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Irradiation-induced defects in different glasses demonstrated on a 
metaphosphate glass
Doris Möncke and Doris Elirt
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The influenee of the two polyvalent ions, eobalt and niekel, on the formation of irradiation-indueed defeets was studied in several
different model glasses (silieate, borosilieate, fluoride- and phosphate glasses). In this artiele the defeets are demonstrated on the
example of the (SrP03)2-metaphosphate glass PlOO.

Sample plates of high-purity glasses, undoped and doped with 0.3 mo\% CoO and NiO, were irradiated with a UV lamp and
with X-rays. The subsequent defeet eenters, formed at ppm levels, were characterized by EPR as well as optical UV-VIS spectroscopy.
Defect recovery experiments were also studied in these glasses.

The newly found optical bands and EPR signals evolving in the irradiated glass are in part characteristic for intrinsic defects.
These are different types of electron eenters (EC) and hole centers (HC) connected with phosphate groups. Other signals arise from
extrinsic defects, which are caused by the two dopant ions. The predominant extrinsic defect stems from the photooxidation of Co^^
to (Co^+)^. As an HC the latter replaces some of the intrinsie phosphate-bonded HC and dominates the opdcal spectra with two
bands at 300 and 400 nm. In the glass PlOO lamp irradiation photoionizes only Co^^ but not Ni^+. Α new optical band at 330 nm,
as well as a new EPR signal at g = 2.08 ean be seen only after X-ray irradiadon. Both can be attributed to a niekel-related EC
created via the photoreduedon of Ni^+ to (Ni^+)". At the same time the band of the intrinsic oxygen-related HC is intensified.

Generally X-ray irradiation causes stronger irradiation-induced defects (excitation of inner electrons) than UV-lamp irradiation
(selecdve excitation of valence electrons).

Strahlungsinduzierte Defekte in verschiedenen Gläsern dargestellt am Beispiel eines Metaphosphatglases

Der Einfluß der Dotierungen CoO und NiO auf die strahlungsinduzierte Defektbildung wurde in verschiedenen Modellgläsern
(Silicat-, Borosilieat- Fluorid- und Phosphatgläsern) untersucht. In diesem Artikel werden die gebildeten Defekte exemplarisch am
(SrP03)2-Metaphosphatglas Ρ 100 besprochen.

Probenplättchen hochreiner undoderter und mit 0,3 Mol-% CoO- und NiO-dotierter Gläser wurden sowohl UV-Lampen als
auch energiereicher Röntgenstrahlung ausgesetzt. Zur Charakterisierung der strahlungsinduzierten Defekte wurde die EPR- sowie
die optische UV-VIS-Spektroskopie eingesetzt. Zusätzlich wurde in den bestrahlten Gläsern auch das Ausheilverhalten der De-
fekte untersucht.

Ein Teil der opdschen Banden und EPR-Signale, die sieh nach der Bestrahlung in den Gläsern zeigten, konnte intrinsischen
Defekten, die an Phosphatgruppen auftreten und aus unterschiedliehen Elektronenzentren (EC) und Lochzentren (HC) bestehen,
zugeordnet werden. Daneben wurden zusätzliche extrinsische Defekte gefunden, die auf die beiden Dotierungen zurückzuführen
sind. Cô "*" wird zu (Co-^^)^ photooxidiert. Als Lochzentrum ersetzt (Co-^)^ einen Teil der intrinsischen phosphatgebundenen HC
und dominiert die optischen Spektren mit zwei Banden bei 300 und 400 nm. Lampenbestrahlung photoionisiert im PlOO nur Co-^ ,
nicht aber Ni-^^. Erst durch Röntgenbestrahlung tritt auch in den NiO-dotierten Gläsern eine zusätzliche Bande bei 330 nm auf
Außerdem wird ein neues EPR-Signal bei gi = 2,08 gefunden. Beide Signale entsprechen einem extrinsischen nickel-verknüpften
EC. Ein Teil des Ni^^ wird demnach zu (Ni^^)" photoreduziert, während parallel die Bildung sauerstoffgebundener HC zunimmt.

Insgesamt führte Röntgenbestrahlung zu stärkeren strahlungsinduzierten Defekten (Anregung von inneren Elektronen) als UV-
Lampenbestrahlung (selektive Anregung von Valenzelektronen).

1 . I N T R O D U C T I O N miss ion in the U V and VIS due to color centers gener-
a ted by i r radia t ion. These color centers, o r defects,

Radiat ion-induced defects in glasses require high atten- ^^^^^^ -^^ concent ra t ions when the i r rad ia t ion suf-
tion due to the intensified applications of stronger lamps f^^es t o ionize the glass. T h e defects can be d iv ided in to
and lasers, working at increasingly shorter wavelengths. negative charged electron centers (EC) a n d c o r r e s p o n d -
Solarization describes the effect of decreased t rans- -^^^ posit ive charged hole centers ( H C ) [1].

Coba l t - and nickel-doped glasses are used as op t ica l
Received 15 December 2000, revised manuscript 30 April 2001. filters. They show high t ransmiss ion from 250 to
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Figure 1. Optical spectra of two glasses doped with 0.3 mol%
CoO and NiO; Co^^ (top) and Ni^^ (bottom), both tetra-
hedrally coordinated in NBSl ( ), and octahedrally coordi-
nated in PlOO (—) .

400 n m . A t the same t ime the abso rp t ion between 450
a n d 700 n m is very s t rong. C o b a l t a n d nickel are poly-
valent as well as po lycoord ina ted ions. These ions are
hardly ever seen in glasses in any o the r oxidation STATE
t h a n + 2 . In THIS STATE, THE EOORDINATION is EITHER TETRA-

hedra l (Td) or oc tahedra l (Oh) depend ing strongly upon
the glass matr ix . T h e differently coord ina ted ions show
distinctive spectra a n d therefore different colors, leading
to their use as s t ructure indicators [2]. T h e typical spec-
t ra of the differently coord ina ted ions are shown in fig-
ure 1.

T h e opt ical basicity (�) of the glass is a measure of
the electron d o n o r power of the glass mat r ix [2 to 7]. �
is p ropor t i ona l to the electron densi ty on the oxide ( - 2 )
a n d can be correla ted to the eoo rd ina t ion of the Co^^
a n d Ni^^ ions [8]. In m o r e acidic glasses, the ions show
ionic -bonded oc tahedra l eoord ina t ion , while covalent-
b o n d e d te t rahedra l eoord ina t ion prevails in high basicity
glasses. PlOO is a m e t a p h o s p h a t e glass with AN optical
basicity of YIPB = 0.47, a n d thus h a s an intermediate
posi t ion a m o n g the s tudied mode l glasses and can be
classified as covalent .
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Figure 2. Schemata of the structural model of metaphosphate
glasses.

Phosphate glasses possess low melting viscosities
(�^ 1 dPa s, at melting temperatures of ^ 1 2 0 0 ° C ) . The
structure model of metaphospha te glasses may be de-
scribed as chains of Ρ Θ 4 - Τ ^ and cations (figure 2). D u e
to their special optical properties, such as a high t rans-
mission in the UV, phosphate glasses are attractive can-
didates for application in high-performance optics and
laser technology and have been melted commercially [1,
9 and 10].

Solarization by different radiat ion sources has al-
ready been studied in several C o O - and NiO-doped m o -
del glasses discussed in previous papers [11 and 12]. The
glasses ränge from the acidic f luoride-phosphates FP4
and FP20 over PlOO and the borosilicate glass NBS2
of medium basicity to the high basicity borosilicate and
SILICATE glasses N B S l and N C S (table 1). When relative
weak l amp irradiation is applied, hardly any solarization
is seen in any of the undoped glasses. PlOO is the only
undoped glass to show significant intrinsic defects. In
compar ison , the undoped (boro-)silicate glasses are
quite stable against irradiation. However, (boro-)silicate
glasses doped with C o O and N i O in tetrahedral eoordi-
nat ion show very strong effects. This can be ascribed to
the photooxidat ion of Co^^ and Ni^^ forming (Co^"^)^
and (Ni^^)^ [11]. In these glasses a high basicity glass
matr ix stabilizes the higher oxidation states. Photooxid-
ation of Co^^ is also seen in the F P glasses, in which
Ni^^ is photoredueed to (Ni^^)~ [12]. Nickel has a lower
redox potent ial than cobalt and the ionic, extreme acidic
F P glass matrix helps to stabilize the reduced nickel-
species.

The kinetics of formation and recovery of induced
defects in F P and phosphate glasses irradiated with
lamps and lasers were intensively studied [9, 10, 13 to
16]. The numerous induced intrinsic defects were charac-
terized by E P R and optical spectroscopy. Α summary of
the parameters is given in table 2. [9 and 16]. Based on
the former results on solarization in undoped glasses, the
aim of this work is to investigate in the model glass PlOO
the influence of the dopan t s N i O and C o O on the al-



Table 1. Composition (in mol%) and eharaeteristies of the model glasses studied in this and previous papers [11 and 12]

PlOO FP20 FP4 NBS2 NBSl NCS

IFe in ppm
Fe^^ in ppm
Tg in °C

� in g/em^

eoordination
eolor^^ Co

Ni

solarization

100 Sr(P03)2

0.46
0.47
8
5
510
1.56
3.15

Oh
violet
amber

less pronounced

80

20 Sr(P03)2
' A I F 3
MgF2
SrF2

^CaF2

0.38
0.45
10
6
490
1.50
3.51

Oh
violet
amber

less
pronounced

96

Sr(P03)2
AIF3
MgF2
SrF2

^CaF2

0.35
0.34
10
6
440
1.43
3.46

Oh
violet
amber

less
pronounced

74 Si02
21 B 2 O 3

4 N a 2 0
1 A I 2 O 3

74 Si02
10 B2O3
16Na20

74 Si02
10 CaO
16 N a 2 0

0.48 0.53 0.57

5 5 5

440 550 530
1.47 1.51 1.52
2.18 2.45 2.49

Oh Td Td
violet blue blue
yellow-green violet brown

less pronounced very strong very
strong

Theoretical optical basicity according to Duffy [3 to 6].
Optical basicity values experimentally determined via the Pb^^ indicator ion as found by Seeber [7].
NiO and CoO were doped in concentrations of 0.3 mol%, respectively.

ready characterized defects and also the formation of
any new defect centers.

2 . E X P E R I M E N T A L P R O C E D U R E S

Table 1 displays the composi t ions and optical basicities
of several model glasses studied. The phospha te glasses
were melted at 1350°C in an electric furnace in S i02
crucibles in 100 g batches. They were cooled in graphite
molds from 550 °C to room temperature with a cooling
rate of about 30 K/h. The glasses were melted as un-
doped base glasses, doped with 0.3 m o l % C o O and NiO,
respectively, and with 0.15 mol% bo th C o O and NiO.
Only high-purity reagents were used for melting so that
the iron content of the glasses could be kept as low as 5 
to 10 ppm.

Polished plates (10 χ 20 χ 2) mm^ were irradiated
with an HgXe broad band lamp and similar samples
1 m m thick were irradiated with X-rays. The 1 k W H g X e
lamp works in a sunsimulator from O R I E L and continu-
ously emits a wide spectrum from the U V to the N I R .
The spectral power density of the l amp was about
1500 W/m^ in that par t of the spectrum between 230 to
280 nm, which causes most of the solarization damage.
The samples were placed at a 10 cm distance from the
radiat ion source and irradiated up to 100 h to ensure
that defect formation reached a Saturation level.

For X-ray irradiation, the sample plates were sub-
jected to a copper-cathode radiat ion of 10 k W (50 kV,
200 mA) at a distance of 80 cm. In this case irradiat ion
lasted 16 h.

Exper imen t s of t he rma l recovery were pe r fo rmed af-
terwards . T h e i r radia ted samples were heated for 1 h be -
fore the opt ical spectra were taken. T h e t e m p e r a t u r e s
were raised in steps from 50 to 150°C unti l t he t r a n s -
fo rmat ion t empera tu re of the glass was reached. Q u a n t i -
tative a n d quali tat ive changes in the optical spec t r a of
the var ious defect centers at different t e m p e r a t u r e s
helped in the task of b a n d Separation a n d Classification
of the spectral da ta .

U V - V I S - N I R spectra were used to charac te r ize the
glasses a n d to observe the i r rad ia t ion- induced effects.
Α d o u b l e - b e a m spec t ropho tomete r (UV-3102 P C ,
Sh imadzu) was employed, recording the ext inc t ion � =

\g{IJI) wi th an error <1 %. T h e ext inct ion was later
s t andard ized o n a nomina l pa th length {d) of 1 c m . T h e
induced ext inct ion (AE/d), or change of opt ical dens i ty
caused by the i r radia t ion, is used to describe the defects.
T h e b a n d s of the evolving electron centers a re usual ly
found near the U V edge. T h e d o p a n t s abso rb s t rongly
in this ränge, compl ica t ing the evaluat ion of the op t i ca l
bands . Therefore a second, independen t ana ly t i ca l
m e t h o d , the Electron Pa ramagne t i c R e s o n a n c e spec-
t roscopy ( E P R ) , was applied. For c o m p a r i s o n the
glasses were also analyzed with the addi t ion of t he spin-
s t a n d a r d d p p h ( l , l -d iphenyl-2-pi tery lhydroxyl) . All
spectra displayed within one series were t a k e n f rom
samples of the same d imens ion a n d as such c o u l d be
s tandard ized . A l t h o u g h C o ^ ^ and Ni^^ Compounds a re
k n o w n to be successfully investigated by E P R , C o ^ ^ a n d
Ni^^ in glass give n o visible E P R signals a n d c o u l d only
be detected at extremely low tempera tures [17 a n d 18].
As n o Signals seem to arise in glasses from C o ^ ^ a n d
Ni^+, E P R spectroscopy permits the detection of p a r a -



Table 2. Paramagnetic constants and optical absorpdon of radiation-induced defeets in phosphate glasses [14 to 16]

defect
type

EPR parameters"^^ optical absorption^^
λ in nm E' in eV W in eV

structure'>6)

POHC
(HC)

P 0 3
(EC)

P 0 4
(EC)

P 0 2
(EC^)

OHC
(HC)

(CO2 + )+7 )
(HC)

( N I 2 + ) - V )

(EC)

^.SO = ( 4 . 0 ± 0 . 3 ) m T
gm = 2.008 ± 0.003

W= 10 mT
= (86 ± 2) mT

gm = 2.064 ± 0.005

W= 9MT 

A,,, = { U 6 ± 2 ) mT

gm = 2.142 ±0.008

7 m T
^,SO = ( 2 7 ± 2 ) m T
gm = 2.006 ± 0.003

W=lmT

g = 2.014 ± 0 001

no signal

H ^ - 6 m T
^ = 2.1

540
430
325

210

240

265

290

300
400

330

2.30 ± 0.02
2.89 ± 0.04
3.82 ± 0.04

5.90 ± 0.06

5.12 ± 0.06

4.68 ± 0.08

4.28 ± 0.06

4.13 ± O.Ol
3.10 ± 0.03

3.75 ± 0.03

0.50
1.00
1.12

1.00

1.00

1.00

1.00

1.24
1.20

1.00

ß\-OOR \ (

y
- 0 0 -

>
-ο
oxygen-related center of
unknown structure

NI2+-stabilized EC

W = the half amplitude width of the line; ^(ISO) = (isotrope) hyperfme SPLITTING due to ^'P, the distance (in mT) between two
lines; gm = the middle value between g values of both lines of a doublet: gmia = (gi + giV^-
Λ = wavelength of the band maximum (error ± 5 nm); E ' = energy of the band maximum; W = half amplitude width of the
band (error ± (0.03-0.07) eV).
Ο = oxygen ion; Ρ = phosphorus ion; ® = negative charge; · = paramagnetic electron.
Parameters of the extrinsic defects observed in this study.

magnet ic E C a n d H C in glasses at r o o m temperature
wi thou t interferences from the two d o p a n t s [11]. The
E P R spect rometer used (ESP 300 E, Bruker) worked
with a frequency b a n d of ν ~ 9.78 G H z . The resolved
G a u s s i a n b a n d s of the induced opt ica l spectra were cor-
related with defect centers detected by E P R and optical
spectra of the rmal recovery measurements . Band Separ-
at ion of the diverse spectra was accomplished on the
Computer with cus tomary auxil iary Software.

3 . R E S U L T S A N D D I S C U S S I O N

Figure 1 shows the opt ical spectra of the differently co-
ord ina ted ions. D u e to the different symmetr ies and thus
d-^ d t rans i t ion probabil i t ies the intensit ies of the bands
of the te t rahedral ly coord ina ted ions are about 100 times
higher t h a n those of the octahedra l ly coordinated ions.
As nickel strongly favors the oc tahedra l over the tetra-
hedra l eoord ina t ion even the high basici ty NBSl glass
displays a mixed spec t rum of b o t h coordinated Ni^^
ions [19]. In PlOO cobal t a n d nickel show the typical
spectra of the oc tahedra l coord ina t ions (figure 1).

T h e optical spectra of the differently doped PlOO
glasses can be seen in figures 3a a n d b. T h e Shoulder at
250 n m is caused by the charge- t ransfer (CT) transit ion

of Fe^^. Assuming a molar extinction coefficient of
0.18 ppm~^ cm"*, Fe^+ is present at a level of 5 p p m in
the glasses melted under no rmal condit ions [14]. Minor
unsimilarities of the melting condit ions lead to fluctuat-
ing Fe^^/Fe^^ ratios. In this case raw materials with
slightly more reducing qualities were used for two glasses
further referred to as reduced-melted samples. The ab-
sorpt ion edge of the spectra below 250 n m results from
the C T transit ion of the two dopan ts Co^^ and Ni^+.

Solarization in glasses doped simultaneously with
C o O and N i O can be explained by the combinat ion of
the defects found in the m o n o d o p e d glasses. Fur ther dis-
cussion will therefore concentrate on the undoped- and
monodoped-mel ted glasses.

3 . 1 IRRADIATION B Y L A M P

The undoped model glasses, with the exception of PlOO,
were relatively stable in regard to solarization. PlOO
shows the typical defects arising in phospha te glasses
even after weak l amp irradiation. Fo rm and magni tude
of intrinsic defects in undoped phosphate glasses have
been characterized by bo th spectral methods . Table 2 
lists the defects parameter as found by Ebeling [15 and
16], while figure 4 gives an example of the typical E P R
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Figures 3a and b. Optical spectra of preirradiated PlOO un-
doped and doped with 0.3 mol% CoO and NiO; a) normal
mehs (5 ppm Fe-^+/3 ppm Fe^^), b) reduced mehs (8 ppm Fe^^).

Signals found in irradiated phosphate glasses. The op-
tical spectra are characterized in the region of longer
wavelengths by three bands which are ascribed to the
P O H C . The bands of the different phospha te -bonded
E C (PEC) are found at shorter wavelengths near the UV.
Band Separation of the defects found in the undoped
glasses was based on the parameters as stated in table 2.

The optical spectra of the lamp-induced defects can
be seen in figures 5 and 6. Compar i son of the defects in
the differently doped glasses show that the Fe^^/Fe-^^
ratio has a strong influence on form and magni tude of
the spectra, especially in the region of shorter wave-
lengths. The high extinction coefficient of the C T band
from the (Fe^^)^ formed by photooxidat ion and the cor-
respondingly formed E C are responsible for the high ab-
sorpt ion below 300 nm. The extent of the iron photooxi-
dat ion depends upon the initial a m o u n t of Fe^^ in the
glasses and thus the induced loss of transmission is
stronger in the reduced-melted glasses [14].

The P O H C Signals are very similar in the undoped
and the NiO-doped glasses. The spectra are characteris-
tically different for CoO-doped glasses. The induced op-
tical spectra can be fitted with two added bands at 300

2 8 0 3 0 0 3 2 0 3 4 0 3 6 0 3 8 0 4 0 0

M a g n e t i c i n d u c t i o n Β in m T • 

Figure 4. Example of EPR signals found in undoped X-ray ir-
radiated phosphate glasses according to [9 and 16]; the ^ I S O val-
ues of the intrinsic defects are labeled as stated in table 2:
P O 4 E C (126 mT), P O 3 E C (86 mT), P O 2 E C (27 mT), POHC
(4 mT).

a n d 500 n m , a n d lowered P O H C bands . T h e opt ica l
spectra of oc tahedra l C o ^ ^ is descr ibed in the Hterature
with two ana logous b a n d s between 300 a n d 500 n m
[20].The two newly found b a n d s conf i rm the in te rpre t -
a t ion of a pho toox ida t ion of C o ^ ^ forming ( C o ^ ^ ) ^ [11
a n d 12]. (Co^^)+ as H C partial ly replaces some of the
intr insic P O H C , whereas (Fe^^ )^ is formed only in ad-
di t ion t o the intr insic H C .

T h e E P R spectra of the glasses i r radia ted by l a m p
are displayed in figure 7. T h e spectra of the u n d o p e d
a n d the N i O - d o p e d glasses are in good agreement . T h e
m a i n differences can be seen in the P E C signals, which
are no tab ly m o r e p r o n o u n c e d for the N i O - d o p e d glass.
This is easily explained, as the N i O - d o p e d glass ana lyzed
is one of the m o r e reduced-mel ted ones whereas t he base
glass is a normal -me l t ed one. T h e p h o t o o x i d a t i o n of
iron results in the parallel format ion of P E C a n d thus
causes the higher m a g n i t u d e of the P E C signals. T h e
small var ia t ions in the P O H C signals d o n o t signifi-
cantly exceed the error margins .

However , the E P R spectra for the C o O - d o p e d glass
show a sha rp decline of the P O H C signals w i t h o u t
changes in the intensities of the P E C signals. T h e p h o -
tooxidized (Co^^ynC replaces some P O H C , while the
a m o u n t of intrinsic P E C stays the same regardless of the
d o p a n t (figure 7).

T h e PlOO glass mat r ix has a less stabilizing effect on
the pho toox id ized d o p a n t t h a n the glass ma t r ix of the
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Figure 5. Induced optical spectra including band Simulation of
XeHg-lamp irradiated normal-melted PlOO: P O 2 E C ( ) ,
P O 4 E C ( - - ) , P O 3 E C ( - · - ) , POHC (—) , OHC (· ),
(CO2+)+HC ( = ) , (FE2+)+HC ( | | | ) < 0.5 ppm.

high basicity (boro-)silicates. Only coba l t with a higher
oxidat ion potent ia l t h a n nickel is photooxidized.

Α MORE detai led OBSERVATION of the INDUCED defects

shows tha t the (Co^^)+ b a n d s in the induced optical
SPECTRA of the NORMAL-melted glass d o p e d only with C o O
is TWICE as high as IN the glass d o p e d wi th CoO as well
as N i O . T h e glass d o p e d with b o t h ions has only half
the C o O conten t of the m o n o d o p e d glass. The glass
d o p e d wi th C o O a n d N i O has a lower concentrat ion of
( C o 2 + ) + H C t h a n the C o O - d o p e d glass a n d therefore a 
higher concen t ra t ion of P O H C a n d O H C . These how-

4 5 0 0 0 3 5 0 0 0 2 5 0 0 0 1 5 0 0 0

< W a v e n u m b e r in cm'^

Figure 6. Induced optical spectra including band simuladon of
XeHg-lamp irradiated reduced-melted PlOO (red): P O 2 E C
( · · - ) , P O 4 E C ( - - ) , P O 3 E C ( - · - ) , POHC (—), OHC (· ),
(CO2+)+HC ( ^ ) , (FE2+)+HC ( | | | ) - 1 ppm.

ever are of lower magni tudes in the glass doped with
C o O and N i O than in the NiO-doped glass. The E P R
spectra are in good agreement with the findings of the
optical spectra.

Fur the r the (Co^^)^ bands in the induced optical
spectra of the reduced-melted CoO-doped glass are in-
creased by as much as 30 % in relation to the normal -
melted glass. N o changes are found within the P O H C
signals. Compar i son of the two reduced-melted glasses
show that the formation of (Fe^^)^ and P E C is higher
in the C o O - than in the NiO-doped glass. It seems that
the combinat ion of Fe^^ and Co^^ enhances the pho -
tooxidat ion of each of the two ions.

3 . 2 Irradiat ion b y X - r a y s

High-energy X-ray irradiation will excite all kinds of
possible effects in the glasses, while l amp irradiation ex-
cites only a small number of well defined defects. There-
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Figure 7. EPR speetra of doped and undoped XeHg-lamp ir-
radiated PlOO, dpph-standardized: seetion displaying the
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fore extrapolation from X-ray to long-term UV-lamp so-
larization is not advisable. The results of X-ray ir-
radiat ion should be discussed nevertheless, as this
method leads to new defects and the intensities of the
defects known from lamp irradiation were several mag-
nitudes higher.

The optical spectra (figures 8 and 9) after X-ray ir-
radiation have a very similar form to those after l amp
irradiation, merely the intensity of the defects is in-
creased by a factor of 50 for the undoped and N i O -
doped and of 100 for the CoO-doped glasses.

However, the form of the spectrum of the NiO-doped
glass shows a new feature in regard to the spectra after
lamp irradiation. Band Separation gives for the N i O -
doped glasses only a good fit when an addi t ional band
at 350 n m is added. This band has been connected be-
fore to the photoreduct ion of Ni^^ to ( N i ^ ^ ) " [12].

In CoO-doped glasses X-ray irradiation leads once
again to the photooxidat ion of Co^"^ to (Co^"^)^. The
induced optical spectra of the CoO-doped glasses show
that most P O H C are replaced by (Co^+)+HC and that
addit ional intrinsic P E C are formed, just as found after
lamp irradiation.

The E P R speetra (figure 10) resemble the spectra
taken after l amp irradiation. The strong decrease of the
P O H C signal is once more apparent for the CoO-doped
glass. The magnified spectra of the P E C signals are very
similar for all glasses, with the exception of one new de-
fect found in all the NiO-doped glasses. Α small signal
evolves on the low field side of the P O H C signal at
j ? = 2 .1 .

- W a v e l e n g t h i n n m
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Figure 8. Indueed optical spectra including band Simulation of
X-ray irradiated normal-melted PlOO: P O 2 E C ( ) , P O 4 E C

( - - ) , PO.EC ( - · - ) , ( N i 2 + ) - E C ( • ) , POHC ( — ) ,
( C o 2 + ) + H C ( = ) , ( F e 2 + ) + H C ( 111 ) - 3 ppm.

A l t h o u g h C o ^ ^ a n d N i^^ d o no t seem to be visible
at r o o m tempera tu re in E P R spectra of glasses, Ni^"^ as
d^ o r inverse d*-species exhibits its own signal. O n e ex-
p l ana t i on for the absence of a Co^"^ and Ni^"^ signal
migh t arise from a te t ragonal o r t r igonal d i s t o r t i on of
their complexes, leading to low-lying excited s ta tes in-
s tead of the normal ly found degeneracy of o c t a h e d r a l
complexes. T h e low-lying e x c i t e d S t a t e r e s u l t s f rom min i -
m a l quench ing of orbi ta l m o t i o n a n d gives rise t o ex-
ceedingly Short re laxat ion t imes a n d large spect ra l an i so -
tropies. T h e latter causes the par t icular ly s m e a r o u t of
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Figure 9. Indueed optieal speetra ineluding band Simulation of
X-ray irradiated redueed-melted PlOO (red): PO2EC ( ),PO4EC (- -), PO3EC ( - — ) , (Ni^+)-EC {m\ POHC (—),
(CO2+)+HC ( ^ ) , (FE2-̂)-̂HC ( | | | ) - 5 ppm.

the spectra observed in glasses, while the short relax-
at ion t imes lead to the e n o r m o u s line wid ths at practical
labora tory tempera tures [21]. (When preirradiated C o O -
doped mode l glasses were analyzed at temperatures be-
tween 4 a n d 77 Κ a b r o a d signal was found at g values
between 4 a n d 7).

Any how, a signal of a p h o t o r e d u e e d (Ni^^)~ species
has been found in the acidic F P glasses [12]. Compared
to the two i r radia t ion- induced signals in the F P glasses
which were a t t r ibuted to (Ni^^)", only one signal is
found in the PlOO glass. T h e optical spec t ra do however
suppor t the evolut ion of a p h o t o r e d u e e d (Ni^+)~ species
jus t as in the F P glasses. T h e different form of the E P R
da ta might be satisfactorily explained wi th the high sen-
sitivity of this m e t h o d of analysis for the bonding
character is t ics of a pa ramagne t i c ion. In such a way a 
nickel-related signal wi th a g value of —2.1 has been
repor ted in the l i terature [22]. This signal seemed to arise
ra ther from Ni^^ stabilizing a reduced l igand than from
a fully reduced Ni"^ species. Α mode l of the two differ-
ently reduced nickel-complexes is shown in figure 11.

T h e high basicity of the PlOO glass compared to F P
glass may influence the b o n d i n g characterist ics within
the newly formed nickel-related E C . D o p a n t s are by no
m e a n s isolated ions wi thin the glass mat r ix . NiOö octa-
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Figure 10. EPR spectra of doped and undoped X-ray irradiated
PlOO, dpph-standardized: section displaying the POHC signals
(left); magnified EC signals (right); the nickel-associated signal
is pointed out by arrows; (red) = reduced-melted glasses.
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Figures IIa and b. Different forms of radiation-induced defects
based on Ni^^ in doped glasses; a) 'wholly' reduced (Ni^^)"
ion as found in the acidic FP glasses, b) nickel-associated EC
where a reduced ligand (L) is stabilized by Ni^^ as found in the
more covalent PlOO (DP = defect precursor, source of the elec-
tron Θ ) .

hedrals are present in the first sphere within phosphate
glasses. The bonds are predominant ly ionic in the rela-
tive acidic F P glasses and photoreduct ion of the Ni^^
leads to a more ionic (Ni^^)~. In the more covalent M P
glass with its higher basicity the photoredueed (Ni^^)~
has still a higher Ni^"^ character. The electron surplus
center is rather spread over the adjoining ligands. The
true form of the E C complex may probably be found



somewhere between the two displayed forms. E P R
analysis is more sensitive to slight changes in the bond-
ing characteristics of the paramagnet ic ion than the op-
tieal spectroscopy.

Hence strong X-ray irradiation leads in PlOO to the
photoionizat ion of Ni^^ and forms via photoreduc t ion
a Ni^^-related EC, which shows only one E P R signal at
G-2.\. And , contrary to the acidic F P glasses, weak
lamp irradiation does not cause any photoreduct ion of
Ni^^ or other nickel-related defects in the covalent PlOO.
On the other band a photooxidat ion of Ni^+ is found in
the high basicity Silicate and borosilicate model glasses.

As seen before, a difference between the normal - and
the reduced-melted NiO-doped glasses arises as seen be-
fore from the different Fe^+/Fe^^ ratios. The magni tude
of the formed (Fe^"^)^ band is almost twice as s trong in
the redueed-melted than in the normal-mel ted glasses.
The simultaneous photooxidat ion of Co^^ and Fe^^ en-
hances the overall photooxidat ion to a lesser extent than
observed after l amp irradiation.

3 . 3 R E C O V E R Y E X P E R I N N E N T S

The irradiated samples showed different rates of recov-
ery when left in the dark at room temperature for two
months . While the undoped and NiO-doped glasses
could recover as much as half of the induced extinction
after X-ray irradiation, the CoO-doped glasses only
showed small recovery effects.

Thermal recovery experiments were routinely per-
formed on irradiated samples. Soft heating of the
samples gave more information for the task of band Sep-
aration and Classification of the defect centers. Besides
the photooxidized iron, normally all i rradiat ion-induced
defects recover wholly before the temperature reaches
Tg. Instead of the expected ongoing decline of the in-
duced absorpt ion, lamp-irradiated CoO-doped glasses
displayed a distinct increase of absorpt ion after heating
to 200 °C. Band Simulation of the induced optical spec-
tra in figures 12a to c show that P O H C transform to
(Co^+)+HC in the CoO-doped glasses. This conversion
is observed to a lesser extent even at room temperature.
Figure 12b displays the small conversion that has al-
ready taken place after mon ths in which the sample was
stored in the dark at room temperature. Heat ing the
sample for 1 h to 200 °C converses the rest (figure 12c).
The final a m o u n t of (Co^+)^ seems to be independent
of the initial Co^^ concentrat ion. Both the glasses doped
with C o O and N i O and the glass doped only with C o O
show very similar spectra with similar (Co^^)^ concen-
trations. The E P R spectra taken at this point show a 
decline of the P O H C but so far no changes in the P E C
signals (figure 13).

N o such conversion was observed during the an-
nealing process in any glasses except those doped with
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Figure 12a to e. Indueed optical spectra, including band Separ-
ation, of XeHg-lamp irradiated CoO-doped PlOO after: a)
XeHg-lamp irradiation, b) storage of this irraddiated sample
for three months at room temperature in the dark, c) thermal
treatment of this stored sample for 1 h at 200 °C; PEC ( ),
POHC (—) , (Co2+)+HC ( ^ ) .

C o O . In none of the samples i r radia ted by X-rays did
this convers ion show, no t even in the C o O - d o p e d
samples in which the initial defects exceed those found
after l a m p i r radia t ion by a factor of 50 to 100. However ,
as before the u n d o p e d a n d N i O - d o p e d samples reco-
vered m o r e easily t h a n the C o O - d o p e d samples a n d they
recovered fully when the tempera tures reached 250 °C.
T h e C o O - c o n t a i n i n g glasses h a d to be hea ted u p t o
400 °C to p roduce similar results. It is also in teres t ing
tha t in the C o O - d o p e d glasses even the b a n d of the p h o -
tooxidized (Fe^^)+ d i sappears after heat ing t o 4 0 0 ° C .

4 . C O N C L U S I O N

T h e i r radia t ion source h a d a great influence on solar iz-
a t ion . As expected, high-energy X-rays induce in tense
defects. T h e magn i tude of these defects were 50 t o 100
times greater t h a n those after l a m p i r radia t ion . L a m p
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Figure 13. EPR spectra of a normal-melted CoO-doped PlOO,
standardized on the Fe'^^ signal; curve 1: after 100 h of XeHg-
lamp irradiation (as in figure 7), curve 2: after thermal recovery
of sample (1) for 1 h at 200 °C, curve 3: spectrum of the preir-
radiated glass (signals arise solely from impurities).

i r radia t ion of u n d o p e d a n d N i O - d o p e d PlOO leads to
the format ion of the k n o w n intrinsic defects. Optical and
E P R spectra show the typical b a n d s a n d signals of the
formed P O H C a n d P E C .

Defects in the C o O - d o p e d glasses differ significantly
from the u n d o p e d a n d N i O - d o p e d glasses. Co^"^ is easily
photooxid ized to ( C o ^ ^ ) ^ . T h e opt ica l spectra are
character ized by two b a n d s of similar magni tude at 300
and 450 n m . (Co^+)+ is m o r e easily formed than intrin-
sic P O H C . (Co2+)+ no t only replaces some of the P O H C
but is also formed in excess, leading to a parallel increase
in the k n o w n P E C .

Recovery exper iments showed tha t thermal treat-
men t led in lamp- i r rad ia ted glasses be low 200 °C to a 
t rans format ion of P O H C in to (Co2+)+HC before any
actual recovery began at h igher tempera tures . This effect
was no t found in the X-ray i r radia ted glasses.

Ni^"^ is less easily pho to ion ized t h a n Co^^. C o m -
pared to the u n d o p e d base glass, n o significant increase
of solar izat ion is observed after l a m p i r rad iadon. Con-
t rary to Co^"^, where X-ray i r radia t ion only enhances the
pho toox ida t ion , N i ^ ^ is p h o t o r e d u e e d to (Ni^^)~ by
st rong X-ray i r radia t ion. T h e opt ica l spectra show an
addi t iona l b a n d at 350 n m , which c o m p a r e s well with
the l i terature da t a of N i ^ . T h e E P R spect ra also reveal
an addi t iona l signal at g = 2 .1 . It seems tha t the optical
basicity of PlOO is n o t acidic enough t o favor the p h o t o -
reduct ion to (N i^^ )~ in the same way as the ionic F P
glasses, were even l a m p i r radia t ion pho to redueed Ni^^
to (Ni^^ )~ [12]. S t rong X-ray i r rad ia t ion nevertheless
leads in the m o r e covalent PlOO via pho toreduc t ion to

an Ni^^-related EC, which shows only one E P R signal
at ^ ~ 2 .1 . E P R analysis is more sensitive to shghtly dif-
ferent bonding characteristics of the paramagnet ic ion
than optical spectroscopy and thus a different signal is
found for the different nickel-related EC in the F P
glasses and PlOO.

Compar i son of the defects in the differently doped
glasses show that the Fe^"^/Fe^+ ratio also has a strong
influence on the form and magni tude of the induced
spectra. The high extinction coefficient of the C T band
of (Fe^^)"^, formed by photooxidat ion, and the corre-
spondingly formed E C are responsible for the high ab-
sorption below 300 nm. The simultaneous photooxid-
ation of Co^^ and Fe^^ enhances the overall photooxid-
ation, especially after irradiation by lamp.
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