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We report on a study of the correlation between radiation damage of bismuth germanate (BGO) scintillator crystals and trace
impurtties in the crystal. The light yield and the absorption spectra of doped BGO crystals were measured, both before and after
irradiation. While trace concentrations of Cr, Mn, Fe and Pb in BGO were found to lead to substantial radiation damage, traces of
Al, Ca, Cu and S1 were found to have no measurable effect. Traces of Co, Ga, Mg and Ni were found to have an effect intermediate
between the above two groups. Three radiation-induced absorption bands were observed in a set of BGO crystal samples. Their
energy levels were found to be independent of the trace elements in the BGO. They are at 2.340.1, 3.0+0.1 and 3.8+0.1 eV,
respectively, above the valence band. A brief discussion of the radiation damage mechanism in BGO 1s presented.

1. Introduction

In the past fifteen years, bismuth germanate
(Bi ,Ge,0,,, commonly known as BGO) [1] has come to
be recognized as a crystal scintillator whose short radia-
tion length (1.12 cm), relatively high light output and
short decay time (300 ns) make it attractive for a wide
range of applications. It is currently used in pure and
applied research in the fields of geological exploration,
medicine, nuclear physics and high-energy physics. In
high-energy physics, a large quantity of BGO crystals
has been produced to build high resolution electromag-
netic calorimeters. One example is the L3 electromag-
netic calorimeter which consists of 11 000 large (150 cm?
and 1.1 kg) BGO crystals [2]. The performance of the
L3 BGO calorimeter shows that one can achieve an
energy resolution of better than 1% above a few GeV.

BGO is known to suffer radiation damage, which has
restricted 1ts usage in some applications. Early work by
Kobayashi et al. [3] shows that BGQ’s radiation sus-
ceptibility is related to the total concentration of impur-
ities in the crystal. However, correlations between radia-
tion damage and the chemical nature of the impurity in
the crystal were not studied.

In the process of building the L3 BGO electromag-
netic calorimeter, the radiation damage problem was
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studied systematically, through a collaboration between
Caltech and the Shanghai Institute of Ceramics (SIC).
A set of BGO crystals, doped with various elements was
produced by the SIC, and was tested at Caltech.

In this report, we present data showing the correla-
tion between radiation damage and the specific trace
elements in a BGO crystal. While the trace impurities of
Cr, Mn, Fe and Pb in BGO were found to result in
substantial radiation damage, the presence of traces of
Al, Ca, Cu and Si in BGO were found to have no
measurable effect. Traces of Co, Ga, Mg and Ni in
BGO were found to have an effect intermediate be-
tween the above two groups. This work thus has had a
practical application in establishing a series of specifica-
tions on the maximum trace element concentrations
allowed in the raw materials used to produce high-qual-
ity BGO crystals. In doing so, only the most harmful
elements are specified, rather than to attempt a costly
process of overall purification.

The radiation-induced absorption band spectrum in
BGO also was studied, in order to learn about the
nature of the radiation damage mechanism. Three radi-
ation-induced absorption bands were found, common to
all BGO samples, at 2.3+ 0.1, 3.0+ 0.1 and 3.84+0.1
eV, above the valence band. This result indicates that
the color centers in BGO crystals are related to the bulk
elements in the BGO, and are not related to a specific
impurity. Because the intensity of each band is indeed a
function of the impurity type and its concentration,
impurities in BGO appear to act as “catalytic agents”
which activate pre-existing color centers in the BGO.
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Section 2 of this report describes the sample prepara-
tion and the experimental instrumentation used. Section
3 presents the results of our measurements and a brief
discussion of the radiation damage mechanism in BGO.
Our conclusions are presented in section 4.

2. Sample preparation and experimental methods
2.1. Sample preparation

The Bridgeman-Stockbarger method was used to
grow a series of BGO crystals. Powders of 5N Bi,0O;
and 6N GeO, were mixed in a stoichiometric ratio of
2:3 to provide the melt. A large BGO crystal was
grown from the melt, and was powdered again to pro-
vide a new melt, which was used to grow a new crystal.
This process was repeated three times, and the pure
crystal produced was then powdered again to provide
the melt for the doped BGO crystals used in our tests.

A certain amount of dopant was introduced into the
melt, in the form of an oxide, during the final growth-
cycle (as described above), to produce each doped
crystal. A typical dopant concentration was 0.2
mmol /(kg BGO). Some dopants (Pb and Fe) were
introduced at different levels, in different crystals, in
order to study their effect quantitatively. In addition,
slightly nonstoichiometric crystals were grown by ad-
ding extra Bi,O, or GeO, to the melt in order to study
the nature of the color centers.

In this report, crystals are identified by the chemical
symbol of the dopant element. Where more than one
level of dopant concentration was introduced, the dif-
ferent samples are distinguished by a number in brack-
ets after the chemical symbol. The undoped samples are
named L(1), L(3) and HS. L(1) is a sample cut from a
large crystal which was grown only once. Sample L(3) is
a sample cut from the “three times grown” crystal,
which was powdered to provide the melt for all doped
samples. Sample HS is a crystal cut from a & 1 in.
cylindrical sample provided by the Harshaw Chemical
Co.

All samples were roughly 1 X1 X 3 ¢cm® 1 size. Ta-
ble 1 lists their weight and the dopant concentration
introduced in the melt. No macroscopic imperfections,
such as veils, voids, or large inclusions were visible.

The presence of trace elements in samples was
analyzed by using the neutron activation method at the
U.C. Irvine reactor facility [4]. The results of this analy-
sis are presented in table 2. It is clear that, with the
exception of Cu and Al, the dopant elements are pre-
sent at levels much higher than those that might result
from contamination during the manufacturing process.
The exceptions, Cu and Al, are most likely introduced
at the crystal manufacturing stage, and not as impurities
in the raw materials. Aluminum oxide, for example, is

Table 1
The samples: dopant concentration in melt

Sample Weight Dopant concentration
(gl n melt [ppm]
L(1) 20.9 -
L(3) 13.8 -
HS 27.8 Harshaw
Bi(1) 21.0 418.0
Bi(2) 21.0 4200.0
Ge(1) 211 145.0
Ge(2) 21.5 1451.0
Al 21.0 5.4
Ca 15.0 8.4
Cu 21.2 127
Si 21.0 53
Co 213 118
Ga 20.5 132
Mg 21.1 51
Ni 207 117
Cr 20.7 10.4
Mn 209 11.0
Fe(1) 17.4 56
Fe(2) 174 11.2
Fe(3) 16.2 16.7
Fe(4) 16.7 223
Pb(1) 20.4 20.7
Pb(2) 21.1 414
Pb(3) 20.9 62.2
Pb(4) 208 82.9

used 1n the construction of the ovens. We note that
crystal L(1) has the highest concentration of aluminum
and crystal Ca has the highest concentration of Cu. The
crystal from Harshaw also has a measurable Al con-
tamination.

2.2. Irradiation source

All the irradiations were performed with a s
y-ray source located in the Geology Department at
CALTECH. The doses were delivered over a period of
several hours, at a rate of 22.3 Gy/h.

2.3. Light output measurement

The scintillation light yield of BGO samples irradia-
ted with a *"Cs y-ray source was measured by using a
Hamamatsu photomultiplier tube (PMT) R1306. The
spectral response of this PMT fits well the emission
spectrum of the BGO. The scintillation light collected
with Hamamatsu R1306 was integrated and digitized by
a home-made QVT (integrated charge, peak voltage and
time measuring device) in the @ (charge) mode. The
digital signal from the QVT was sent to a Z80 micro-
processor. The spectrum obtained was analyzed in the
Z80. The peak ADC values were then obtained by a
simple Gaussian fit.
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The crystals were air-coupled to the PMT. The dis-
tance of the crystals to the PMT was regulated by a
guide attached to the tube, so that the systematic error
mtroduced in the pulse height, when the crystal was
repeatedly removed from the tube and then re-attached
to the tube, was found to be less than 0.5%.

All the measurements were done at the room temper-
ature. The pulse heights were corrected for the tempera-
ture variation in BGO light output of —1.6%/°C. The
systematic error due to temperature uncertainties was
estimated to be less than 0.25%.

2.4. Absorption spectrum measurement

A Hewlett Packard HP8450 Diode Array UV /VIS
Spectrophotometer was used to measure the absorption
spectra for each of the BGO samples. This spectropho-
tometer has a wavelength coverage of 250 to 800 nm.
Corrections for the spectral response of the photodiodes
in the spectrophotometer, for the spectral intensities of
the light sources and for the absorption by the atmos-
phere were made automatically by the spectrophotome-
ter. The wavelength scale was calibrated with a holmium
oxide standard. The wavelength resolution of the instru-
ment was found to be 1 nm for wavelengths below 400

Table 2
Neutron activation analysis results

nm, and 2 nm for wavelengths above 400 nm. The data
obtained with this photospectrometer were transferred
to a VAX 11 /780 computer, and were analyzed on that
computer.

The absorption spectrum of the Cr doped sample in
the near infrared range was also investigated with a
CARY 17 spectrophotometer. The infrared absorption
spectra were taken with a Nicolet Instruments Fourier
transform spectrophotometer.

3. Results
3.1. Light yield measurement

Before irradiation all crystals were clear, transparent
and colorless. The only exception was the BGO crystal
doped with Cr, which looked yellowish. The pulse
heights measured with a '*’Cs source before irradiation
are listed in the first column of the table 3. The data
show that the light yield of all doped samples 1s com-
parable to that of the undoped samples, except the
crystal doped with Cr. The light output of the crystal
with Mn is also reduced (by a lesser, but significant
amount). As reported below, the reduced light output 1n
these two exceptional cases is associated with perma-

Sample Trace concentration
Al [ppm] Mn [ppm] Cr [ppm] Co [ppb] Fe [ppm] Cu [ppm]

L(h 229+0.04 < 0.039 < 0.029 < 0.30 < 0.07 0.95+0.28
L(3) 016+0.02 < 0043 < 0.051 < 0.70 <0.21 1124032
HS 02040.02 <0040 < 0.032 < 0.40 <012 < 0.69

Bi(1) 0.134+0.01 < 0.036 < 0.048 <050 <014 <0.52

Bi(2) 1.08 +0.03 <0034 <0.044 <0.50 <014 070026
Ge(l) 00540.01 <0034 <0044 05+0.2 <013 073+025
Ge(2) 1.03+0.03 < 0.033 <0044 05+0.2 <013 093+0.26
Al 0.30+0.02 <0031 <0052 <050 <013 081+026
Ca 0.05+0.01 <0040 <0067 < 0.60 <0.21 1.17+032
Cu 0.39+0.02 < 0.033 <0043 < 0.50 <0.17 < 0.52

Si 0.85+0.03 < 0.036 < 0.052 05+02 <0.13 < 0.52

Co 0.82+0.03 < 0.033 < 0.050 63.7+0.9 <0.27 < 0.52

Ga 004+001 < 0.035 <0.052 < 0.50 <013 0.52+0.26
Mg 0.13+£0.01 < 0.036 < 0.052 < 0.50 <0.13 <0.52

N1 0.09+0.01 <0.034 < 0.060 07+0.2 <0.15 <0.51

Cr 0.14+0.01 <0.034 0.21940.030 <050 <0.15 < 0.52

Mn 0.05+0.01 0.241 £0.026 < 0.032 <030 <0.13 091+025
Fe(1) 0.10+£001 <0.038 < 0.037 0.8+02 0.13+0.04 0.93+029
Fe(2) 0.07+0.01 < 0.041 <0.038 <0.30 0.20+0.04 1.10+0.29
Fe(3) 0.08+001 < 0040 <0032 0.7+£0.2 0.27+0.05 0.64+030
Fe(4) 0.094001 <0036 <0032 05+02 0.30+0.05 <0.61

Pb(1) 0.06 +0.01 < 0.037 <0055 < 0.50 < 0.14 0.6240.27
Pb(2) 0.0540.01 <0.034 <0053 < 0.40 <0.13 0.78 £0.26
Pb(3) 0.13+0.01 <0034 < 0.039 < 0.50 <014 < 0.51

Pb(4) 0.11+£0.01 <0037 <0040 05402 <0.15 0.63+026
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nent radiation damage at room temperature, while most
of the dopants used do not cause permanent damage.

After an 18 Gy dose, the light yield of the doped
crystals was measured again, as a function of the time
after irradiation. The measurements were carried out
under the exact same conditions as those used for the
pre-irradiation measurements. The pulse heights of both
doped and undoped samples were found to be reduced
by 30 to 70% just after irradiation. The light output
then increased with time, at (a stable) room tempera-
ture. The pulse heights measured as a function of time
(Ph(7)) were then normalized to the pulse height ob-
served prior to the irradiation (Ph,) for each crystal.

Fig. 1 shows the normalized pulse height as a func-
tton of time after irradiation for some samples. The
error bars shown in the figure are obtained by adding in
quadrature the statistical and systematic errors.

It is obvious from fig. 1, that the recovery process
can be described by a sum of at least two processes
having different rates. This was observed for crystals
doped with chemically dissimilar elements. The data
also indicate that there might be another recovery pro-
cess with a very short time constant as reported by
Bobbink et al. in their early work [6]. We were, however,
unable to resolve this short ume constant from our

Table 3
The light output and recovery after irradiation
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Fig. 1. The post-irradiation light output vs time, 1n log scale.

data. We then parametrized the normalized pulse height
as a function of time:

Ph(r)/Phy=1—a, e /" —a, e /™. (1)

The results of the parametrization are shown in fig. 2.

The time constants, 7, and 7,, are listed in table 3.
From fig. 2 and table 3, we conclude that the dopant

elements can be divided into three groups. Group I

Sample PH, 7 T, Time after irradiation [h]

[channel] (h (h] 5 20 100 300
L(3) 169 13 174 0.69 0.75 0.87 0.90
HS 145 44 571 0.72 0.74 0.86 0.89
Bi(1) 157 82 520 0.53 0.60 0.82 0.95
B1(2) 155 78 490 0.54 063 0.89 1.00
Ge(1) 173 25 540 0.46 048 0.57 0.66
Ge(2) 171 20 340 0.57 061 0.75 0.80
Al 160 6 120 0.54 0.60 0.82 0.98
Ca 162 62 580 0.57 0.63 0.83 0.93
Cu 158 47 570 0.51 059 0.81 0.88
St 154 70 640 0.52 0.60 0.91 0.93
Co 154 50 470 0.44 049 0.63 0.70
Ga 160 15 450 0.48 052 0.66 0.72
Mg 166 18 460 0.51 054 0.67 0.78
N1 150 16 640 0.50 053 0.62 0.68
Cr 86 14 3100 0.74 0.84 0.84 0.84
Mn 136 7 11500 0.55 0.56 0.57 0.57
Fe(1) 172 15 610 0.49 0.51 0.59 0.66
Fe(2) 156 18 880 0.44 0.46 0.54 0.60
Fe(3) 157 12 740 0.41 0.43 0.50 0.57
Fe(4) - - - 044 0.49 0.55 0.63
Pb(1) 172 11 2800 0.41 0.43 0.46 0.46
Pb(2) 157 37 9054 0.38 0.40 0.45 0.45
Pb(3) 150 57 5954 0.35 0.36 0.40 0.43
Ph(4) - - - 0.36 0.37 0.41 044
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Fig 2 The post-irradiation normahized light output vs time.

contains those dopants that are very harmful and cause
permanent or severe radiation damage: Cr, Mn, Fe, and
Pb. In Group II we have those elements that are also
harmful, but cause mild radiation damage: Co, Ga, Mg,
and Ni. Group III contains elements that can be treated
as harmless: Al, Ca, Cu, and Si. The presence of Group
II1 elements 1n a crystal cannot be directly correlated
with the damage, from our data.

The data also show that the rate of recovery from the
initial damage is a function of the dopant. The ex-
tremely long recovery time constants of crystals doped
with Cr, Mn, and Pb (more than 1000 hours) indicate
that the radiation damage in these crystals 1s almost
permanent at room temperature. While for other
crystals, the recovery of radiation damage can be de-
scribed by a sum of at least two exponentials, with the
short time constant of an order of several ten hours and
the long time constant of an order of several hundred
hours. This result is consistent, quantitatively, with
earlier measurements [5,6] obtained with undoped BGO
crystals.

We also observed that the crystals produced with a
stoichiometric excess of Bi in the melt show less damage
and a faster recovery than those produced with an
excess of Ge. Although we did not determine the
stoichiometric purity of the final crystals, these data
hint at the fact that the damage color center 1s related
to deficiencies at bismuth-ion sites in a BGO crystal.

3.2. Absorption spectrum

The solid curves in fig. 3 show the absorption spectra
measured before irradiation for four BGO crystals:
BGO: Ca, BGO: Mn, BGO: Pb and BGO: Cr. We note
that all the samples have the same absorption edge (306
nm). This indicates that the forbidden band width which
1s characteristic of BGO crystal (4.04 eV) 1s not changed
by the impurity in the crystal.
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Fig. 3. The absorption spectra of some doped BGO crystals.

All samples have a small absorbence over the entire
visible region of the spectrum. The only exception is the
crystal doped with Cr. This crystal has strong absorp-
tion in the short wavelength region and thus appears
yellowish. From fig. 3d, it is apparent that there are two
absorption bands in the BGO sample doped with Cr:
one is at 420 nm and the another 1s near 350 nm, which
causes a shoulder close to the absorption edge.

By using a CARY 17 spectrophotometer, which has
a higher resolution in the near-infrared region, an ad-
ditional absorption peak was found around 750 nm.
Fig. 4 shows the absorption spectra in a wavelength
range between 300 and 1400 nm for the BGO sample
doped with Cr. We attribute these three absorption
bands to direct absorption by Cr** 10ns in the BGO [7].

3 2.1. Radiation-induced absorption bands

After a dose of 88 Gy, the absorption spectra were
measured again as a function of time for each sample.
The radiation-induced absorption was observed im-
mediately after irradiation. The difference in the degree
of darkening from sample to sample was also evident.
The BGO sample doped with Mn, for example, ap-
peared pinkish immediately after the irradiation.
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Fig. 4. The absorption due to the presence of Cr in BGO.
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Fig 5. Gaussian decomposttion of radiation-induced absorp-
tion 1n BGO.

Fig. 3 also shows the absorption spectra obtained at
S min (dashed lines) and 20 h (dash-dotted lines) after
the irradiation for four samples. A radiatior-induced
absorption in BGO crystals is clearly seen in the figure.
The data, however, show that the absorption edge of all
samples (306 nm) was not changed by the irradiation.
This indicates that the forbidden band width of BGO
crystals (4.04 eV) is not changed by the irradiation.

In order to study the radiation-induced absorption,
each spectrum obtained prior to irradiation was sub-
tracted from the corresponding one measured 20 h after
the irradiation. We found that the resultant radiation
induced absorption can be decomposed into three broad
absorption bands for all samples. Since the absorption
bands are expected to have a Gaussian profile when
expressed as a function of the photon energy, we then
performed a least squares fit of the absorption spectra
to the sum of three Gaussians:

AA(E)=A, e E-E'/200 | g o= (E-E)?/208
+ Ay e (BB /200 ()

Fig. 5 shows the results of the fit for the same four
BGO samples. The data are represented by a thick band
in the plots, where the thickness of this band reflects the
error in the measured spectra. The fit region was re-
stricted to the energy range of 2.1 to 4.0 eV. It was
found that the fitted peak positions are not sensitive to
variations 1n the region of the spectrum used in the fit.
The small systematic errors that we assign to the peak
positions, however, are dominated by the choice of the
region which is fitted. Table 4 lists the result of the fit
for all BGO samples. The error bars shown in this table
are the result of adding the statistical and systematic
errors in quadrature.

A close look to the table reveals that these three
radiation-induced absorption bands occur at the same
energy, regardless of the dopant in the crystal. The

Table 4
The radiation-induced absorption bands in crystals

Sample Fitted peak positions [eV]
E, E, E;

L(3) 2.42+0.08 300+0.02 3.88+0.05
HS 2.31+£0.01 3.07+£0.02 380+0.04
Ge(1) 2.29+£0.01 3.00+0.04 3.84+004
Ge(2) 2.29+0.01 3.00+0.04 3.86£0.04
Bu(1) 2.28+0.01 3.00+0.04 3.8540.05
Bi(2) 2.28+0.01 2.98+0.04 3.85+0.05
Al 2.28+0.02 303+0.02 385+002
Ca 2.27+0.01 3.1240.02 384+0.01
Cu 2.28+0.02 29940.01 385+0.02
S1 2.24+0.05 302+0.03 388+006
Co 216+0.01 3.00+£0.01 3.89+001
Ga 2.22+0.02 2934001 3.89+0.01
Mg 231+0.02 2964001 3.86+0.02
N1 2.28+£0.02 2.99+002 3.86+0.02
Cr 2.29+0.01 3.01+0.05 3.87+£0.01
Mn 2.38+£0.02 2.91+0.01 3.99+0.04
Fe(1) 2.29+0.01 2.89+0.08 3.84+0.01
Fe(2) 2.35+0.04 2.88+0.08 398+0.10
Fe(3) 2.35+0.05 2.88+0.03 3.76 £0.24
Fe(4) 2.34+0.05 2.97+0.08 3.77+0.24
Pb(1) 2.30+£0.01 3.05+0.06 3.84+0.03
Pb(2) 2.354+0.03 2.91+0.06 3.93+0.40
Pb(3) 2.3540.04 3.15+0.06 3.84+0.03
Pb(4) 2.28+0.04 2.97+£0.04 3.92+0.08

energies of these bands can be summarized as 2.3 + 0.1,
3.0+0.1, and 3.8 £ 0.1 eV.

As a systematic check, we also measured the radia-
tion-induced absorption bands of a Harshaw BGO
crystal (HS) and a sample of rock salt. The energies of
three bands observed in the Harshaw crystal, 2.31 +
0.01, 3.07 4+ 0.02, and 3.80 + 0.04, indicate that the ob-
served three bands do not originate from some common
impurities existing in BGO crystals from SIC. Only one
radiation-induced absorption band was observed in the
rock salt sample. The measured energy and FWHM are
2.69 and 0.48 eV, respectively. These values are con-
sistent with the well-known radiation induced F-center
(halogen vacancy a with a trapped electron) which has
an energy and FWHM of 2.66 and 0.47 eV, respectively.
This confirms that our energy determination 1s accurate
to within 1%.

The observation of these three common absorption
bands in the BGO hints at the fact that the impurity 1n
the crystal acts only as a “catalytic agent”, which
activates pre-exisiting color centers to produce the radi-
ation damage effect. The nature of the color center is
not a function of impurity type, rather of the crystals
itself, e.g., of Bi and /or Ge. This makes it unlikely that
the detection and elimination of just one or a few
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impurities in the manufacturing process will make the
crystal highly radiation resistant.

3.2.2. Infrared absorption spectrum

In order to investigate any radiation damage effect
due to a metamict crystal we measured the infrared
absorption spectra of some samples. The data show no
deviation in the absorption spectra for doped versus
undoped BGO crystals. There were also no differences
observed between the absorption spectra before and
after irradiation. This indicates that the damage color
center occurs at the level of the trapping sites caused by
the presence of impurities, rather than being caused by
disruption of the crystal lattice. The absence of any
infrared absorption peaks also hints that neither molec-
ular water or OH™ radicals play a role in the radiation
chemistry of the BGO [8].

3.3. High-temperature curing of radiation damage

As discussed in section 3.1, the radiation damage in
BGO crystals recovers slowly at the room temperature,
with a typical long time constant of the order of a few
hundred hours. The crystals doped with Cr, Mn and Pb,
however, almost never recover at room temperature:
their recovery times are well in excess of 1000 h. By
heating the crystal to 200°C for a few tens of minutes,
all the samples were found to have recovered com-
pletely. This observation is in agreement with earlier
reports from other groups [5,6].

The recovery is associated with an emission of light
(thermoluminescence), which has been studied by several
groups [9]. We note that when a Mn doped sample was
heated to 200°C a “glow peak™ was observed in the
thermoluminescence data for this crystal [10].

4. Conclusions

We summarize our main observations in this report
as follows:

- Trace mmpurities of Cr in a BGO crystal causes
permanent damage, which substantially decrease the
light output of crystals. Three absorption peaks from
Cr?* were observed in Cr doped BGO.

— The rate of recovery from the initial radiation damage
1s a function of the dopant. The recovery process can
be described by a sum of at least two exponentials.
For most crystals the short time constant is in the
order of several tens of hours, and the long time
constant is in the order of several hundred hours. For
crystals doped with Cr, Mn, and Pb, the longer time
constants exceed 1000 hours, indicating that the radi-
ation damage in these crystals is (nearly) permanent
at room temperature.

— The degree to which a BGO crystal is susceptible to
radiation damage is also a function of the chemical
nature of the impurity. Crystals doped with Cr, Mn,
Fe, and Pb show a severe radiation damage effect,
while crystals doped with Co, Ga, Mg, and Ni show a
moderate radiation damage effect. Crystals doped
with Al, Ca, Cu, and Si show only a minimal effect.

- BGO containing a stoichiometric excess of Bi 1s less
damaged by radiation and recovers faster than BGO
that has an excess of Ge.

— The radiation damage of BGO crystals can be cured
by heating the crystals to 200°C for several tens of
minutes.

— The radiation-induced absorption spectra of BGO
can be decomposed into three broad absorption
bands. The bands occur at the same positions in all
doped and undoped crystals: 2.3 +0.1, 3.0 + 0.11,
and 3.8 + 0.1 eV.

— The damage color centers in BGO occur, not at the
site of impurity elements, but rather at either the Bi
and/or Ge and /or O site. The impurities play a role
of an agent, probably by providing free electrons or
holes, so that color centers which trap electrons or
holes can be “activated” at one of the possible sites
mentioned above.
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