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Bismuth germanate (BGO) has been widely used as a room-temperature scintillator in many applications
for decades. Interest in it has recently increased as a low-temperature scintillator to be used in bolometers
for rare-event detection. We present our time-resolved-scintillation studies of BGO down to 3 K under y-ray
excitation. Our multiple-photon-counting-coincidence-based setup allows clear identification of y-line energies at
least as low as 122 keV down to base temperature and the measurement of the light yield and decay-time constants
as a function of temperature. We also discuss the time structure of the pulses and report a previously unappreciated
but significant, very slow component assigned to afterglow. Finally, we demonstrate that nonlinearity of the light

yield as a function of energy persists at low temperatures.
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I. INTRODUCTION

Scintillation in solids at low temperatures has recently
started to attract attention, fueled by applications in rare-event
particle physics.' For instance, the ability to combine a
cryogenic measurement of phonons and scintillation allows
rejection of certain types of radioactive backgrounds in the
search for dark-matter* or neutrinoless double-beta decay.’
This technique was also used to demonstrate the instability
of 2%Bi using a BiysGe;0;, (BGO) scintillator.® Single
crystals of BGO have been grown since at least 1965;” the
crystal’s high density (7.13 g/cm?), high atomic number
(Z=283), and decent light output [13% of Nal(Tl) with
bialkali photomultiplier tubes®] have ensured it is widely
used at room temperature. For example, the L3 high-energy-
physics experiment deployed nearly 12000 crystals in its
electromagnetic calorimeter.” It has also been widely studied
and used for positron tomography'® and is being considered
for rare-event searches.'! Its luminescent properties down
to liquid-helium temperatures have been measured by many
experiments from the middle of the 1970s to the present
day,'>"'® leading to a fairly good understanding of the light
emission in BGO, mainly due to the localisation of self-trapped
excitons on Bi** ions. The evolution of the scintillation
properties of BGO with temperature have been recently
studied down to 6 K under a-particle excitation.'” However,
only a few studies have been made under y excitation'®
because of the small amount of light obtained with a standard
cryostat. Here, we relate time-resolved-scintillation studies
of BGO down to 3 K under y rays. We first describe our
experimental setup and analysis method, which includes some
modifications to the multiple-photon-counting-coincidence
(MPCC) technique'® and then present results for BGO in
terms of the light yield (LY, the number of photons emitted
for a given energy deposited) and kinetics and their evolution
with temperature. We report the appearance of significant
afterglow below 20 K in the samples tested. Finally, we
study the nonlinearity of the LY over a range of energies and
temperatures.
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II. SETUP, AND ENHANCEMENTS TO
THE MPCC TECHNIQUE

The multiple-photon-counting-coincidence experimental
technique'® allows a combined measurement of the LY and
the decay-time structure of a scintillating crystal. For instance,
it is well adapted to repeated measurements over the course
of a temperature sweep. The technique includes a hardware
component with a coincidence between the photodetectors
triggering the digitization of photomultiplier-tube (PMT)
traces. There is also an analysis component based on the
identification of individual photons seen by the PMTs from
a scintillation event in a crystal and a set of cuts to remove
spurious events (cut on the first photon time and on the
comparison between the mean arrival time of photons in a
given event to the most likely mean arrival time of photons in
the whole population).

The experiment we describe was carried out in two similar
optical cryostats with base temperatures of 2.8 K and 3.2 K.
Their compact optical geometry and good light collection
allow measurements with y sources of lower energies than the
a sources usually used.'” The PMTs are secured to the outside
of the cryostat on opposite sides, facing the two larger surfaces
of the crystal, at room temperature, thus decoupling their
response from the temperature of the cryostat. Two commercial
samples of BGO, named BGO-L and BGO-Q, measuring
20 x 10 x 5 mm?, were tested, one in each cryostat. The light
was detected by Hamamatsu R6095P photomultipliers adapted
for photon counting and with a nominal low dark-count rate of
100 Hz. Their maximum quantum efficiency (QE) is around
400 nm, and they are well adapted for BGO, which exhibits a
broad emission spectrum with a peak at 480 nm (QE > 10%)
at room temperature. As the emission peak shifts to 510 nm at
a low temperature,'* our PMTs are roughly 10% less efficient
at detecting photons emitted at low temperatures. Standard
Nuclear Instrumentation Modules (NIMs) are used to detect
coincidences between the two PMTs (Fig. 1).

In the standard configuration, the excitation is provided
by a ?*Na source, which is a 8 emitter. The positrons are
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FIG. 1. (Color online) Typical setup scheme. The PMTs are well-
adapted for photon counting with a low dark-count level and work in
coincidence mode. The digitizer has a sampling rate of 1 GHz.

annihilated by electrons in the source packaging to create
two simultaneous back-to-back 511-keV y particles. One
y particle can interact in the crystal under study in the
cryostat while a second BGO crystal (set in a light-tight,
room-temperature box) is used for coincidence by absorbing
the second y particle. The PMTs are in direct contact with this
reference crystal, providing good light collection and allowing
it to be used as a time reference for the data analysis. The
measured photons are digitized by a National Instruments
digitizer, working with a sampling period of 1 ns and for a
duration set by the user. Only the signals coming from one of
the PMTs on the cryostat and one on the reference crystal are
recorded (see Fig. 1).

In order to evaluate the nonlinearity of the energy response
as a function of temperature, other radioactive sources were
used: 2*'Am (60 keV), 37Co (122 keV), and '¥7Cs (662 keV).
Since these sources do not supply back-to-back y particles,
the setup was simplified to a single coincidence between the
two PMTs mounted on the cryostat. In this setup, the LY is
calculated from the sum of photons in both PMTs. Contrary to
an « source where the full energy is deposited near the surface
of the crystal, a y source creates either Compton scattering
where only a fraction of the energy of the y particle is deposited
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Scintillation Event in BGO with 22Na at 300 K

0.0

S
3-0.5 0.1 prrrprerprerpre ey
=1 L 4 -
B | 0.0F -
&) 0.1F 3
< 02F E
| . -0.3F 4 ]
10 | % First Photon - i
| ® Photons 3 E
i 05bwmbn bt d ]
0.20 0.22 0.24 0.26
1 1 1 I 1 1 1 I 1 1 1
0.0 0.5 1.0 1.5

Time (ps)

FIG. 2. (Color online) Example of a scintillation event of BGO-Q
with 2?Na at 300 K, recorded with a sampling rate of 1 GS/s. The
algorithm then recognizes the time and the amplitude of the photons
(red diamonds) and in particular the first photon (green star). The
inset shows a magnified view (with the same units).

or a photoelectric absorption where all the energy is deposited.
Multiple Compton scattering in the crystal can lead to a full
absorption of the initial y particle’s energy, motivating the use
of a larger crystal than in the previous work with o particles'”
(possibly at the expense of the energy resolution).

From the standpoint of timing, the use of PMTs with a small
transit-time spread (3 ns FWHM) and a fast digitizer (1 sample
per ns) allows the separation of individual photons down to
~5 ns (see Fig. 2). Moreover, in the standard MPCC technique,
photon times in the average pulse shape are counted from the
first photon-arrival time in each event. In the work reported
here, the coincidence between the two back-to-back y particles
and the time-reference crystal provide better time resolution,
allowing us to measure decay times ranging from a few tens of
nanoseconds up to a few milliseconds. We note however that
more precise measurements of short decay times would require
the delayed-coincidence single-photon-counting technique. '’

In both triggering modes because of the small number of
photons arriving over long time scales, coincidence-window
durations between 900 ns and 2 us have been used. Moreover,
when N photons arrive following an exponential distribution
with a time constant t, the distribution of the first photon
follows an exponential distribution as well with a time constant
of 7/N. For n time constants, the average arrival time of the
first photon is given by

1 " N;
<tﬁrst) - Z o (1)

T
i=1 '

From this, we estimate that the BGO reference crystal at room
temperature with its very efficient light collection and short
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time constants provides a timing precision better than 6 ns.
This timing precision could be improved somewhat by the use
of a faster room-temperature crystal (such as BaF,, which has
a fast ultraviolet component of about 600 psg); however, it is
unlikely that times below ~1 ns could be reached in this setup
given the typical time sampling of the digitizer.

From the standpoint of analysis, the standard MPCC cuts
are applied to reject spurious events: a cut on the arrival time
of the first photon in each event eliminates pretrigger pulses,
and then a cut comparing the mean arrival time of photons
in a particular event to a reference value from all events
aids in removing pileup events. Our variation on the standard
technique is to obtain the reference value by selecting the most
probable average arrival time as opposed to the mean average
arrival time used in the original MPCC technique, which could
be slightly biased when there is a large number of pileup events.
Another difference is the use of the reference time obtained
with the room-temperature crystal to reconstruct pulse shapes
as described above.

III. RESULTS AND DISCUSSION

Results in terms of the LY and time constants as a function
of temperature are summarized in Fig. 3 and are detailed below.
They evidence a main decay-time constant that accounts for
the majority of photons at each temperature.

Structure of Scintillation Events in BGO
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FIG. 3. (Color online) Evolution of the scintillation-decay time
of BGO-Q as a function of temperature between 300 K and 3.4 K.
Time constants are reported on the ordinates with vertical error bars.
The LY contribution of each component is represented by the area
of the circles. (b) A main contributor to the LY is identifiable.
(c) A faster component only contributes a small fraction of the
light. Moreover, (a) a long component, attributed to afterglow,
contributes significantly below 20 K (up to ~50% of the light below
10 K).
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A. Decay time

Assuming that a scintillation event follow a series of n
exponential decays with numbers of photons N; and decay-
time constants t; of the form

dN N

— L=t/
— =) e )
dt ; Ti

it is possible to measure the decay-time constants t; at each
temperature by fitting the time-resolved average-scintillation
event with Eq. (2). This average event is obtained by
summing all of the photons from the scintillation events,
taking into account their timing position with respect to the
reference time. Figure 4 shows the average pulses obtained for

Average Pulses in BGO
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FIG. 4. (Color online) Average events of BGO-Q with *’Na
(511 keV for y particles only) at temperatures of (a) 300 K,
(b) 30 K, and (c) 3.4 K. The insets show magnified views (with
the same units). The pulses are fitted with sums of exponentials
whose numbers of components vary with the temperature. The
decay-time constants obtained are: (a) 54.9+4 ns, 412+ 12 ns,
1.02+0.25 us; (b) 13+6 ns, 22.6+0.2 us, 64412 us; and (¢)
12£2ns, 1.22+:0.09 us, 135+ 5 us, 332+ 16 us.
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TABLE I. Comparison of the LY fraction ( fiy) and the decay-time constant of BGO-Q and BGO-L with various experiments (Refs. 17,21,
and 22). Above 6 K, only the main component (i.e., the component showing the highest fraction of light) is shown because of the different
number of minor components measured in the experiments. At 6 K we also report the value of our long component, attributed to afterglow.
There is good agreement between this work and MPCC results using o particles (Ref. 17) except possibly at the lowest temperatures at which

previous measurements did not report afterglow.

Temperature BGO-Q (y) BGO-L (y) Moszynski (y) Tsuchida (y) MPCC Gironnet ()
RT(293-300 K) fiy 79+ 5% 76 +2% 90% 64% 100%

T 420+ 12 ns 374 +£3 ns 300 ns 462 40 ns 430+ 8 ns
273 K fiy 83+3% 90%

T 598 + 8 ns 567 + 8 ns
77K fiy 95+ 1% 95%

T 8702 £ 23 ns 8700 £ 100 ns
6 K iy 59+3% 55+4%

T 14043 pus 141£5 pus 98.6%

40+ 7% 44+11% 138 0.6 us
375+£20 us 441 £ 36 us

BGO-Q at 300 K, 30 K, and 3.4 K. Fits give decay-time values
of 54944 ns, 412412 ns, and 1.024+0.25 us at 300 K;
13+6ns,22.6 0.2 us,and 64 £+ 12 usat30K; and 12 + 2 ns,
1.22£0.09 us, 135 £5 us,and 332 + 16 us at 3.4 K. Atroom
temperature (~300 K), we only find two decay-time constants
of 55+2 ns and 374 £3 ns for BGO-L. While cooling, the
number of components varies as well as their time scales.

The main time component, coming from the luminescence
of the Bi** ion,'>!7 appears clearly and increases up to
145 £3 us at 3 K for BGO-L and 135+ 5 us for BGO-Q,
i.e., an increase of a factor of about 300. Table I shows a
comparison of the values of this main decay component (time
constant and its fraction of the LY) with other experiments
at various temperatures. Results in terms of the main time
constants are broadly consistent. At the level of the secondary
time components, some discrepancies appear in their number
and their values between this and previous works (and indeed
within previous works).

Figure 5 shows the evolution of the main decay-time
constant between 300 K and 3 K for the two BGO crystals. The
evolution of this main time constant with temperature follows
a three-level model,”® corrected by a nonradiative term,”* of
the form

1 _ ki + kzé'_D/kBT
©(T) 1 +e D/ksT

+ Ko AE/T 3)

where k; and k, are the radiative-decay rates from the two
excited levels; K is the nonradiative-decay rate from the same
levels; D and AE are the energy difference between the
two excited states and the energy barrier for the nonradiative
process, respectively; and kp is the Boltzmann constant.
The model fits our experimental data well and matches
the results obtained under o particles.'” We obtain the
following parameters: 1/k; = 128.4 £ 0.6 us, 1/k, =2.58 +
0.01 us, D/kg =67.7£0.1 K, 1/K = 0.0123 £ 0.0002 s,
and AE/kp = 1074 £ 4 K.

Concerning the two minor time constants, Fig. 3 shows that
the fast one increases up to about 1 us as the crystals are cooled.
However, this component only accounts for a small fraction of

the emitted light (see below ). The slow component is attributed
to afterglow in the crystals and may be present at higher
temperatures but starts to increase greatly below 30 K, reaching
about435 £ 16 us for BGO-L and about 332 £ 16 us for BGO-
Q. Itdoes not appear to have been observed in previous work on
BGO.'7 We propose that a higher trapping level appears with
nonradiative coupling to the radiative levels. This coupling
weakens as the temperature decreases, accounting for this
supplementary slow time constant but preserving roughly the
total emitted light. This slow component accounts for a large
amount of light below 10 K (see below). Lastly, at temperatures

Main Scintillation Component of BGO
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FIG. 5. (Color online) Evolution of the main decay-time constant
of BGO-Q and BGO-L under y particles between 300 K and 3 K.
The combined data set has been fitted with a three-level model of
Bi’**. The fit curve (solid green) shows very good agreement with the
result obtained under « excitation (dashed black curve) elsewhere.!”
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Spectrum of 511 keV y in BGO
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FIG. 6. (Color online) Numeric spectrum of ’Na at 511 keV y
in BGO-L at 3 K. This histogram has been obtained from the number
of photons counted for each individual event. The full energy peak is
clearly visible with a mean value of 141.6 £ 0.2 detected photons (as
fitted by a Gaussian function).

below 50 K, there is an indication of a still faster time constant
of about 10 ns with a negligible contribution to the LY.

B. Light yield

The position of the full-energy peak in number of photons
is proportional to the LY of the crystal at all temperatures.
Figure 6 shows the spectrum of BGO-L at 3 K. The full-energy
peak for 511 keV is clearly visible and amounts to roughly 142
detected photons.

Because of the finite acquisition-time window, the total
number of photons is underestimated, given the exponential
distribution of the photons. The knowledge of the decay-time
constants of each component and their relative amplitudes
(N;/t;) can be used to apply a correction factor to the LY,
defined as

Z?:l Ni
Z;lzl Nl(l —_ g_twin/ff) ’

where fy;j, is the duration of the acquisition window. However,
the effect of this correction factor is rather small on our data
sets; thanks to the long acquisition times used, it is less than
10% for BGO-L and less than 1% for BGO-Q.

Figure 7 shows the evolution of the corrected LY with
temperatures between 300 K and 3 K, normalized to 300 K,
for the two measured crystals. The LY increases by a factor of
5.5 for one crystal and 5 for the other. The increase of the LY
is higher than what has been measured under « particles for
which the LY increases only by a factor of about 3.5 for the
same temperature range.!” In all cases, the LY becomes more

LYcorr - LYexpt (4)
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FIG. 7. (Color online) Evolution of the light yield in BGO with
the temperature between 300 K and 3 K. The light yield increases
by a factor of about 5.5 and 5 for the two crystals tested under y
particles in this work, noticeably more than the factor of 3.5 observed
for another sample under o particles elsewhere.!” The LY has been
normalized to its room-temperature value.

stable below about 10 K possibly because of a reduction in the
thermal quenching.

The difference in the LY evolution between the « and
y measurements is marginally compatible with the standard
error of 30% quoted for the MPCC technique.* However,
the difference could also reflect differences in the samples.
Alternatively, this lower increase for « excitation can be
interpreted as a variation of the quenching factor between
« excitations and y excitations, which for the same energy
deposit is the ratio of the LY for each particle. Lastly, in this
experiment the material regions involved are different for the
two types of particles. The y particles of 511 keV have a mean
free path of roughly 1 cm in BGO and therefore interact in
the bulk of the crystal whereas « particles interact only in
the first few microns. The light output from « particles may
be surface-quality-dependent. We speculate that the surface
of the crystal contains various temperature-dependent natural
traps that may affect the response to « particles but that are
not present in the bulk.

The o/ y -quenching factor Q,/,, has already been measured
in the temperature range 253-353 K with a value of ~0.20
(Ref. 25) and with a bolometrical measurement at 20 mK
with a value of ~0.17.2° Assuming that the room-temperature-
quenching factor is 0.2, an increase of the LY at 3 K by a
factor of 5.5 for one crystal and 5 for the second one under y
particles and a factor of 3.5 under « particles, we find that its
value at 3 K'is Q4 >~ 3.5 x 0.2/5.5 > 0.13 for BGO-L and
Qu/y = 3.5 x0.2/5 = 0.14 for BGO-Q. Thus, these values
are lower than those previously measured; again, this could
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LY of BGO as a Function of Energy
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FIG. 8. (Color online) Nonlinearity of the LY of BGO-L for
different temperatures. The LY is defined here as the ratio of the
number of detected photons over the deposited energy. The data are
normalized to 662 keV. Data at 10 K and 3 K show good agreement
with the nonlinearity observed elsewhere at room temperature and
77 K (Ref. 28) though the 30-K data appear relatively linear.

also be an effect of the intrinsic quality of the different crystals
measured.

By combining the independent results coming from the
spectra (the LY) and the average events (the number of
components and their relative contributions), one can study
the quantity of light provided by each component and their
evolution with temperature. Figure 3 shows that the most
important part of the light comes from the main component.
However, at 30 K and below, the quantity of light from this
component starts to drop while the light coming from afterglow
increases greatly to reach about 50% of the light at 3 K. This
could be explained by the trapping level proposed previously
in this work, appearing at about 30 K and leading to a transfer
of excitations from the main component to the afterglow. This
trapping level could moreover correspond to the thermolumi-
nescent peak measured previously around 30 K (Ref. 15) but
not seen in another study.?’” One can see also that the light
coming from the fast component is negligible except around
room temperature where it represents about 20% of the light.

C. Nonlinearity of the LY as a function of energy

Nonlinearity is known to occur in inorganic scintillators
at low energies.”” This phenomenon is not completely un-
derstood and has led to many measurements and theories in
attempts to explain it.”8-3* Recent studies?®-? indicate that the
lower-energy shape of the LY nonlinearity can be described
by the Birks equation and exciton annihilation. Indeed, this
annihilation rate is proportional to the ionization density,
which decreases as the deposited energy increases.

PHYSICAL REVIEW B 84, 214306 (2011)

Nonlinearity has been measured in BGO at room temper-
ature and liquid-nitrogen temperature with similar behavior
in both cases.”® We have investigated the LY as a function of
energy at lower temperatures. Figure 8 shows the LY relative to
that at 662 keV as a function of energy for BGO at 30 K, 10 K,
and 3 K. With the exception of 30 K, we find results consistent
with what has been measured at higher temperatures, thus
confirming the temperature independence of the nonlinearity.
However, we were unable to perform measurements at lower
energies or higher temperatures because of the insufficient
amount of light collected. Another study of BGO at 20 mK,%
performed with bolometrical measurements, is compatible
with a LY that is linear and, in fact, constant as a function of
energy. However, the error bars on that measurement (~40%)
are in fact compatible with the nonlinearity we observe here
(~15%).

IV. CONCLUSION

This study describes the scintillation properties of BGO un-
der y rays down to a temperature of 3 K. Our enhanced MPCC
setup enables us to measure the evolution of the light yield and
the kinetics from a few tens of nanoseconds to milliseconds as a
function of temperature, using tagged 511-keV y particles. We
find that the LY increases by roughly a factor of 5, noticeably
more under y excitation than under « excitation reported
elsewhere, but we cannot conclude if it is an intrinsic effect in
BGO or a fluctuation between samples. From the standpoint of
kinetics, we confirm that the main contributor to the LY follows
a three-level model, previously used to describe response
to o particles and fluorescence measurements. However, we
report that below 30 K a previously unobserved but significant
afterglow component arises, contributing up to half of the
light below 10 K. This will require extensions to the standard
three-level model of kinetics, perhaps including a higher
trapping level with weak nonradiative coupling to the three-
level model. Finally, we provide experimental confirmation
for nonlinearity of the LY as a function of energy at 4 K. This
effect has yet to be confirmed by bolometric measurements
of improved precision down to temperatures of tens of
millikelvins.

BGO shows promise as a cryogenic scintillation-phonon
detector for rare-event searches provided its radioactive
background can be controlled. Despite the appearance of
afterglow and the notable increase of the other decay-time
constants at low temperatures, all the decay-time constants
remain smaller than the typical millisecond time scales of the
phonon signals and are compatible with the expected rates of
the background (~Hz) and signal (<uHz for a dark-matter
signal).
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