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We report on a study of the radiation resistance and fluorescence of bismuth germanate scintillation crystals doped with
europium (BGO : Eu). The transmission spectrum, the light output and the fluorescence spectrum of BGO : Eu crystals were measured
before and after irradiation . The radiation resistance of BGO : Eu crystals was found to be increased with increase of europium
doping. A red fluorescence emission around 600 nm was found for BGO : Eu samples, which has a 1 .5 ms decay time .

l . Introduction

Since the scintillation property of bismuth germanate
(Bi 4Ge3012 , i .e. BGO) was discovered [1], the crystal
has come to be recognized as an attractive scintillator
for applications in medicine, geological exploration,
nuclear physics and high energy physics . However, the
radiation damage suffered by BGO upon irradiation has
limited its use for high precision calorimeters, and thus
has received considerable attention [2-7] . Early studies
by Kobayashi et al. [2] showed that the degree to which
a crystal is damaged is related to the impurity con-
centration . Work done by Zhou et al . [8,9] revealed that
the presence of Cr, Mn, Fe and Pb in BGO leads to
substantial radiation softening. In a systematic study
carried out at the Shanghai Institute of Ceramics (SIC)
it was discovered that europium doping is useful in
::::pro::ng the rad16'Lt1Vn reûlJtC'L11V\r Vl BGV Vl~jstals, and
a new BGO crystal with higher radiation hardness was
developed for the L3 experiment at CERN, Geneva
[10] .
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2 . Sample and experiment

2.1 . Sample preparation
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In this reror,,, we present results of a study on
radiation resistance and fluorescence of europium doped
BGO (BGO : Eu) crystals . Sample BGO crystals with
different levels of europium doping were produced at
SIC . The scintillation properties and the fluorescence
spectra of these crystals before and after irradiation
were measured at Caltech. While europium doping en-
hances the radiation resistance of BGO crystals, it intro-
duces a slow decay fluorescence in the wavelength range
of red and a loss of light output. In practice, it is
important to choose a proper doping level in producing
BGO : Eu crystals with higher radiation resistance .

The next section of this report describes the sample
preparation and the experimental instrumentation . Re-
sults of our measurements are given in section 3 . A
discussion and conclusions are presented in section 4.

The Bridgeman-Stockbarger method was used to
prepare the BGO crystals . Powders of 5N B'203 and 6N
Ge02 were mixed in the stoichiometric ratio of 2:3 to
provide a melt . A certain amount of Eu 203 was intro-
duced in the melt during the crystal growth process to
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Table 1
Doping concentration and dimension of BGO crystals

Crystal

	

BGOO

	

BGO1 BG02 BG03 BG04
Dopant

	

undoped Eu

	

Eu

	

Eu

	

Eu
Concentration [ppm] 0

	

5

	

30

	

100

	

1500
Dimension [cm]

	

2.5 x 2.5 x 2.5

	

1 x1x 4

produce europium doped crystals. Table 1 lists the
europium doping concentration of samples . All samples
were polished and annealed at 200"C for 2 h before
measurement .

2.2. Irradiation source

The irradiation was performed with a 1"Cs -y-ray
source at Caltech . The doses were delivered at a rate of
about 50 krad/h .

2.3. Light output measurement

The scintillation light yield in units of photoelectron
numbers per MeV of energy deposition was measured
by using a Hamamatsu photomultiplier (PMT) 82059 .
The PMT has a bialkali photocathode and a synthetic
silica window, which has a spectral response range of
160-650 nm. All BGO samples were wrapped with two
layers of teflon tape. The PMT was coupled to the
crystals with Dow Corning 200 fluid which has excellent
transmittance in the range of 200-820 nm.

The scintillation light collected with a Hamamatsu
R2059 PMT was integrated by a LeCroy 3001 QVT
multichannel analyzer in the Q mode. A variable in-
tegration gate was provided by a LeCroy 2323A pro-
grammable dual gate generator. The data taking process
was controlled by a WVAXII station through a CAMAC
interface. The responses of test samples to a 137Cs y-ray
source were measured, and the peak position of the
137Cs source was subsequently determined by using a
Gaussian fit. The peak ADC value was then converted
to photoelectron numbers by using calibration curves
for each gate width, which were obtained from an LED
test run and a subsequent Gaussian fit.

All the measurements were done at rooms tempera-
ture. The systematic error introduced because of the
variation of the room temperature was estimated to be
less than 2% .

In comparing the light output of BGO before and
after irradiation, the crystals were air-coupled to the
PMT and the gate width of the multichannel analyzer
was fixed at 2 Rs . When the crystal was repeatedly
removed from the PMT and then reattached to the
PMT, ïhe systematic error introduced was found to be
less tüan 1% .
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2.4. Transmission spectrum measurement

A Hewlett Packard 8452A diode array spectropho-

tometer was used for measuring the transmission spec-
tra of samples . This spectrophotometer has a wave-
length coverage of 190-820 nm. The data obtained with
this spectrophotometer were transferred to a ,VAX
computer and were analyzed on that computer .

2.5. Fluorescence spectrum measurement

A SLM-4800 spectra fluorometer was used in mea-
suring the emission spectra and the excitation spectra of
BGO samples. This spectra fluorometer uses a Xe light
source . The wavelength resolution of the instrument can
be set between 2 and 8 nm.

2.6. Afterglow measurement

A VSL-337 pulsed nitrogen laser which produces 3
ns wide UV pulses at 337 nm with a repetition rate of
1-20 Hz was used to excite sample crystals . The crystals
were coupled to a Hamamatsu PMT 81306 with Dow
Corning 200 fluid. The PMT 81306 has a spectral
response range covering 300-650 nm. A slow decay
light signal was observed with a HP54111D digital
scope, and its wavelength was measured to be in the red
region (see next section for the details).

In the measurement of the decay constant of this
slow decay red light a low-pass filter which passes only
light with a wavelength longer than 540 nm was placed
between the crystal and the PMT. The data taken were
transferred to a ~LVAXII station .

3 . Results

3.1 . Scintillation light output

Fig. 1 shows the measured photoelectron yield per
MeV as a function of the integration time obtained
from a PMT 82059 for four BGO samples before
irradiation . The data points with error bars in the figure
were fitted to an exponential function :

y = S[1 - exp( - t/T)] .

The numerical results of the fit are also shown in the
figure .

All samples have the same time constant of 289 ± 5
ns . The difference of light yield observed has no correla-
tion to the europium & ping level in these samples . It is
clear that less than 100 ppm europium doping has no
effect on either the scintillation light yield or on its
decay constant .

After a dose of 2.5 krad from a 137Cs y-ray source
the light yields of these four samples were measured
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again as a function of time . The pulse heights measured
(PH(t )) were then normalized to the pulse height mea-
sured before the irradiation (PH(0)) for each sample .
Fig. 2 shows the normalized pulse height as a function
of the time after the irradiation . The recovery process
can be described by a sum of two processes : a fast
recovery and a slow one .
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Fig. 1 . The light yield of BGO samples.
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Fig . 2 . The light yield of BGO samples normalized to before
irradiation .
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Fig . 3. The transmission spectra of BGO samples before and
after irradiation .

PH(t)/PH(0) = 1 - F exp( - t/Tf ) - S exp( - t/TS )

gives an excellent description of the recovery . The
numerical results of the fit are also listed in fig . 2 . For
all four samples the ast recovery time, rf . i s about 20 h,
and the slow recovery time, Tti , is about 500 h. The
damage level ( F + S). especially the slow recovery com-
ponent (S), decreases with increasing europium doping .
This result, therefore, clearly demonstrates the higher
radiation resistance of BGO crystals doped with Eu3+ .
Compared to undoped BGO samples, the europium
doped BGO is damaged less and recovers faster .

3.2. Transmission spectrum and radiation induced absorp-
tion

The transmission spectra of all samples were mea-
sured before and after 2.5 krad irradiation . Fig. 3 shows
the transmittance curves obtained before irradiation (a),
15 min after irradiation (c) and 100 h after irradiation
thl

	

rPÇner--ti

	

__~vely,

	

r_- . .fnr four camnlec. It is clear that there.._ .
is no specific absorption peak introduced by less than
100 ppm europium doping . A transmittance measure-
ment of sample BG04 which is heavily doped with
europium (1500 ppm), however, reveals that specific
absorption peaks at 394 and 462 nm are introduced by
europium doping. Fig. 4 shows the transmittance of
sample BG04. This and other measurements indicate
that a europium doping level beyond 1000 ppm would
result in considerable degradation of transmittance and,
therefore, light loss .
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Fig . 4 . The transmission spectrum of a heavily doped BGO : Eu
sample .

Following our previous work [9] the radiation in-
duced absorption bands were analyzed for these sam-
ples. Fig. 5 shows the radiation induced absorption
coefficients obtained by analyzing transmittances mea-
sured 15 min after the irradiation. It is clear that the
radiation induced absorption of europium doped BGO
is much less than that of undoped BGO under the same
dosage. Each absorption can further be decomposed to
three Gaussian bands, and the results of the fit are
presented in table 2 . These three absorption bands
occur at the same energy, regardless of the dopant
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Fig . 5 . Gaussian decomposition of radiation induced absorp-
tion spectra in BGO.

Table 2
The radiation induced absorption bands in BGO : Eu

5
4
3
2
1

Co 0
cO 4
.~ 3

ui 2
1
0

condition . These bands are the same as what is observed
from BGO crystals with different dopant [9] .

3.3. Fluorescence spectrum and excitation spectrum

The fluorescence spectra of crystals excited with 309
nm Xe light are shown in fig . 6 . All samples show a
broad band of blue emission, peaking at 480 nm, which
is from the radiative transition of Bi3+ : 3 P1 -'So . In
addition to the blue emission, BGO : Eu samples show a
weak red emission around 600 nm. The strength of the
red fluorescence increases with increasing europium
doping concentration . A very strong red emission was
observed in the fluorescence spectrum of BG04 which
contains more than 1000 ppm europium . Fig . 7 shows
the detailed structure of red emission includes several
peaks at 588, 594, 610 and 623 nm, with the maximum
at 610 nm.

For the 610 nm component, the excitation spectrum
of BG04 is shown in fig. 8 . The corresponding excita-
tion occurs mainly in the wavelength range between 320
and 350 nm. It also occurs at 394 and 462 nm. Fig . 9
shows the fluorescence spectra of europium doped BGO
samples when excited with 337 and 462 nm, respec-
tively . We notice that 462 nm is near 480 nm at which
the fluorescence of Bi3 + reaches its maximum. Part of
the scintillation light output of BGO would be absorbed

0
Wavelength (nm)

Fig . 6. The fluor~Lcence spectra of BGO excited with 309 nm .

BGOO BG01

BG02

i

BG03

400 500 600 700 400 500 600 7(

Sample Fitted peak
E,

position [eV]

E2 E3

BGOO 3.83±0.05 3.02±0.05 2.31±0.05
BG01 3.82±0.05 3.10±0.05 2.30±0.05
BG02 3.81±0.05 3.03 ±0.05 2.28±0.05
BG03 3.83 ±0.05 3.06 ±0.05 2.29±0.05
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Fig. 7 . The fluorescence spectrum of BGO : Eu excited with 309
nm.

by the europium dopant and then produce the emission
in the red.

3.4. Afterglow

The fluorescent light pulse of BGO crystals excited
with a 337 nm UV laser was observed by an oscillo-
scope. The BGO sample without doping shows a very
clean neat pulse with no afterglow . BGO samples doped
with europium show a slow decay component, i .e .
afterglow. The amplitude of this slow decay component
depends on the doping concentration . The duration of
the afterglow is a few ms .

Fig. 10 shows the BGO's fluorescent light pulse
obtained with an HP54111D digital scope. By changing
the filter the wavelength of the slow component was
determined to be longer than 540 nm. The obtained
data could be fitted to an exponential function :

y = B[exp(-t/T) ] .

The numerical results of the fit are shown in fig. 11,
which indicate that the time constant of the afterglow is
1 .5 ± 0.1 ms .
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Fig. 8 . The excitation spectrum of BGO : Eu for 610 nm
emission.
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Fig. 9 . The fluorescence spectra of BGO : Eu excited with 337
and 462 nm.
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Fig. 10 . The BGO light pulse observed with a HP54111D
digital scope.
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4 . Discussion and conclusions

Work done by Zhou et al . [8,91 revealed that three

radiation-induced absorption bands occurred at the

same energy, 2.3 ± 0.1, 3.0 ± 0.1 and 3.8 ± 0.1 eV, re-

gardless of the chemical nature of dopant in the BGO

crystals . They also concluded that the nature of the

color center is not a function of impurity type, but
rather of the crystal itself. It was then proposed [111

that oxygen vacancies present in crystals would be the
origin of the radiation induced color center . Electrons
excited by irradiation are trapped in oxygen vacancies

and form the color centers.
According to this model, europium ions Eu3+ in a

BGO crystal compete with the oxygen vacancies, and

trap most of the electrons which are freed in the lattice
when the crystal is irradiated . Therefore, the europium
doped crystal has a lower color center density under the
same irradiation condition.

The emission spectrum of Eu3+ ions has been in-
vestigated by Raynal et al . [121 . There are several char-
acteristic europium lines corresponding to S Do -> 7Fo

(580 nm), S Do -' 'F1 (588 and 594 nm), SDo _'7
F2 (611,

615 and 623 nm) and 5Do --, 7F3 (650, 653, 655 and 657
nm ). According to the energy level, the absorption
spectrum would show 7F -->o SD (around 525 nm), 7Fo
-~ SD2 (around 465 nm) and 4

Fo -> SD3 (around 395
nm) transitions . Therefore, the observed red emission of
BGO : Eu samples has contributions from the radiative
transitions

	

SDo

	

7F�

	

(n =0,

	

1.,

	

2,

	

3)

	

of Eu3+ . The
fluorescence of Eu3 - in BGO results from either direct
excitation by absorption of the 4f levels themselves, or
excitation by absorption of Bi3+ ions followed by en-
ergy transfer to Eu3+ ions .

We summarize our main observations in this report
as follows:
- The radiation resistance of BGO crystal is improved

by europium doping . Compared with normal BGO,
the BGO: Eu has less radiation damage and a faster
recovery process.

- The fluorescence of BGO : Eu contains a broad blue
emission and a red emission . The blue emission
originates from the Bi3+ transition 3 P1 -'So, which
has a time constant of 290 +_ 5 ns . The red emission
was caused by the radiative transitions of 5Do --., 'F�
(n = 0, 1, 2, 3) of Eu3+, which has a slow time
constant, around 1 .5 ms, and forms the afterglow.
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Fig. 11 . The decay time of the afterglow of BGO : Eu.
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- The fluorescence of Eu3+ in BGO results from either
direct excitation by absorption of the 4f levels them-
selves, or excitation by absorption of Bi 3 + ions fol-
lowed by energy transfer to Eu3+ ions . This explains
that a higher doping would result in a light yield
decrease of BGO.
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