. 

Transient changes in either optical absorption 
or light emission, due to the impingement of pulses 
of high-energy electrons to the glass, are recorded at 
the pulse radiolysis facility ELDENA at the Hahn-
IVIeitner-Institut, Berlin (Germany). The schematic 
experimental arrangement [24 to 26] is shown in 
figure 2b. The flat and optically polished specimens 
(here: (10 X 20 X 0.5) mm^) are mounted in such a way 
that the analyzing light beam samples only the irradiated 
portion. The high-energy electrons (3.8 IVIeV) are deliv
ered by a van de Graaff electron accelerator, the pulse 
duration can be varied from 3 to 999 ns and the dosis 
from some Gy to several kGy per pulse. The changes in 
absorption or emission are recorded versus time at a 
given wavelength; a spectrum can be constructed from 
several kinetic curves measured at different wavelengths. 
For the recording from the millisecond time scale on, a 
diode array detector is used which allows the immediate 
recording of spectra (200 to 800 nm) at preset times. For 
the recording of the emission, the analyzing light is 
prohibited. 

For the registration of optical spectra, a commercial 
photometer (UV-PC3101, Shimadzu, Kyoto (Japan)) 
equipped with an optical nitrogen cryostat (Oxford In
struments, Oxford (Great Britain)) was used, which 
allows a continuous Variation of temperature between 77 
and 500 Κ and which is coupled with an external 
Hg(Xe) lamp. This equipment made it possible to study 
the thermal and optical bleaching behaviour of radiation 
(^^Co) induced coloration of the samples. 

Thermoluminescence of powdered samples was 
measured by the device TLDA12 (Risoe National 
Laboratory, Roskilde (Denmark)), equipped with a 
9635QA Bialkali Photomultiplier and heat-protecting fil
ters. The heating rate was 10 K/s. γ irradiations were per
formed with a ^^Co source at room temperature and the 
doses varied between 10 and 3 kGy 

2.2 Sannple preparation and compositions 
Glasses were prepared from 1 kg batches of the respec-
tive carbonates and oxides as described before [27]. The 
sample compositions are given in table 1. 

Optically pohshed (thickness: 0.5 mm) specimens 
and powders, respectively, were used for the experiments. 

3. Physical and chemical processes induced 
by high-energy irradiation of solids 
The scope of the experimental work to be presented here 
is outlined in figure 3. As shown in part A) the interac
tions of glassy materials with γ radiation, fast electrons 
and UV rays supplied by an excimer laser were studied. 

The γ quanta provided by a ^^Co source possess an 
energy of 1.17 and 1.33 MoV [28]. Most of them pass 
through a solid material, i.e., the probability of interac
tion is low [2]. If interactions appear, i.e., γ quanta are 
absorbed, then three processes, depending on the energy 
of the γ quanta and on the atomic number of the absorb-
ing atom, may appear: first, Compton recoil, second, 
photoelectric effect, and third, electron-positron pair 
formafion. All these processes lead to the formafion of 
recoil electrons (and positrons) which interact with the 
glass in the same way as any other energetic electron [2]. 
Thus, for an understanding of mechanisms of interac
tion of electrons with solids it is necessary to explain the 
results of radiation damage by γ rays and fast electrons 
as well. 

Interaction of high-energy electrons (e.g., supplied 
by an accelerator or formed after interaction of a solid 
with γ radiation) with electrons of the lattice leads to 
formation of electron-hole ionization pairs. Sufficiently 
energetic electrons also can displace atoms. But, for 
IMeV electrons the displacement process appears to be 
relatively inefficient. Thus, the main effects to be dis
cussed in this work are the formation of electron-hole 
pairs, and the independent movement and trapping of 
electrons and holes leading to more or less stable colour 
centres and paramagnetic defects, respectively. The re-
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Figure 3. Schematic representation of radiation-induced processes and reactions as well as post-irradiation treatments of the glasses 
under consideration and indication of the suitable experimental tools. 

lated reactions leading to trapping, detrapping, reaction 
or recombination of holes and electrons (see part B) of 
figure 3) can be classified by the time scale of their detec
tion at room temperature. Α process shall here be called 
"fast" if the irradiation-induced emission or change of 
absorption is detectable in the time ränge of micro
seconds only. Examples of detecting such short-lived 
defects will be given in figures 4a to d and figure 5. 

Alternatively, and as often discussed changes in the 
literature, the formation of colour centres and paramag
netic defects stable at room temperature was studied. 
These investigations include the assignment of the 
observed species to charge carriers trapped at initially 
present defects in the glass network, b) radiation-in
duced defects, and c) easily reducible or oxidizable do
pants or impurities. An example for the discussion will 
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Figures 4a to d. Time-resolved optical emission of sample BS for different pulse lengths, a) 10 ns, b) 50 ns, c) 100 ns, d) 200 ns. 
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Figure 5. Irradiation-(3.8 MeV electrons) induced optical ab
sorption and emission of sample BS taken 5.5 · 10~^ and 
4 · 10"^ s, respectively, after 200 ns pulses. 

be given with the spectra depicted in figures 6a and b, 
7a and b. 

Excimer laser excitation of glasses may cause photo-
chemical reactions which can finally result in the forma
tion of the same types of stabilized colour centres and 
paramagnetic defects as observed after y or electron 
irradiations (figures 7a and b). 

To characterize different radiation-induced defects 
not only their spectroscopic properties have to be stud
ied. Their optical (figures 8a and b) and thermal (figures 
9a to c and 10) bleaching behaviour can also yield 
valuable information to support assignments given, or 
to evaluate the possibility of apphcation of materials for 
special purposes (e.g., applications in the fields of high-
energy radiation sources). 

4. Results 
4.1 Indication of recombination processes and 
detection of short-lived defects by optical 
spectroscopy in the ränge of microseconds 
Figures 4a to d show the dependence of emission at 
340 nm of sample BS on the pulse length. At the time 
scale as used the interaction of the sample with the pul
ses Starts at 2.2 μs. At this time immediately Cerenkov 
radiation [29] can be detected. The intensity of this emis
sion is approximately equal to 4.5 mV independent of 
the pulse length. This type of emission is always observ-
able if electrons move through a substance with a veloc
ity greater than that of light in the same one. Cerenkov 
radiation shows characteristic peculiarities which differ 
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Figures 6a and b. Dependence of ESR and optical absorpdon of long-lived defects on the chemical composiüon (BS, CASl , CAS2, 
ZAS, CdAS). The ESR spectra (figure a) were taken at room temperature at 20 mW microwave power. UVA^IS spectra (figure b) 
show the absorbance of the samples referenced to air; the inserts depict the radiation-induced absorption, i.e., the spectra of the 
irradiated samples were taken using the unirradiated ones as references. 
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Figures 7a and b. Changes of ESR amphtudes (recorded at 2 mW microwave power) in the result of laser (248 nm) treatments at 
different repetition rates of samples CAS3 (figure a) and CZAS (figure b). The amplitudes of ESR resonances used as measure for 
the effect of laser irradiation are indicated above. The lines drawn in the graphs below serve as guides to the eye. 

from those of luminescence, e.g., whereas the time con
stants of luminescence ränge between 10"'^ and 10"^ s, 
the Cerenkov radiation follows the excitation "instan-
taneously" and thus does not depend on the pulse 
length. This special effect was used for the construction 
of so-called Cerenkov counters which allow the detec
tion of Single fast particles as well as the determination 
of their energy. These devices use liquids, acrylic or lead 
Silicate glasses as interacting media {30]. 

The Cerenkov radiation is superimposed by a further 
emission. Its intensity depends on the pulse length. The 
decay of this emission can be described by second-order 
kinetics and yields first half-life times which depend 
on the pulse length as summarized in table 2. This 
dependence is an artefact caused by the concurrent de
cay and initiation of emission processes during the pul

ses, i.e., the shorter the pulses are the closer the first 
half-life should be to the right value. But in practice, the 
lower limit of the pulse length is determined by the need 
to stimulate a minimum of emission to enable quantita
tive measurements. In order to get an emission spectrum 
such curves were detected pointwise and corrected for 
the sensitivity of the optical detection System. As a re
sult, the spectrum recorded 4 · 10~̂  s after 10 ns pulses 
and normalized to the maximum of emission is shown 
in figure 5. 

Figure 5 also depicts a normalized absoφtion spec
trum of a sample of the same composition also detected 
in the time ränge of microseconds (5.5 • 10~̂  s). Three 
features have to be mentioned: first, the spectra are com
posed of very broad and superimposed absoφtion 
bands, second, the maximum absorption appears at 
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Figures 8a and b. ESR (figure a) and UVA^IS (figure b) spectroscopic study of optical bleaching with the light of a Hg(Xe)lamp 
(800 W) at 77 Κ of y-irradiated (300 K, dose 1: 2.5 kGy, dose 2: 5.8 kGy) sample BS. Selected ESR and UVA^IS spectra were 
depicted above to give an Impression of observable changes. (Please note that the amplitudes of the ESR signals belonging to 
electron centres were scaled by factor 10). The time dependencies , i.e., the plot of normalized amplitudes of ESR resonances and 
optical absoφtion at selected wavelengths versus duration of bleaching, obtained for the whole series of experiments are plotted in 
the bottom part of the figure. In figure b) the absoφtion of the non-irradiated sample (reference: air) is also shown. Füll line: 
y-irradiated samples, dashed lines: y-irradiated and subsequently bleached samples. 

wavelengths greater than 600 nm, and third, in contrast, 
the maximum of emission was detected at short wave
lengths (<300nm) and for λ > 550 nm no emission 
could be detected. The absoφtion at 450 nm versus time 
curve (not shown here) follows a second-order law; the 
first half-life is in the order of 1 to 2 · 10~^ s. But it 
has to be taken into consideration here that spontaneous 
recombination processes and optically stimulated ones 
(by the analyzing light) occur simultaneously 

This section was devoted to one binary Silicate glass 
in order to explain main features of the detection of fast 
processes. Some further examples, which concern the in
fluence of glass composition are discussed in [31 and 32]. 

4.2. UV/VIS-NIR and ESR spectroscopic 
characterization of long-lived defects 
Figure 6a shows ESR and optical spectra of various 
glass samples obtained a long time (several days) after 

y irradiation performed at room temperature. The ESR 
spectra allow an assignment of the signals to distinct 
hole and electron traps being part of the glassy net-
works. If considerable amounts of nonbridging oxygens 
are present then they usually act as effective hole traps. 
This is also observed for samples BS and CASl (table 1) 
here. The ESR spectra yield characteristic patterns in the 
g' — 2 region. As shown in [33 and 34], they result from 
at least two superimposed signals. Griscom [35], in ad
dition, also discusses the presence of E' centres. The in
corporation of a certain amount of AI2O3 into a Silicate 
glass System leads to formation on Si—Q—Al bridges 
which also, competing with the nonbridging oxygens 
[36], can serve as hole traps. Their identification is pos
sible if the ^^Al hyperfine structure can be resolved [27 
and 36]. In the glasses discussed up to here it could be 
shown [37 and 38] that Fe^^ ions serve as electron traps. 
Otherwise, if Cd^^ or Zn^^ ions are constituents of the 
glasses under consideration these ions may also yield 

b) UV/V IS spectroscopy 
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Figures 9a to c. Thermal bleaching (at 200 °C for 1 h after a period of 2 h for rising the temperature from 25 to 200 °C) of hole and 
electron centres indicated by ESR (figures a and b: microwave power applied = 20 mW) and corresponding optical difference spectra 
(figure c) of sample BS. All spectra, i.e., ESR and optical ones, were recorded at room temperature using the same specimen. 

electron traps and the resulting centres often were de
noted as Cd"" and Zn+ [1 and 31]. But, as argued in [39] 
the latter one could also be an oxygen vacancy. In the 
case of sample BS a further type of paramagnetic elec
tron centre appears, which will be described below in 
more detail. 

Figure 6b contains UVA^IS spectra of nonirradiated 
samples and, as inserts, the change of optical absorption 
induced by γ irradiation. The position and shape of the 
UV edge is different for all samples here. It depends on 
the total amount of iron in the sample, on the redox 
states and on the type of cation present, but these re
lations shall not be studied here. To understand the 

experiments under discussion here, it is only necessary 
to know that the UV edge is due to Fe^'^-O charge 
transfer bands. After γ irradiation the absorption in the 
region of the UV edge decreases for samples BS, CASl 
and CAS2, thus indicating the radiation induced re
duction of a part of Fe^"^ ions. In contrast, for the zinc-
and cadmium-containing glasses such a decrease is not 
clearly detectable. These observations correspond with 
earlier ESR results [37], where similar behaviour was 
detected for the Fe^"^ resonance at g' - 4 . 3 . 

The shape of the induced absorption in the visible is 
determined by broad and superimposed bands, which 
only allow to mention two distinct maxima at 300 and 
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Figure 10. Thermoluminescence curve of y-irradiated (2.5 kGy; 
300 K) BS powder. The heating rate was 10 Κ s~^ 

Table 2. First half-life times of emission at 340 nm obtained 
after four different experiments at sample BS 

pulse length in ns first half-life times in s 

10 
50 
100 
200 

3.5 · 10-8 
6.7 · 10-8 
1.2 · 10-^ 
2.5 · 10-^ 

500 nm, respectively. Their ratios change in dependence 
on the composition. But it has to be stressed that from 
this study of dependence on composition no assignment 
of the optical absorption maxima to the ESR resonances 
described before is possible. 

ESR spectra of selected samples w^hich were exposed 
to excimer laser radiation (248 nm) at 300 Κ are mir-
rored in figures 7a and b. The top parts show spectra 
obtained after 30 s of irradiation with a repetition rate 
of 1 Hz and indicated measures used for the quantifi
cation of induced changes of signal amplitudes. The 
experiments were performed in the following manner: At 
first spectra of the non-irradiated samples were recorded 
to be sure that there was no signal detectable in this re
gion before interaction with laser radiation. Then five 
different irradiations were performed (bottom parts in 
figures 7a and b); i.e., the laser was operated (I) at 1 Hz 
for 30 s, (II) at 20 Hz for 60 s, (III) again at 1 Hz for 
30 s, (IV) at 10 Hz for 60 s, and (V) at 5 Hz for 60 s. 
After each train of laser pulses ESR spectra were taken. 
As can be seen from this figure, after the first train of 
pulses a certain amount of paramagnetic centres was 
formed and stabilized in both samples. But after ad
ditional irradiation for 60 s at 20 Hz the signals vanished 
partly for sample CAS3 and completely for sample 
CZAS. Repeated treatment at 1 Hz for 30 s again caused 
formation of defects which were partly removed in 

sample CZAS and did practically not change for sample 
CAS3 after treatment at 10 Hz. After additional ir
radiations at 5 Hz the concentrations of the paramag
netic centres detected in both samples before increased. 
It has to be stressed that for sample CZAS the ratio of 
the Si—0~/h"^ to Zn"^ centres is a function of the rep
etition rate of the laser. 

4 . 3 Optical and thermal bleaching behaviour of 
y-irradiated samples 
Figures 8a and b show results of optical bleaching 
experiments performed on y-irradiated samples having 
the composition BS. The ESR spectrum obtained after 
y irradiation shows the Si-0~/h"^ resonance(s) and a 
broad and asymmetric signal of an electron centre. The 
registration of the first spectrum in each bleaching series 
was started together with the exposition of the sample 
to the Hght of an Hg(Xe) lamp (800 W) and the whole 
series of spectra was recorded continuously to ensure an 
unchanged position of the sample in the cavity of the 
ESR spectrometer. The sample was kept at 77 Κ for the 
whole time. In the result of optical excitation the ampli
tudes of both signals became smaller and after 30 min 
they were beyond detection. Following the decay of both 
Signals for two samples irradiated with different doses 
the time dependencies shown below the spectra were ob
tained. These "intensities" were calculated from the sig
nal amplitudes which were normalized in the way that 
they were equal to 1 for the first spectrum and 0 after 
the resonances vanished in the course of experiments. 
It can be seen here that no distinct dose dependence is 
detectable. But, looking at the ESR spectra obtained 
during the first 40 s it becomes obvious that the electron 
centres decay faster under the influence of the light of 
the Hg(Xe) lamp than the hole centres. 

In figure 8b results of UVA^IS spectroscopic study 
concerning optical bleaching of sample BS are vis
ualized. Since in the sample iron impurities are present 
absorption before y irradiation is characterized by an 
UV edge caused by superimposed bands of Fe^"^-Ο 
(210 nm, extinction coefficient ε « 3000) and F e ^ ^ - Q 
(230 nm, ε ~ 7000) charge transfer transitions [40 and 
41]. The spectra of the sample which was irradiated and 
subsequently bleached at 77 Κ were referred to a non-
irradiated sample kept at room temperature^^ After y 
irradiation (füll line) the absorbance below 280 nm de
creases, but increases above this wavelength. The de
crease in the UV ränge can be explained by irradiation-
induced reduction of Fe^^ ions which was also proven 
by ESR spectroscopy yielding a decrease of the ampli-
tude of the Fe^"^ resonance at = 4.3 as already men
tioned. The induced absorption above 280 nm is due to 
the formation of colour centres which are characterized 

2^ Since the additional light from the Hg(Xe) lamp would dis
turb the spectra registration, the sample was exposed to it for 
certain periods and after each one a spectrum was recorded on 
shielding the photometers sample compartment from the light 
outside. 



by very broad and superimposed bands. Thus, only a 
maximum at 450 and a Shoulder at 300 nm could be dis
covered. The time dependence of the bleaching is illus
trated for selected wavelengths. 

Figures 9a to c show results which were obtained 
after thermal bleaching experiments at samples of com
position BS. It has especially to be stressed here that the 
ESR and UVA^IS spectra were recorded at iden
tical samples. To do so a special ESR cavity was used 
which allowed to place in flat samples with an area of 
(10 X 20)nMn^. At first spectra of the y-irradiated 
sample were recorded and then thermal treatments of 
the irradiated sample were performed at 200 and 480 °C, 
respectively, in an external fumace. Spectra were re
corded after each thermal treatment again. As could be 
shown by ESR spectroscopy (figure 9a) an unexpected 
response to the temperature-time regime applied was ob
served which was different for electron and hole centres. 
The latter experience a large loss of intensity. It was also 
observed that the shape of the Si—0~/h^ resonance did 
not change significantly as a result of temperature treat
ment (figure 9b). After thermal bleaching at 480 °C the 
ESR resonances were not detectable any longer. This 
agrees with the findings of optical spectroscopy. Three 
characteristics of optical spectra can be elucidated from 
figure 9c: first, the absorption below 280 nm increases 
again after thermal treatment, i.e., reoxidation of Fe^^ 
ions (here (Fe^^)~ ions formed in the irradiation process 
are meant) appears, thus supplying electrons which can 
be (re)trapped or react with holes; second, the absoφ-
tion at 300 imi is more thermally stable than that at 
longer wavelengths, and third, the absoφtion in the vis
ible ränge of the spectrum is nearly bleached out at 
200 °C. 

As a further proof of defects differing with respect 
to thermal stability, thermoluminescence, i.e., detection 
of thermally stimulated emission in the visible as a func
tion of temperature, was used. Figure 10 shows the cor
responding curve for sample BS. Indeed, it is charac
terized by two (well) separated maxima appearing at 190 
and 360 °C and pointing to the presence of irradiation-
induced centres of different thermal stabilities as ex
pected from the experiments described before. 

5. Discussion 
5.1 Detection of fast processes and short-lived 
defects 
The processes to be considered in this section are con
nected with trapping and reaction, respectively, of holes 
and electrons. According to [2] holes are usually trapped 
more quickly than electrons. Electrons can not only be 
trapped but also react with trapped holes and vice versa. 
Such recombination processes can be accompanied by 
emission of light or radiation. The sample of compo
sition BS which served as example for the detection of 
fast processes and description of the experimentally 
accessible phenomena here, emitted Cerenkov radiation 

as well as luminescence. The first half-life of lumi
nescence was in the order of 10"^ to 10"^ s which cor
responds to the values determined by other authors 
before [2]. It is of interest to State that the maxima of 
emission and absoφtion detectable on the time scale of 
microseconds do not coincide. In addition, it could be 
observed that the maximum of absoφtion detected im
mediately (5.5 · 10~^ s) after the impact of fast electrons 
appears at longer wavelengths than the induced absoφ-
tion stable at room temperature. This corresponds to the 
general experience [1] that the most thermally stable, 
i.e. deepest, traps are also those exhibiting the highest 
energy (shortest wavelengths) absoφtion bands. The 
strongest absoφtion of short-lived defects was detected 
at approximately 700 nm, two further ones appeared at 
—500 and — 300nm, respectively. In [1 and 42] it was 
argued that released or stabilized electrons are respon
sible for absoφtion bands in the wavelength region 500 
to 700 nm. Such an assignment is also possible for the 
sample BS. Bearing in mind the principle of maintaining 
electrical neutrality of the sample, the decay of absoφ-
tion ascribed to reaction of released electrons should be 
accompanied by a decrease of absoφtion caused by 
trapped holes. Their absoφtion bands should also ap
pear in the visible as additional superimposed bands. 

From the practical point of view, i.e., evaluation of 
radiation hardness [10], special attention should be paid 
to the fact that absoφtion bands of short- and long-
lived defects do not only differ regarding intensity but 
also with respect to the position of the bands. 

5.2 Nature and properties of long-lived defects 
Before starting a discussion directed to assignment of 
both, induced ESR resonances as well as optical absoφ-
tion bands, it seems to be useful to describe potential 
types of electron and hole traps in glasses. According to 
their chemical nature they can be divided into two 
groups: 
a) Traps formed by constituents of an only slightly per-
turbed glassy network. With respect to the samples un
der consideration here, such traps are 
— nonbridging oxygens S i - 0 ~ , 
— bridging oxygens S i - O - S i or S i - O - A l : according 

to ESR findings [43] and also based on consideration 
of Charge distribution [44] only the latter act as 
effective hole traps competing with nonbridging oxy
gens, 

— ions like Cd^^ or Zn^^ which are main components 
of the glasses and are reducible to form Cd^ or Zn^ 
and thus appear as electron traps, 

— traces of Fe^^ and Fe^^ ions being part of the raw 
materials used for glass production and able to trap 
electrons and holes, respectively. 

b) Traps due to point defects of a real glass network 
which might be formed during production of glassy 
materials or via atomic dispiacements caused by inter
action of samples with highly-energetic radiation. They 
can be analogies to those occurring in crystals, e.g., oxy-



Table 3. Assignments of optical bands to radiation-induced defect centres given in the literature 

wavelength pecuUarities reference 

electron centres 
235 to 305 nm 
230 nm 

310 nm 

335 mn 
387 nm 
600 to 700 nm 
UV, some intensity tailing into 
visible ränge of the spectrum 

hole centres 
302 nm 
460 and 630 nm 
460 nm 
517 nm 
550 nm 
620 nm 

620 nm 
670 nm 

electrons in deeper traps 
trapped electrons; more intense in samples prepared under reducing 
conditions 
trapped electrons; consists of three bands, positions vary with the alkali 
ion present 
trapped electrons 
trapped electrons; detectable if y dose exceeds 100 kGy 
shallow electron traps 
Zn+, Cd+ 

hole centres in alkaU Sil icate glasses 
S i -0"/h+; band position and intensity vary with alkali ion present 
aluminium-oxygen hole centre in quartz 
hole centres in alkali Silicate glasses 
aluminium-oxygen hole centre in glasses 
hole centres; band position and intensity vary with alkali ion present; 
consists of many superimposed components 
alimiinium-oxygen hole centre in quartz 
aluminium-oxygen hole centre in Si02 glass 

[1] 
[48] 

[48] 

[49] 
[49] 
[1] 
[1] 

[49] 
[1 and 48] 
[48] 
[49] 
[1] 
[1] 

[48] 
[50] 

gen vacancies or "interstitial" ions. As examples, defects 
of the type Si—Si and Si—Q-Q-Si providing precur-
sors for paramagnetic E' centres or peroxy radicals in 
Si02 glasses [45] shall be mentioned here. 

The close relation between chemical composition 
and ESR spectroscopically detectable radiation-induced 
defects often observed [27 and 43] for Silicate and alumi
nosilicate glasses favours, in the work presented here, the 
consideration of traps belonging to group a). 

Studies of the influence of composition on radiation-
induced formation of paramagnetic centres and changes 
of optical absoφtion characteristics as well as results of 
different post-irradiation treatments, i.e., thermal and 
optical bleaching procedures, yielded a lot of alone 
Standing facts. It shall be examined now to what 
extent they correspond to each other and to the 
results obtained by other authors. As mentioned above 
when describing the ESR spectra depicted in figures 6a 
and b the following types of paramagnetic centres 
were detected here: a) holes trapped either at non
bridging oxygens (Si -0~/h+) or at S i - Q - A l bridges 
(Si -0-AlAi+) , b) electrons trapped by Zn^^, Cd^^ 
being constituents of the glasses, c) electrons trapped by 
Fe^^ ions, d) trapped electrons causing an asymetrically-
shaped resonance at g' ~ 1.955 in sample BS; similar 
ones were also observed in y-irradiated Strontium Silicate 
and calcium aluminosilicate glasses [46 and 47]. Pro-
posals for assignments of optical bands to hole and elec
tron centres collected in table 3 were given by [1, 38 and 
48 to 50]. 

The optical difference spectra shown in figures 6a 
and b are characterized by a decrease of absoφtion be
low 280 nm which indicates reduction of Fe^^ by trap
ping of electrons also detectable by ESR spectroscopy 

[46]. The induced absoφtion, though comprising the 
ränge between 280 and 800 ima, does not show more 
than two separated maxima. These appear near 300 and 
500 imi, respectively. The absoφtion band at —300 imi 
was also detectable for further y-irradiated alumino
silicate glasses and vanishes at thermal treatments per
formed at temperatures above 150 to 550 °C (depending 
on glass composition [46 and51]). It should be caused 
by electrons in comparatively deep traps as observed for 
sodium disilicate glasses before [1]. Comparison of ESR 
spectra of similar samples did not yield a correspond
ing resonance. 

The irradiation-induced absoφtion at longer wave
lengths and the decrease of absoφtion below 280 imi are 
thermally stable only below 200 °C and should be caused 
by further types of electron centres and by hole centres 
as well. Si—Q-Al/h^ centres were detected by ESR for 
samples CAS2, ZAS and CdAS. But a corresponding 
characteristic absoφtion which should not appear in the 
UVA^IS spectra of nonirradiated samples BS and CASl 
could not be determined here. Additionally, optical and 
thermal bleaching experiments did not allow one to dis
tinguish between different types of hole centres. In [52] 
it had been described for CAS glasses that the thermal 
bleachings of S i - 0 - / h + and S i - 0 - A l / h + observed by 
ESR are close together if both types of trapped holes 
are likewise present. This led to the conclusion that 
holes could undergo coupled detrapping and trapping 
reactions at thermal treatments performed in the ränge 
of 200 °C. Remembering the above-mentioned (section 
5.1) relation between trap depth and position of absorp
tion bands and observing very broad and superimposed 
ones here, it has to be assumed that for the samples un
der consideration the differences of trap depths are very 



small. But thermoluminescence made it possible to dis-
cover two well-separated maxima at 200 and 360 °C 
figure 10). The experiments described in figures 9a to c 
allow one to draw the conclusion that detrapping of 
holes and electrons absorbing in the visible occurs at 
200 °C. Electrons in deep traps causing a resonance at 
g' = 1.955 in the ESR spectra and further ones absorb
ing at 300 nm should be the ones with the higher ther
mal stability. 

Special attention has to be paid to the UV/VIS spec
tra obtained for y-irradiated samples ZAS and CdAS. 
They do not show a decrease of absorption below 
280 nm as observed for the other three samples. This 
difference can rest on the following pecuharities: first, 
formation of Cd^ and Zn^ causes generation of absorp
tion bands in the UV region [1], thus, compensating the 
decrease of absorption caused by reduction of Fê "̂  ions, 
and second, Fe^"^ and Zn^'^/Cd^^ compete for electron 
trapping, thus, only a comparably small percentage of 
Fe^"^ ions will be reduced. The last idea is supported by 
ESR study of radiation-induced changes of amplitudes 
of Fe^^ ion resonances at g = 4.3 as a function of glass 
composition [46]. 

5.3 Some general comments on processes of 
defect formation and recombination 
Different types of trapped holes and electrons being 
simultaneously involved in trapping and detrapping 
reactions have been considered above. The occurrence of 
an isobestic point in figure 8b together with the corre
sponding time dependencies suggest simple recombina
tion reactions taking place at the optically bleaching of 
sample BS. But one has to consider different types of 
trapped electrons: those trapped by Fe^"^, those causing 
the asymmetric resonance at g ^ 1.955, and those, re
sponsible for the absorption band at 300 nm. Otherwise 
one should take into account that different types of 
holes trapped at nonbridging oxygens contribute to the 
ESR resonance at g' = 2. Unfortunately, it is not known 
how many optical absorption bands these centres cause. 

Despite of the complex spectroscopic findings it is 
possible to get some insight into the radiation chemistry 
of sample BS. γ irradiation led to the formation of 
Si-0~/h"^ and simultaneously trapping of electrons at 
Fe^"^ ions. In addition, further types of trapped electrons 
could be detected. Subsequent optical bleaching did dis-
cover neither differences in the kinetics of recombination 
of Si-O^/h"^ and electron centres (g' ~ 1.955) nor con
cerning the decay of optical absorption (figures 8a to d). 
But, thermal treatment of y-irradiated samples brought 
about differences concerning the physical nature of the 
traps. It can be concluded from the results given in 
figures 9a to c that thermally (200 °C) stimulated reac
tions involve S i -0~/h '^ centres and part of the electrons 
formerly trapped by Fe^"^ ions (figure 9c: increase of ab
sorption below 280 nm on temperature treatments). The 
result that Fe^^ ions can easily deliver the electrons 
trapped during y irradiation before agrees with the in

terpretation given in [53]. There it was stressed that trap
ping of electrons by Fe^+ did not lead to "real" Fe^^ 
ions but to so-called (Fe^"^)" species. Otherwise, the fact 
that even after temperature treatment at 480 °C the ab
sorbance below 280 nm did not reach the initial value 
again shows that the thermal stabihty, hence trap depth, 
of these (Fe^"^)" species is characterized by a distri
bution broader than that of the Si-O'/h"^ centres. 
Two main groups of results were described above with 
respect to photochemically induced processes: first, in
teraction of glasses with light of an excimer laser 
(248 nm) could, depending on the repetition rate, cause 
formation or stimulated reaction of paramagnetic 
centres, and second, optical post-processing, i.e., expo-
sure of y-irradiated samples to the light of an Hg(Xe) 
lamp caused recombination of radiation-induced defects. 
Otherwise, exposure of nonirradiated samples kept at 
77 Κ to this kind of intense UV and visible light did not 
lead to the formation of defects stable at room tempera
ture. 

It turns out that the concentration of defects depends 
on the repetition rate of the laser which can be explained 
by the combined action of optical and thermal effects. 
The energy of the 248 nm photons is high enough to 
cause defect formation as evidenced by ESR at low 
repetition rates. Knowledge of the optical absorption, 
which shows Fe^'^-O charge transfer bands in this 
region, Supports the idea that the defect formation is 
initiated by irreversible interaction of the laser light with 
Fe^"^ ions co-ordinated by oxygen. But at higher repeti
tion rates more energy is absorbed by the sample within 
a short period of time leading to optically stimulated 
reaction of the intermediates and local heating. As was 
shown before [51], Si-O'/h"^ and Zn"^ centres possess 
different thermal stabihties^\ Thus, the dependence of 
their ratio on the repetition rate of the laser can be ex
plained by selective thermal bleaching effects. 

The optical bleaching at 77 Κ with the light of an 
Hg(Xe) lamp can also be accompanied by local heating 
of the sample via optical absorption processes. But the 
observed differences concerning thermal and optical 
bleaching of y-irradiated samples show that optically in
duced processes are dominating in the respective experi
ments performed here. 

6. Summary and conclusions 
Examining irradiated Silicate and aluminosilicate glasses 
by means of optical and ESR spectroscopy as well as 
pulse radiolysis the following conclusions can be drawn: 
a) Cerenkov radiation and stimulated emission can 
separately be detected on the time scale of microseconds. 
b) The maximum of induced optical absorption ob
servable on the time scale of microseconds appears at 
longer wavelength than that detected under stationary 

Thermal stability should be understood in terms of different 
rate constants for thermally stimulated reactions as already 
described in section 4.3. 



conditions hours or days after the irradiations. This 
resuh is of practical importance if glassy optical compo
nents are exposed to high-energy radiation during use. 
c) Up to now ESR and optical spectroscopy essentially 
provide complementary information. Study of influence 
of chemical composition and of thermal as well as of 
optical bleaching behaviour did only for selected cases 
allows one to mutually assign induced optical absorp
tion bands and ESR resonances. 
d) The glassy State is not only reflected by large distri
butions of ESR and optical parameters but also by 
broad distributions of thermal and photochemical sta
bilities of the radiation-induced colour and paramag
netic centres. 
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