SCIENCE CHINA
Physics, Mechanics & Astronomy

* Article

October 2014 Vol. 57 No. 10: 1898-1901
doi: 10.1007/s11433-014-5548-4

Study on the temperature dependence of BGO light yield
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The temperature dependence of BGO coupled with photomultiplier tube R5S610A-01 was studied in the range of —30-30°C. The
temperature coefficient of the BGO and R5610A as a whole was tested to be —1.82%/°C. And the temperature coefficient of the
gain of the R5610A is —0.44%/°C which was tested in the same situation using a blue LED. Thus the temperature coefficient of

BGO’s light yield can be evaluated as —1.38%/°C.
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1 Introduction

Dark Matter Particle Explorer (DAMPE) is a program which
focuses on high energy electron and gamma ray detection in
space [1,2]. For measuring the particle energy as precisely
as possible, the electromagnetic calorimeter is designed to
use 14 layers of bismuth germanium oxide (BGO), 308 BGO
bars in total, which will have a 31 radiation length in the Z di-
rection. The dimension of the bars is 25 mm X 25 mm X 600
mm. The direction of the BGO bars of each layer is per-
pendicular to its neighbors. The calorimeter can contain a
particle shower of 10 TeV at most. Since the whole detector
will run in the temperature variation of —25-25°C in space, it
is very important to study the temperature dependence of the
BGO’s light yield to provide the basis for data analysis [3,4].

2 Experimental setup

The programmable temp.&humi. chamber used in the exper-
iment has a capacity of 1000 mm X 1000 mm x 1000 mm
with the temperature range from —70°C to 150°C. The cool-
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ing down and warming up speed of the chamber is 1°C/min
and 3°C/min respectively. The stability of the temperature in
the chamber is +0.5°C. The BGO bar used in this experiment
is 25 mm X 25 mm x 300 mm, wholly wrapped by a Teflon
tape except one end coupled with a PMT. The PMT is cou-
pled with BGO by air gap and is then slightly tightened with
the BGO bar by a heat shrink tube to protect it from light.
A thermal resistor is inserted between the Teflon tape and
BGO’s surface. The PMT used in the experiment is a Hama-
matsu R5610A-01 which is a circus cage type with a bialkali
photocathode. The working voltage of the PMT is 690 V sup-
plied by ORTEC 478, and the signals from its anode are taken
via ORTEC 142AH preamplifier, ORTEC 671 amplifier and
a multi-channels analyzer. The experimental setup and block
diagram are shown in Figure 1.

A radioactive source of '¥’Cs was located in the middle of
the BGO bar where the thermal sensor sat. The spectrum of
662 keV was the reference for the BGO’s light yield varia-
tion. A blue LED (wavelength 476-495 nm) injected light
pulses into the PMT’s photocathode through an optical fiber
to calibrate the temperature dependence of the PMT itself.
All of the cables and the optical fiber were connected from a
test hole on the chamber.
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Figure 1 The experimental setup and block diagram for testing the tem-

perature dependence of the BGO’s light yield.

Thermistor

3 Estimation of the temperature response time
from BGO bar’s surface to its center

Since it is impossible to insert a temperature sensor into the
center of the BGO bar where the scintillation light is pro-
duced, the heat equation is used to simulate the heat transfer
process to find the delay time that the temperature around the
fluorescence point approaches one of BGO’s surface recorded
by the sensor. To estimate the heat transfer time between
the BGO’s surface and its center, we suppose that the BGO
bar with an equilibrium temperature of 300 K is suddenly
inserted into an environment with a temperature of 240 K.
Defining the BGO’s center as the origin we can build a Carte-
sian coordination system in three dimensions. Thus the heat
equation in this situation can be expressed as follows.

aU b b 7t
(xa: &0 _ AaU(x,y,z, 1), (=125 <x <125,

~125<y<12.5,-150 < z < 150, > 0)

U(x,y,2,0) =300, (=12.5<x<12.5,-12.5<y<12.5,
~150 < z < 150)

U(-12.5,y,z,1) = 240,

U(12.5,y,z,1) = 240,

U(x,—-12.5,z,1) = 240,

U(x,12.5,z,1) = 240,

U(x, y, —150, 1) = 240,

U(x, y, 150, £) = 240.

The parameter a? in the first equation is related to the heat
transfer coefficient, specific heat capacity and the BGO’s den-
sity. Since their values don’t vary too much in the tempera-
ture range of —30-30°C, we will just use their values at 270
K. The value of a? can be estimated as follows.

) k

cp
334 W/(m - K) .
= =1.627mm"-s .
358.8 J/(mol - K
[(mol-K) 5 13 g /em?

1245.74 g/mol

We can solve the above parabolic partial differential equa-
tion using Mathematica to get a numerical solution [5]. And
the temperature variation of the BGO center which is the
slowest varying point is graphed in Figure 2.
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Figure 2 (Color online) The temperature variation of the BGO center nu-
merically solved by Mathematica.

From Figure 2 we can find that it takes about 2 min for the
BGO’s center to vary from 300 K to the bar’s surface temper-
ature (240 K).

4 Data collection and analysis

The test units shown in Figure 1 are ready for data taking at
the initial temperature of 22°C recorded by the thermal sen-
sor, which is the equilibrium temperature of the test chamber
and the BGO bar as a whole. Then power the cooling system
of the chamber at r = 0 to the target temperature of —30°C.
Simultaneously, run the data-taking program at a four-minute
repeat period to record the spectrum of 662 keV and the in-
stant temperature of the sensor. By fitting the spectrum of
each instant temperature the peak channel can be identified
[6].

Figure 3 shows the instant temperatures of the sensor and
its response light yields (peak channels) vary with the cool-
ing down time. It’s apparently demonstrated that BGO’s light
yield roughly doubles as its temperature from 20°C decreases
to —30°C. The cooling time of the chamber from 20°C to
—30°C takes about 50 min, and the time interval between the
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Figure 3 (Color online) The variation of the BGO’s surface temperature
and light output with time.
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temperature’s and the spectrum’s variation (2—3 min) is in the
same order of the heat equilibrium time between the surface
and the center of BGO (about 2 min, in Figure 2). Therefore
Figure 3 could qualitatively describe the temperature depen-
dence of the BGO’s light yield.

5 [Evaluation of the temperature coefficient of
the BGO’s light yield

To obtain the correct temperature coefficient of the BGO’s
light yield, needs to meet the following two conditions: A),
the temperature at the surface of the BGO bar recorded by the
sensor must be the equilibrium of the domain of the BGO bar
where the light emission events happen; and B), the temper-
ature coefficient of the PMT, through which the BGO’s light
is converted, needs to be tested and subtracted.

For requirement A), the initial temperature was first set to
—30°C, remaining so for 60 min so that the BGO bar would
reach the equilibrium temperature of —30°C. The spectrum
of 662 keV gamma was then taken. The chamber was pro-
grammed to the next target temperature of —20°C, which
stayed for another 60 min to allow the BGO bar to reach
the equilibrium temperature of —20°C. The spectrum of 662
keV gamma was taken. By repeating the data taking in the
same manner as the cases of —30°C and —20°C, the spectra
at the equilibrium temperatures of —10, 0, 10, 20, and 30°C
are taken, too. The fit of the spectra and the peak channels
(Figure 4, Top) for each BGO-temperature thus could be ob-
tained. Figure 5 shows that the peak channel’s variation with
the BGO’s temperature is well fitted with a linear function:
Yeco+pmr = —8.25(x0.38)T + 452.4(£8.3).

For requirement B), the PMT was coupled with the optical
fiber instead of the BGO and the source of '¥’Cs was moved
out of the chamber. By driving the LED with a constant
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Figure 4 (Color online) The signals of the BGO and PMT as a whole at
the temperatures of —10°C and 20°C (Top). The PMT’s signal responses to
the blue LED at the temperatures of —10°C and 20°C (Bottom).
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Figure 5 (Color online) The temperature dependence of the BGO-PMT
system and the PMT itself.

pulse shape, and repeating the data taking program in the
same manner as the BGO’s case before, the peak channels of
LED spectra (Figure 4, Bottom) for each BGO-temperature
(in equilibrium with the PMT) were obtained. As shown in
Figure 5, the peak channels of the PMT’s gain vary with the
temperature which can be well fitted with a linear function:
Gpmr = —3.06(x£0.46)T + 691.5(£9.7).
The temperature coefficient is defined as:

_ slope of the line
Y(T =0)

Therefore the results are

Cigospur = —(1.82 = 0.09)%/°C,
Comr = —(0.44 + 0.07)%/°C.

According to the relation:

Yeco+pmt(T) = Ypgo(T) - Gpmt(T),

where Ypgo(T) is defined as the light yield of the BGO at a
temperature T responding to 662 keV gamma, the final equa-
tion is

Cicospumt = CGo - Cemr - T% + Cpgo - T + Comr - T

Since PMT’s temperature coefficient Cpyjr is very small, T2
term could be omitted when the temperature T is close to 0°C.
Thus the final result is

Cggo = Cgospmt — Cpmr = —(1.38 £ 0.11)%/0C.

6 Conclusion

The temperature response of the BGO coupled with the
R5610A-01 was studied in the range of —30-30°C. The tem-
perature dependence of the gain of the R5610A was tested
in the same temperature range using a blue LED. The tem-
perature coefficient of BGO’s light yield was evaluated from
the data of '¥’Cs+BGO+PMT combination and LED+PMT
only.
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