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Abstract: In this paper, we present a study of temperature effects on BGO calorimeters using proton MIPs collected

in the first year of operation of DAMPE. By directly comparing MIP calibration constants used by the DAMPE data

production pipe line, we find an experimental relation between the temperature and signal amplitudes of each BGO

bar: a general deviation of −1.162%/℃, and −0.47%/℃ to −1.60%/℃ statistically for each detector element. During

2016, DAMPE’s temperature changed by ∼8℃ due to solar elevation angle, and the corresponding energy scale bias

is about 9%. By frequent MIP calibration operation, this kind of bias is eliminated to an acceptable value.
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1 Introduction

The DArk Matter Particle Explorer (DAMPE) is an
orbital telescope with high resolution and wide energy
band aiming at detecting cosmic rays and gamma-rays
of 0.5 GeV – 100 TeV [1–3]. Apart from the support-
ing structures of the satellite, the telescope itself con-
sists of four sub-detectors. From top to bottom (along
the direction towards the center of the Earth) are plastic
scintillator detectors (PSD, 82 units), a silicon tungsten
tracker (STK, 768 units), bismuth germinate oxide de-
tectors (BGO, 308 units), and neutron detectors (NUD,
4 units), where the number of units means the num-
ber of corresponding crystals, for example, there are 308
BGO crystal bars on DAMPE. Each of the four sub-
detectors has its own targets: PSD for charge, BGO
for energy/PID, STK for direction/charge, and NUD for
particle identification. Together, they make DAMPE an
orbital telescope with the ability to measure high-energy
particles up to 100 TeV with good angular resolution [1].

To measure the parameters above, DAMPE has to
deal with thousands of electronic channels that connect
the PMTs of physical detectors with the data processor
to store the information wanted. Calibration is required

to convert the charge excited by interaction between par-
ticles and DAMPE to the energy of the particles. A
detailed description of the procedure can be found else-
where [4], and only part of it is described here: the ef-
fects of temperature on the response to MIPs of the BGO
calorimeters of DAMPE.

MIPs, short for minimum-ionization particles, whose
energy loss in material can be quantified by the Bethe-
Block formula, are the kind of particles that can pene-
trate materials while depositing energy only by ioniza-
tion rather than suffering nuclear reactions. This means
that the energy they lose makes up nearly a fixed percent-
age of their total energy. Assisted by simulation with the
same structure and (nearly) the same energy spectrum
(Section 2 below introduces it briefly), the exact energy
of a MIP is acquired, and is then utilized to calibrate the
BGO and PSD by matching that energy with the magni-
tude of the ADC (Analog to Digital Conversion2)) signal
collected by the PMTs when a MIP hits them [5]. A
thorough understanding of the particles hitting DAMPE
requires much more effort than MIP calibration (”MIP
calibration” is used hereafter for ”the procedure of cali-
brating the ADC values of MIPs to acquire their ADCs
for future use”) alone. For example, the relation between
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different dynodes of a PMT should also be calibrated,
which can also be found in Ref. [5].

However, the magnitude of charge read from a PMT
when a particle hits BGO is actually determined not only
by the nature of that particle but also by the PMT itself
[6]. So the environment of the PMTs will affect their be-
havior. Temperature is one of the most important factors
which is affected by the angle of the satellite, as it gets
heated by sunshine. A previous experimental estimation
[7] tells us that its influence on the behavior of PMTs
is approximately −1%/℃, but the precision of that esti-
mation was far from acceptable. So this paper aims at
a more accurate evaluation of this effect by comparing
the data from DAMPE from about one year, covering a
range of temperature of 2−10℃. After the comparison, a
linear fit is applied, allowing more precise evaluation of
this effect.

Simulation is used in many parts of our analysis, and
this paper introduces it briefly in the next section, fol-
lowed by our procedure for selecting MIP samples and
a brief fitting result. After that is the major topic, the
temperature effects of MIPs, which is arranged in three
parts: the variation of temperature and MIP results on
different dates, the global relation between temperature
and MIP calibration constants, and finally the results of
each BGO calorimeter. Finally we come to the conclu-
sion.

2 The DAMPE simulation

A detailed description of simulation in DAMPE is in
preparation, and here only a brief introduction is given,
with special attention paid to MIPs.

DAMPE uses GEANT4 as the basis for simulation
[8, 9]. First we take the spectrum from AMS02 as the
input of GEANT4. Now the energy of MIPs is affected
by the angular distribution, so DAMPE’s orbit must be
taken. A technique called ”back-tracing” is therefore ap-
plied to target the particles according to the orbital pa-
rameters of DAMPE (time and position). This technique
enables a particle in GEANT4 to swirl in a magnetic field
according to the geomagnetic field at the same coordi-
nates as DAMPE when it is being considered, so we can
then re-model the spectrum for DAMPE. Because the
tracks of particles coming from earth will eventually col-
lide with the earth if we reverse-extend them, abandon-
ing these particles offers us a fine spectrum with orbital
information of DAMPE. The difference between the real
spectrum and that from our simulation is quite accept-
able, as can be seen from Ref. [10].

With simulation data, we can find perfect MIP sam-
ples whose exact energy is known from input. Using a
digitization technique, the ADCs of the MIPs are also
provided. These values are used as defaults, for example

in the case of a new environment where no calibration
for MIPs is available, considering they are independent
of real data. Later in the following analysis, they are also
used as a reference to give a normalized relation where
the real values are not concerned.

3 Procedure for selecting MIPs

MIPs are defined, in this work, as particles which lose
energy only by electromagnetic reactions with materi-
als. Consequently, the ratio of MIPs when penetrating
materials is determined by the geometric structure and
the materials themselves. Apart from ionization energy
loss, MIPs hardly interact with materials, making their
track quite straight and clear when penetrating DAMPE.
These facts pave the way for determining whether a par-
ticle can contribute to MIP calibration. Five different
filters for MIPs have been developed accordingly and are
listed below. Of these, one specific filter is designed only
for DAMPE. All filters below are listed in the order they
are arranged in the code. If one filter rejects a particle
when it is being checked, it will be thrown away immedi-
ately without checking the rest of the filters. Reference
[11] details the software framework we use.

1) Trigger mode

Exposed directly to cosmic rays, DAMPE gets hit
by millions of particles every minute, the majority of
which are low-energy and thus low priority. This makes
the data selection procedure extremely important. The
trigger mode of DAMPE decides what to record. Sev-
eral trigger modes are designed for DAMPE because it
has many scientific tasks. Some modes are designed
to increase the number of MIPs due to their signifi-
cance in calibration. In this way, selecting certain trigger
modes can help preclude a large number of particles when
only MIPs are needed. MIP modes are enabled only at
low latitudes (20◦S–20◦N). Details of the DAMPE trig-
ger system are available elsewhere. This is a DAMPE-
specific filter.

2) Penetration

This filter, making sure that a particle has deposited
energy in both the top and bottom of the BGO calorime-
ter, aims at selecting MIPs that penetrate DAMPE
thoroughly by throwing away those entering or leaving
DAMPE through one side of this satellite. It is currently
a compromise to sacrifice the efficiency of MIP selection
for the sake of energy estimation, because otherwise the
ratio of the energy from the BGO calorimeter to that
of the particle cannot be easily decided, making it im-
possible to acquire a good evaluation of the energy of
the particle. Now that the energy spectrum of MIP is
necessary when calibrating, these ”crippled” MIPs are
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abandoned1).

3) Total energy

The proportion of the total energy of a MIP that it
deposits in material during interaction is approximately
fixed, although that ratio varies with the energy of the
particle. This gives us a third filter to abandon particles
that have deposited more than 40 times the energy of a
typical MIP (or 21.8 MeV).

4) Number of hits per layer

MIPs interact with materials in a simple way without
breaking apart, so they hardly interact with BGO units
they don’t penetrate. This is the basis for the fourth
filter: if too many detectors on a plane respond to a par-
ticle, it is probably not a MIP. To avoid noise, only the
units the particle penetrates and those adjacent units are
considered, and a unit is considered to have responded
only when more than 0.2 times the typical MIP energy
(4.36 MeV) has been deposited.

5) χ2 of the track

A MIP penetrates materials in a simple way, so it
must follow a clean track, which means that the χ2 of
the track is expected not to be very large. This gives us
our fifth filter. In this filter the track is calculated in a
rough way by linearly fitting the energy-weighted coordi-
nates of the responding BGO unit and the two next to it
on each layer, and then omitting particles with too high
a χ2 (>2 for now, ∼1 typical). Here we use energy for
weighting because it helps improve the resolution. Given
its total energy, the energy a MIP deposits in one unit
may not exceed the noise so much that considering all
units unbiasedly would bend our track far off the real
one, while we can expect a higher precision if energy-
weighted coordinates are used instead because they can
increase the significance of units with high energy and
decrease that of some noise units. Details of track recon-
struction go beyond the scope of this paper.

These are the five filters developed to pick up MIP
samples from DAMPE data. Approximately 30000
MIPs are selected each day from the 5 million particles
recorded by DAMPE. This, however, doesn’t mean the
efficiency of our MIP selection is only ∼0.6% (30k/5M),
because the satellite does not only measure MIPs. The
denominator should be the real number of MIPs each
day, which seems completely inaccessible at present. We
therefore estimate the efficiency based on simulation and
conclude an efficiency of 88%, which is the only result we
can trust. In order to get adequate samples to fit, data
from 5 continuous days is accumulated for calibration
each time. This, however, assumes that a span of time

does no harm to our resolution. Fortunately for us, it
is observed that the temperature changes by no more
than 0.25℃/day, so this stability serves as the founda-
tion for our method considering the temperature effect
of ∼−1%/℃.

Selecting MIPs is only the first step. The second step
is to fit them to get an estimation of MIP energy deposit.
First we use the track of a MIP to correct path length
by a factor ofcosθ, then a convolution of Landau and a
Gaussian function is used to fit their spectrum. After the
fitting, the peak of the fitting convolution is used when
reconstructing the energy of particles instead of the Most
Probable Value (MPV) of the Landau distribution2),
but hereafter we use ”MPV” in our discussion. Whether
peaks or MPVs should be used is still in debate, and cur-
rently peaks are used (MPV was chosen before in early
versions). Plotted in Fig. 1 is a sample fitting a MIP
histogram during an instance of calibration. This shows
that our procedure works well. After all, rather than
individual MIPs, we care more about their spectrum,
for the value we require, peak or MPV of the function,
comes from statistical analysis. However good the sam-
ple looks, it is rather complicated to fit with such a con-
volution. Details of our fitting are provided later in Sec-
tion 4, where more results are shown.
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points makes it difficult to plot them all on the same
figure, so there are four individual diagrams. We will
come back to real ADCs when linearity is concerned.
Also, the MPV from the fitting function of the ADCs
is plotted each time, and vertical axes are thus labeled
accordingly.

Here the MPVs of each bar fluctuate more than in
the global case. We find two reasons for this. Firstly,
the global relation stated above is concluded by a statis-
tical study of 308 bars where individual deviations are
largely tolerated. Secondly, this can be understood by
the fitting procedure. Fitting relies on the initial values
of each parameter. This dependency dominates in the
case of the convolution of a Landau and Gaussian func-
tion, where a minor deviation in the initial value may
lead to visible mismatch, and MIP calibration depends
on this convolution. Initially, recursive efforts were made
to improve the initial conditions as well as the fitting
range for better results, then a two-phase fitting process
was developed, where the first trial aims only at provid-
ing the initial conditions for the real fitting in the second
phase. In doing this, only the MPV of the first trial is

used to construct the initial conditions for the second fit-
ting. We use only MPV, which can be roughly estimated
as the peak of the data, because not too many steps are
needed to acquire this parameter, because of efficiency,
and because it is observed that the MPV is still reliable
even if the fitting fails. This two-phase fitting method
recovers many failures from the previous fitting method
because the new initial conditions it uses are more rea-
sonable. If the reduced χ2(=χ2/NDF ) is larger than 3,
we consider this two-phase fitting to have failed as well,
and then a third fit is performed. For this third trial, the
MPV of the second fit is still consulted to give the initial
conditions but in a slightly different way than that in
the second trial to avoid further failure, and these differ-
ences also come from our recursive trial. In other words,
each histogram is fitted at least twice but at most three
times, and these efforts give us the smoothness in fitting
functions like Fig. 1 with few exceptions in the end.

The final part is linearity of temperature and MIPs,
shown for four bars in Fig. 6. A statistical analysis for
all the bars is shown in Fig. 7 and 8.

Fig. 6. (color online) Relation between temperature and MIP constants of the same 4 BGO bars as chosen above.
The top two diagrams show good linearity while the bottom two are less good. The relation here deviates from
linearity due to the relatively large deviation of MPVs of MIPs of each bar as displayed and explained in the text.
It remains true, however, that higher temperature brings about lower MIPs. As in the global case, not all the data
points are used, and the ranges here correspond with 2–9℃ in the global case (see the text).

106001-6



Chinese Physics C Vol. 41, No. 10 (2017) 106001

Fig. 7. (color online) Distribution of slopes of lin-
earity between temperature and MIP constants of
308 BGO bars. All slopes are negative. (a) The
absolute values, calculated directly by linearly fit-
ting the MIP constants and temperature instead
of a ratio. (b) The relative values, or ratio of
the value of each bar to that acquired by simula-
tion results. The average ratio is −1.16%, which
matches the global result well.

Following the restricted range, the first step is find
the corresponding range for each unit. 2–9℃ is not suit-
able here because thermal equilibrium does not mean

that all bars share the same temperature. It is possible
to calculate using linear interpolation, provided that the
same tendency holds for all bars with minor deviation, as
mentioned before. It is an easy method with good reso-
lution, much easier than the most reliable way which re-
quires a thorough calculation for either condition. From
these figures one can also obtain a standard for select-
ing bars: normal bars with good linearity (such as the
Fig. 6(a) and (b), ∼83% in all bars), and abnormal bars
with bad linearity (such as the Fig. 6(c) and (d) ∼17%)
where good linearity means a bar with a fitting function
whoseχ2/NDF <1.19 (this ”1.19” is actually an empiri-
cal standard which we set by using a typical ambiguous
bar from early analysis). A closer look at those abnor-
mal bars gives another hint: they are usually located on
or near the edge of the 308 BGO units of DAMPE1).
It may explain their behavior to understand the lack of
statistics compared with the rest. However abnormal a
bar appears, their slopes are always negative.

Figures 7 and 8 show the distribution of fitting pa-
rameters, where a ”ref” in the title (short for ”reference)
means that the values inserted have been divided by
those from simulation.

The absolute value of the average of slopes in Fig.
7(a), −4.057, is very large compared to the other figure
where values have been divided. This direct insertion
of slope looks quite loose and is less statistically impor-
tant than Fig. 7(b). The values in Fig. 7(b) have been
divided by simulation results. It gives a mean relative
slope of −0.01166, indicating an average temperature ef-
fect of about −1.166%/℃, in accordance with the global
result −1.162% presented above. The behavior of dif-
ferent BGO bars varies from −0.47%/℃ to −1.60%/℃.
If this effect were ignored, the energy resolution would
definitely suffer: considering the temperature change of
about 8℃, ignoring temperature would induce a devia-
tion in energy of about 9%.

Fig. 8. (color online) Distribution of intercepts.

1) All 308 BGO bars are arranged in 14 layers of 22 BGO bars each. The index of bars, either of its layer or its bar, starts with 0,
for example, layer 0 bar 0 is the first bar, layer 8 bar 10 gives the 11th bar on layer 9, and so on.
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For completeness, the distribution of intercepts is dis-
played in Fig. 8. The mean of the relative intercept,
1.051, is in accordance with the global mean in Fig. 4.

5 Conclusion

Data from DAMPE has been used to calibrate MIPs
for its BGO detectors. Thermistors uniformly installed
in DAMPE enable us to estimate its temperature field.
Combination of the calibration results with the temper-
ature field makes it possible to analyze the temperature
effects on MIPs of BGO bars (as well as PMTs).

This analysis has been done not only on DAMPE
as a whole to analyze the global behavior, but also on
each of its 308 BGO bars. The global analysis gives
a temperature effect of −1.162%/℃, which means that
every degree Celsius brings about a global deviation of
−1.162% to the behavior of DAMPE’s BGO calorime-
ters. In terms of one bar alone, the average of all 308

bars gives −1.166%, and individual behavior differs from
one bar to another from −0.47%/℃ to −1.60%/℃. From
Fig. 2, there have been changes in temperature of ∼8℃

since the launch of DAMPE, which would have intro-
duced a global energy bias of ∼ 9% on DAMPE if the
temperature effect was ignored, and would be even worse
for individual BGO bars.
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Chang, the chief scientist of DAMPE, who established
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