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Abstract: A thermal control system (TCS) based on the resistance heating method is designed for the High
Energy Detector (HED) on the Hard X-ray Modulation Telescope (HXMT). The ground-based experiments of
the active thermal control for the HED with the TCS are performed in the ambient temperature range from —15

to 20 °C by utilizing the pulse width to monitor the interior temperature of a Nal(Tl) crystal. Experimental

results show that the NaI(Tl) crystal’s interior temperature is from 17.4 to 21.7 °C when the temperature of the
PMT shell is controlled within (204+3) °C with the TCS in the interesting temperature range, and the energy
resolution of the HED is maintained at 16.2% @122 keV, only a little worse than that of 16.0% obtained at 20
°C. The average power consumption of the TCS for the HED with a low-emissivity shell is about 4.3 W, which

is consistent with the simulation.
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1 Introduction

The Hard X-ray Modulation Telescope (HXMT)
[1], the first Chinese astronomy satellite based on
the direct demodulation method, is mainly devoted
to performing an energy range 1-250 keV X-ray all-
sky imaging survey and researching the deep astro-
physical mechanism in black-hole binaries and others.
The HED as the primary payload on the HXMT is
a Nal(T1)/CsI(Na) phoswich detector operating be-
tween 20 and 250 keV. However, within the expected
temperature range from —10 to 45 °C, the energy
resolution of the HED will be degraded significantly
caused by the temperature-dependent characteristic
of the NaI(Tl) crystal [2, 3]. Pausch et al. [4] have
proposed stabilizing the scintillation detector systems
by exploiting the temperature dependence of the light
pulse decay time, but this method is inefficient due to
the unstable correlation of the gamma-ray photoelec-
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tric peak and the decay time caused by the change in
experimental conditions. Therefore, we adopted the
widely used active thermal control methods [5, 6] to
directly stabilize the Nal(T1) crystal’s interior tem-
perature to maintain the performance of the HED.
We learnt from early experiments for the HED
that the 122 keV gamma-ray photoelectric peak drift
is about 10% in the ambient temperature range from
—10 to 20 °C, rather than that of 2% in the range
from 20 to 45 °C. Since the impact of the latter on
the energy resolution is negligible compared with the
former, only a positive heat compensation for the
NalI(T1) crystal is necessary in the range from —10 to
20 °C as the target value of the crystal temperature
is about 20 °C. This situation is suitable for the ap-
plication of the resistance heating method, one of the
active thermal control methods. In this presentation,
the ground-based experiments of a thermal control
system (TCS) based on this method are carried out
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in the ambient temperature range from —15 to 20 °C
at 1.0 Pa. The NaI(Tl) crystal’s interior temperature
is traced during the control process, and then the 122
keV gamma-ray photoelectric peak and the energy
resolution of the HED are measured. Finally, the av-
erage power consumption of the TCS is discussed.

2 Experiment setup

Figure 1 shows a schematic diagram of the ground-
based experiment system. The HED, mainly com-
posed of a NaI(Tl)/CsI(Na) phoswich, a Hamamatsu
R877 PMT and a preamplifier, is placed in a chamber
in which 1.0 Pa pressure is supplied and the temper-
ature ranges from —15 to 20 °C. A piece of adiabatic
syntactic foam board (5 cm thick) is used as the sup-
porter for the HED to avoid heat conduction with the
chamber. The TCS consists of a heating belt, a tem-
perature sensor ¢, a controller and a power supply.
The heating belt made up of two polyimide films is
wrapped around the PMT shell to make heat com-
pensation for the NaI(T1) crystal. The power supply
is manipulated by the controller, which discriminates
between the temperature thresholds Tt,, Ty and the
PMT shell’s temperature T measured by the sen-
sor c. The control process is plotted in the lower-left
corner of Fig. 1. Temperature sensors labeled a, b,
d and e located at the preamplifier, PMT dynodes,
PMT cathode and the surface of the entrance win-
dow, respectively, are used to depict the temperature
distribution of the HED. In order to improve the mea-
surement accuracy, a heat-conducting silicone film of
2 mm in thickness is used as the coupler between
each sensor and the corresponding detected area, and
the outside sensors ¢ and e are additionally covered
over with two pieces of adiabatic syntactic foam to re-
duce the impact of the surrounding temperature. All
five temperature sensors have a precision of 0.2 °C in
consideration of the electromagnetic interference. An
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Fig. 1. Schematic diagram of the experimental system.

un-collimated radioactive isotope >"Co of about 200
Bq is placed at the center of the entrance window of
the HED. The output NaI(Tl) signals are analyzed
in the PSA [7], event by event, to extract the pulse
height and width.

The interior temperature of the Nal(Tl) crystal
can directly reflect the control process and help us
to evaluate the effect of the TCS. However, the bad
thermal conductivity of the Nal(Tl) crystal makes
it impossible for those temperature sensors to di-
rectly and exactly measure the interior temperature
of the air-sealed NaI(T1) crystal under a thermal non-
equilibrium environment. For example, the tempera-
ture difference between the inside and the outside of
the crystal case reaches up to 4 °C. Therefore, we de-
velop an effective method of utilizing the pulse width
to measure the interior temperature of the NalI(T1)
crystal [8]. This is based on the fact that the pulse
width extracted from the given gamma-ray deposited
in the NaI(Tl) crystal is almost uniquely dependent
on the crystal’s operating temperature. In the exper-
iments, the relation between them is calibrated first.
At each point of temperature, the test duration of the
HED assembly lasts for more than 10 hours to reach
complete thermal equilibrium, by the judgement of a
steady pulse width spectrum of the Nal(T1) signals.
Since there is no heat source in or beside the NaI(T1)
crystal, its interior temperature is reasonably repre-
sented as the average value of Ty and T,. The relation
between the crystal’s interior temperature and the
pulse width is fitted with a three-order polynomial,
as shown in Fig. 2. Based on this relation, the crys-
tal’s interior temperature can be measured directly
with a maximum error of 0.5 °C in thermal equilib-
rium.
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Fig. 2. Relation between Nal(Tl) pulse width
and Nal(T1) crystal’s interior temperature.

In this study, the active thermal control exper-
iments are performed at six stable temperatures of
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—15 °C, =8 °C, —1 °C, 6 °C, 12 °C and 20 °C as
the simulated surrounding temperature given by the
HXMT changes slowly. At each temperature, three
control ranges of (20+1) °C, (20+2) °C and (20+3) °C
are applied alternately for more than 15 hours.

3 Results and analysis

In the experiments, the 122 keV photoelectric
peak and pulse width are calculated statistically ev-
ery minute. The latter is used to derive the NalI(T1)
crystal’s interior temperature according to the fit-
ting curve presented in Fig. 2. The measurement

uncertainty of the crystal temperature, due to its |

change observed to be less than 0.2 °C per minute,
is about 0.1 °C, which can be ignored compared with
the measurement error of 0.5 °C resulting from this
method.

3.1 Control process

In thermal equilibrium without TCS, the power
consumption of the preamplifier and the PMT di-
vider in the HED contributes to the distribution of
temperature declining from the tail to the entrance
window at thermal equilibrium, as shown in Table 1,
while the much bigger power consumption of the TCS
shifts the temperature vertex adjacent to the heating
belt when the HED is controlled with TCS.

Table 1. Temperature distributions of the HED under different conditions at ambient temperature —8 °C.
conditions T./°C Ty /°C T./°C Ty4/°C Te/°C Terys/°C
without TCS 5.8 4.2 1.1 1.0 0.8 0.9
controlled with TCS 19.3+£0.7 20.9 £1.0 20.0£3.0 21.0+1.5 19.7£0.4 20.1+1.1

Figure 3 presents the changes in the power volt-
age, the Nal(Tl) crystal’s interior temperature T¢,ys
and T, in the thermal process control. It takes only
about 4 hours for the HED assembly to reach a new
dynamic equilibrium, in which all of the temperature
values and the power voltage act periodically. Ad-
ditionally, the Nal(Tl) crystal’s interior temperature
responds a delay A7 of about 15 minutes to others,
which is mainly ascribed to the bad thermal conduc-
tivity of the NaI(T1) crystal. This, to some extent,
benefits stabilizing its interior temperature.
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Fig. 3. The control process at ambient temper-
ature —8 °C.

3.2 Nal(Tl) crystal temperature, photoelec-
tric peak and energy resolution

Table 2 lists the crystal temperature T.,,s, the rel-
ative variation R,... in photoelectric peak and the
energy resolution R., (@122 keV ) of the HED when
the TCS is utilized in the ambient temperature range

from —15 to 20 °C. The R, c.x is the ratio of the photo-
electric peak variation to the peak measured at 20 °C,
and the energy resolution R, of the HED is derived
in accumulation of experimental data acquired in 5
hours duration, when the assembly reaches dynamic
equilibrium, at each given ambient temperature.

It is shown that the T, is controlled to be
17.4 °C-21.7 °C with the temperature control range
of (20£3) °C on the PMT shell, which has a smaller
temperature variation 4.3 °C than that of 24.8 °C cor-
responding to the Ty, which is —3.5 °*C-21.3 °C
measured without TCS. The R,... is 2.4% which
is also contributed by the temperature coefficient
—0.15%/°C of the PMT gain apart from the NaI(Tl)
crystal, and the R., is maintained to be 16.2%. Both
of them are much better than those of 9.5% and 20.5%
obtained without TCS.

Table 2. Experimental results obtained in the
ambient temperature range from —15 to 20 °C.
conditions T./°C Terys/°C Rpeak(%)  Res(%)
without TCS —-3.3—21.4 —-3.5—21.3 9.5 20.5
controlled 20+1 19.3—20.1 1.5 16.1
with TCS 20+2 18.3—20.6 1.8 16.1
20+3 17.4-21.7 2.4 16.2

Furthermore, as the control range is alternated
to be (20£2) °C and (20=£1) °C, the variation in Tty
shrinks to 2.3 and 0.8 °C, the Rc. to 1.8% and 1.5%,
and the R. of the HED becomes 16.1% and 16.1%,
close to that of 16.0% measured at 20 °C. This indi-
cates that proper reduction of the control range helps
to improve the performance of the HED, but the im-
provement is limited.
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These results confirm that the TCS based on
the resistance heating method is effective in accom-
plishing the temperature stabilization for the NaI(T1)
crystal and further maintaining the performance of

the HED in the ambient temperature range from —15
to 20 °C.

3.3 Average power consumption of TCS

As shown in Fig. 4, the average power consump-
tion (the product of dutyfactor and maximum power
consumption) is negatively correlated with the ambi-
ent temperature below 16 °C. According to the fitting
curve in Fig. 4, the average power consumption of the
TCS at —10 °C is estimated to be about 11.3 W. How-
ever, our additional experiment at 10 °C shows that
about 62% of the average consumption is cut down by
wholly insulating the HED with 5 cm thick adiabatic
syntactic foam to reduce the thermal radiation from
the HED. In this case, the average consumption will
be reduced to 4.3 W at —10 °C, which is consistent
with the simulated result 4.5 W for one HED on the
HXMT. The implication is that the TCS is applicable
to the HXMT.
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Fig. 4. Average power consumption of the

TCS at different ambient temperatures. The
dashed line is the fitting curve for the exper-
imental data obtained in the control range of
(20+£3) °C.

Moreover, it is evident that the average consump-
tion almost remains invariable as the control range

varies. This means that we can reduce the control
range to improve the performance of the HED with-
out dissipating more power.

4 Conclusions

The ground-based experiments of the active ther-
mal control for the HED shows that the Nal(T1) crys-
tal’s interior temperature measured with pulse width
is controlled by the TCS to be of 17.4 °C-21.7 °C and
the resolution (@122 keV) of the HED is maintained
to be 16.2% with three control ranges of (20£3) °C on
the PMT shell in the temperature range from —15 to
20 °C. By shortening the control range to (20+2) °C
and (20£1) °C, the energy resolution is improved by
16.1% and 16.1%, respectively, and it is almost equal
to that 16.0% obtained at 20 °C. These results illus-
trate the feasibility for the TCS based on the resis-
tance heating method to stabilize the NaI(Tl) crys-
tal’s interior temperature so as to maintain the per-
formance of the HED.

Moveover, the current minimum power consump-
tion of the TCS is about 11.3 W at the lowest ambient
temperature —10 °C given by the HXMT. However,
it is experimentally confirmed that it will be reduced
to less than 4.3 W when the HED’s shell has a lower
emissivity. The low power consumption makes the
TCS feasible on the HXMT.

Practically, our study is of great benefit to the
design of the active thermal control for the HED of
the HXMT, and also it can serve as a reference to
the thermal controls for other temperature-sensitive
inorganic scintillators. Keeping in step with the pro-
cedure of the HXMT project, more experiments will
be carried out at a target temperature chosen in the
range of 18 °C—25 °C with a new low-emissivity shell
of the HED instead of utilizing the adiabatic syntac-
tic foam. These will be discussed in the future.

We wish to thank Lei Wang for the nice support
of simulating the power consumption of the TCS, as

well as Aimei Zhang for the fine structural picture of
the HED.
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