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a b s t r a c t

The DArk Matter Particle Explorer (DAMPE) is a space experiment designed to search for dark matter
indirectly by measuring the spectra of photons, electrons, and positrons up to 10 TeV. The BGO elec-
tromagnetic calorimeter (ECAL) is its main sub-detector for energy measurement. In this paper, the in-
strumentation and development of the BGO ECAL is briefly described. The calibration on the ground,
including the pedestal, minimum ionizing particle (MIP) peak, dynode ratio, and attenuation length with
the cosmic rays and beam particles is discussed in detail. Also, the energy reconstruction results of the
electrons from the beam test are presented.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Weakly interacting massive particles (WIMPs) are historically
the most popular dark matter candidates [1]. So far, there are
many direct and indirect detection experiments [2–5] currently
running or planned, aiming to search for evidence of them. The
indirect detection experiments search for the products of WIMP
annihilation or decay [6,7]. The DAMPE detector is designed to
search for dark matter indirectly by measuring the spectra of
photons, electrons, and positrons with a wide energy range from
5 GeV to 10 TeV and a good energy resolution of 1.5% at 800 GeV in
space [8,9]. The DAMPE detector was launched in December of
2015 and is operated at an altitude of approximate 500-kilometer,
on a solar synchronized satellite orbit around the earth, stably
oriented to the zenith.

The DAMPE detector is composed of four sub-detectors (Fig. 1).
First, the Plastic Scintillator Detector array (PSD), which consists of
two layers (X–Y) of scintillator strips, is used to discriminate
among heavy ion species. It is also used to identify electrons and
gamma rays. Second, the Silicon-Tungsten tracker (STK) has six
planes (each plane has two orthogonal layers) of Silicon micro-
strip trackers and three layers of Tungsten plates of 1.0 mm
thickness (full black lines in Fig. 1 STK) inserted in front of tracking
layers 2, 3, and 4 for photon conversion. It is designed to provide
tracking and γ±e / identification. Third, there is the BGO electro-
magnetic calorimeter (BGO ECAL), which is the focus of this paper,
and most of the details regarding it will be presented in the fol-
lowing section. Fourth, the Neutron Detector (NUD) at the bottom
of the DAMPE aims to improve e/p identification capacity by de-
tecting the thermal neutrons produced in the BGO ECAL by high-
energy protons [10].

As a satellite-based experiment, the DAMPE detector required
much consideration with regard to design and testing in order to
be operated in space. Some important points, such as its weight,
power, temperature control, mechanical structure, etc., were taken
into account throughout the design process. Many studies on these
elements have already been carried out. For instance, the tem-
perature effect, light yield, uniformity of the light yield, and the
attenuation coefficient were studied for the crystals and aging
effects, operation in a vacuum, charge ratios between dynodes,
etc., were studied for the PMTs. After the construction of the sub-
detectors, many experiments simulating the rigorous environment
in orbit were employed for each sub-detector individually to make
sure that they could be operated well in space. The tests included
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Fig. 1. The structure diagram of the DAMPE detector. The blue box and lines show
the sensitive detectors. There the y-axis points to the sun, and �z is oriented to the
zenith in the red coordinates. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)

Fig. 2. The minimum detection unit of the BGO ECAL, an attenuation filter, an
elastic optical connector, and a PMT with three dynodes readouts are coupled on
each end of the BGO.
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electromagnetic compatibility (EMC), which is used to check the
interference rejection capability and estimate the interferences to
the satellite. In the EMC test, a radiation interference with an
amplitude of 5 V/m, a frequency up to 10 GHz and a conduction
interference injected in the power cord with an amplitude of
50 mV and a frequency up to 50 kHz are applied to the detector,
the performance of the detector satisfy the requirements well. The
vibration test studies the mechanical properties that should
withstand the G-forces for launching. The thermal cycle test
checks stability and reliability with in a large temperature range
from �20° to 40° centigrade. And the thermal vacuum test si-
mulates the environment of space and temperature variations.
Following assembly of the entire DAMPE detector, the same en-
vironmental tests were required again before launch.
2. The BGO calorimeter

2.1. Detector

The BGO ECAL is the main sub-detector for energy measure-
ment, so it is designed to cover a large energy range from 5 GeV to
10 TeV with a good energy resolution of 1.5% at 800 GeV. The
primary purposes of the BGO ECAL are to measure the energy
deposition due to the particle shower that is produced by the γ±e ,
and image their shower development profile, thereby providing an
important hadron discriminator. Therefore, it comprises fourteen
layers of BGO crystals, about 31 radiation lengths. Each layer
comprises 22 BGO bars in dimensions of 25�25�600 mm3, with
a PMT coupled on each end of the BGO crystal to collect scintil-
lation light from the bar. Each single crystal and its 2 PMTs con-
stitute a minimum detection unit (MDU, Fig. 2) of the BGO ECAL.
The layers of BGO bars are alternated in an orthogonal way to
measure the deposited energy and shape of the nuclear and
electromagnetic showers developed in the BGO ECAL.
2.2. Minimum detection unit

The energy deposit from a MIP passing through a 25 mm-thick
BGO bar is about 23 MeV by ionization. For the ±e or γ, they will
create electromagnetic showers in the BGO ECAL, a Geant4-based
simulation indicates that the energy deposit in one BGO bar at the
shower max is about 2 TeV for a 10 TeV electron, which is corre-
sponding to about 105 MIPs. On the other hand, a minimum
measurable energy deposit of 0.5 MIPs is required for shower
shape reconstruction with reasonable precision demanded by
particle identification. Thus, each MDU should cover energy
measurements in a range from 0.5 MIPs to 105 MIPs, correspond-
ing to a high dynamic range of 2�105. In order to cover such a
large dynamic range of energy measurements, a multi-dynode
readout PMT base board was conceived and designed, by which
the signals are readouts from the different sensitive dynodes 2, 5,
and 8 (Dy2, Dy5, and Dy8) [11].

Fig. 2 shows an MDU in the BGO ECAL. The 600 mm long BGO
crystal used is produced by Shanghai Institute of Ceramics, Chi-
nese Academy of Sciences, which is the longest BGO single crystal
produced so far [12]. An elastic optical connector and an at-
tenuation filter are inserted between the PMT and the crystal. The
elastic optical connector, with a good transparency of ∼90% for
480 nm wavelength photons, is used to cushion against mechan-
ical stress to protect the fragile and brittle PMT and crystal. The
attenuation filter, an exposure film, is designed to tune the am-
plitudes of signals by attenuating the flux of scintillation light in-
jected into the PMT with optional factors. In order to further ex-
tend the dynamic range, the light generated in the crystals are
read out unequally from the two ends by applying the attenuation
filters with different factors in each MDU. Where, the less atte-
nuated end is designated as 0 end and the more attenuated end is
designated as 1 end. By testing with cosmic rays, the MIP peaks
measured from the two ends of the crystals are tuned to about
500 fC for 0 end and 100 fC for 1 end.

To construct the BGO ECAL detector, the MDUs were assembled
into a honeycomb carbon fiber frame, in which there are 14�22
rectangular holes of 26 mm�26 mm alternated in an orthogonal
way. The distance between the centers of the adjacent layers is
29 mm, and the pitch of the bars within each layer is 27.5 mm. The
gaps between the BGO crystals and the carbon fiber were filled
with black silicone rubber for light blocking and mechanical
steadiness [13]. Since the arrangement of the BGO bars and PMTs
was very compact, the high voltage supports are provided together
for 44 PMTs in every two layers of the four sides of the BGO ECAL.

The BGO ECAL provides the trigger signals from layers 1–4 and
11–14 for the DAMPE. Since the trigger threshold is same for bars
within a layer, the signals of a layer should be uniform [14]. Thanks
to a high light yield of the BGO crystal, we can adjust the light
generated by the BGO passing to the PMT by an attenuation filter.
This way, we get better uniformity for each layer to satisfy the
trigger requirement. At the same time, a ratio of 1:5 for the two
ends of a MDU is set to extend the dynamic range. The sensitive
volume of the BGO ECAL is composed of 308 MDUs. In the



Fig. 4. The pedestal widths (sigma) of all 2016 channels, the green dotted line is
the sigma distribution of spare channels and the pink full line is of the signal
channels. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this paper.)
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following sections, the discussion on the calibration and re-
construction is based on the MDUs.

2.3. The ASIC

The PMTs chosen are from the R5610A-01 type made by Ha-
mamatsu, which has ten stages of charge amplification [15]. The
VA32 ASIC, developed by IDE AS, Norway [16], was adopted for the
front-end electronics (FEE) of the ECAL, and the version used for
the prototype of the DAMPE detector is VA32HDR14.2. It is a
thirty-two-channel, low-power ASIC for charge measurement,
with a dynamic range from �3 pC to þ13 pC, 1.8 μs shaping time,
and an intrinsic noise of about 0.5 fC RMS [17].

2.4. Temperature monitoring

The PMTs and BGO crystals are thermally sensitive [18,19]. The
signals from the MDUs will decrease as the temperature increases.
The temperature coefficient is about �1.2% at 0° centigrade for the
BGO ECAL [20], so temperature monitoring is very important.
There were sixty-four thermo-resistors (forty eight of them on the
crystals and sixteen on the FEE chips) attached in the BGO ECAL to
monitor the temperature, so the signals from each MDU can be
corrected with its temperature coefficient.
3. Calibration

In order to test and calibrate the detector, a long-term cosmic
ray test in the laboratory and during the environmental experi-
ments was carried out. Also, several beam tests at CERN-PS and
CERN-SPS were performed. The basic parameters, including the
pedestal, MIP response, and the ratios of dynode outputs, were
calibrated with the cosmic rays and beam particles.

3.1. Pedestal

The pedestal is the reference voltage level at the signal input
end of the electronic chains. Its fluctuation appears as a general-
ized Gaussian distribution and reflects the noise level of the
electronics. There are 2016 electronic channels used in the ca-
lorimeter, and 1848 of them are connected to the dynodes of the
PMTs for signal readout, while others are floated for monitoring
the electronic chains themselves. Fig. 3 shows the spectra of the
pedestals, and Fig. 4 shows the noise level, with sigma of the
Fig. 3. A typical pedestal spectrum of a single used channel, the red line is fitted by
Gaussian function. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)
Gaussian function, distribution of all 2016 channels. The noises of
1848 channels are about 7.1 ADC channels, which corresponds to
∼6 fC injected into the FEE chips. Further, the spare ones (which
are floated) with lower input capacitance have a lower noise level
as a consequence. This also provides a method for checking the
cable connection of the signals, especially for the Dy2s, since they
are almost unresponsive with the low energy (<10 GeV [11,21])
deposit. In addition, the pedestals will slightly drift with the
temperature (<1 fC per degree), so real-time calibration is neces-
sary, as the temperature changes quickly.
3.2. The ratios of dynode outputs

In the BGO ECAL, the PMTs coupled on both ends of the BGO
bars are read out from three dynodes to achieve the high dynamic
range for energy measurement. The ratios between the three dy-
nodes are critical parameters for energy reconstruction. These
parameters are extracted by fitting the scattering points with a
linear formula using the least squares method.

In Fig. 5, the slopes are the ratios of Dy2/Dy5 and Dy5/Dy8,
which are about 0.02. This means that, with an energy deposit in
the BGO bar, the signal of Dy8 is about 50 times that of Dy5 and
2500 times that of Dy2. Thus, only very high energy deposits can
be used to calibrate the ratios of Dy2/Dy5. Which are corre-
sponding to ∼1500 MIPs for the 0 end and ∼7500 MIPs for 1 end of
the MDUs. The 243 GeV high-energy electron and 400 GeV proton
beams were used to scan the detector to calibrate the ratio. The
electrons create showers in the front layers of the 14 layers and the
protons tend to create showers in the later layers, so that the ratios
of Dy2/Dy5 from all layers can be well calibrated.

The spread of fitted data points is caused by the noise fluc-
tuation of the signals (∼7.1 ADC channels, see the Pedestal sec-
tion). When fitting the data with a linear function, a low range at
70 ADC channels (∼10 times of pedestal sigma) is set for the lower
signal dynodes (ordinate axes in Fig. 5), which corresponds to
∼3500 ADC channels for the horizontal axes, a high range at
12,000 (∼10 pC, when higher than that, the saturation effect be-
comes significant) is set for the higher signal dynodes (horizontal
axes in Fig. 5).



Fig. 5. The typical dynode ratios of Dy2/Dy5 (left) and Dy5/Dy8 (right), the red line is the linear fitting function. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)
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3.3. Attenuation effect of BGO crystals

The scintillation lights produced at the emission point are atte-
nuated with an exponential function when transmitted along the
BGO bars. The signals measured from both ends of the crystals are
designated as A0 (0 end) and A1 (1 end). They can be expressed as:

= ( )λ−A k F e 1p
x

0 0
/

= ( )λ−( − )A k F e 2p
L x

1 1
/

where x is the distance from the position where the incident par-
ticle hits the crystal to 0 end of the bar. It is determined by the BGO
ECAL's own tracks, which are obtained by fitting the fired crystals
into X–Z and Y–Z axes (see Fig. 1, each involving 7 layers). Fp is the
primary scintillation light yield produced in the crystals. k0, k1 are
the conversion coefficients between the lights at the ends of bars,
and the signals are recorded by the electronics, which include the
coupling efficiency between the optical elements, the quantum ef-
ficiency of the PMT, and the gain of the electronics, etc. L is the
length of the crystals (600 mm), and λ is the attenuation length.
According to formulas (1) and (2), A0 and A1 change with the hit
position of the particles. In order to achieve the position-in-
dependent measurement of the energy deposit, a combined signal
Ac is defined as:

= = = ( )λ−A A A k k e F k F 3c
L
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/2

which changes only with Fp. So that Ac will be used in MIP cali-
bration and energy reconstruction in the following sections. On the
other hand, a relation between A0, A1 and x can be obtained from
Formula (1) and (2):
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and x. Then, it provides another way to

obtain the hit positions x along the crystals by using the asymmetry
between A0 and A1. The
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). With a long term (∼72 h) cosmic-rays test, the ( )ln A k
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changing with the x is plotted (Fig. 6), the λ is ∼1550 mm calculated
by the fitting parameters. Also, the curves of A0, A1 and Ac versus the
variations of the x are shown in Fig. 7, Ac is shown less dependent
on the x as expected.

3.4. MIP responses

The MIPs energy deposit is the unique gauge which is well
studied. For the BGO ECAL, cosmic muons, beam hadrons and
muons are used to calibrate the MIP responses on the ground level
(protons in space for on orbit calibration). A long duration cosmic-
rays test was carried out to study the basic performance of the
instrument and calibrate the MIPs responses, and the typical MIPs
spectra from each end of the crystal are shown in Fig. 8. The MIP
energy deposit is the unique gauge that has been well studied. For
the BGO ECAL, cosmic muons, beam hadrons and muons were
used to calibrate the MIP responses on the ground level (i.e.,
protons in space for in-orbit calibration). A long-duration cosmic
rays test was carried out to study the basic performance of the
instrument and to calibrate the MIP responses. The typical MIP



Fig. 7. The MIP peaks A0, A1 and Ac change with the hit positions along the BGO
crystal (tested with cosmic-rays).

Fig. 9. The MIP spectrum of Ac, the red line is the fitting function of Landau con-
voluted Gaussian. (For interpretation of the references to color in this figure cap-
tion, the reader is referred to the web version of this paper.)
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spectra from each end of the crystals are shown in Figs. 8 and 9
(A0, A1 and Ac were defined in Section 3.3). The relative Width
compared with MP (the most probable value) is ∼6%, was fixed
according the Geant4 based simulation when fitting the MIP
spectra.

Ac is less dependent on the hit positions, so that its MIPs re-
sponses (Fig. 9) are employed as the reference energy gauge when
reconstructing the energy with the combined signals.
Fig. 10. Schematic diagram of test beam setup at the CERN PS T9 beam line.
4. The results of beam test

4.1. Test beams

The beam test was carried out at CERN-PS T9 and CERN-SPS H4
from October to November of 2014 using electron and proton
beams in the energy region from 0.5 GeV to 243 GeV and from
10 GeV to 400 GeV, respectively, as well as 10 GeV π� and 150 GeV
muon beams for calibration. Pedestals were monitored frequently
(once an hour) with random triggers throughout the test duration.

The test beam setup is sketched in Fig. 10, the C1 and C2 are
Cerenkov-Counters. The S0, S1, S2 and Sh are scintillation counters
to trigger the beam, and SSD1, SSD2 are silicon strip detectors to
track the beam particles. A movable table allowed to translate the
Fig. 8. The cosmic rays MIP spectra of A0 and A1, the peaks are adjusted to ∼50
ECAL with respect to the beam axis both in horizontal and in
vertical direction, the table also allowed a rotation around the
vertical axis. And the data acquisition system used in the test beam
was close to the flight one.

4.2. Energy reconstruction

The energy reconstruction was processed by cutting the ap-
propriate pedestals, choosing signals from the proper dynodes
[11,21,22], and normalizing them with the MIP peaks. The overall
raw energy was taken to be the sum of the crystals energies. Even
though the BGO ECAL is a homogeneous electromagnetic calori-
meter, some un-sensitive materials in the ECAL, such as the carbon
fiber and the black rubber create dead areas. The incident particles
0 fC (∼600 ADC channels) for A0 and ∼100 fC (∼120 ADC channels) for A1.



Fig. 11. The typical reconstructed energy spectra of 1 GeV and 5 GeV incident electrons at CERN-PS T9 beam line.

Fig. 12. The typical reconstructed energy spectra of 200 GeV incident electrons at
CERN-SPS H4 beam line.

Fig. 13. The reconstructed energies versus the incident electron beam energies.
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also lose some energy in the front sub-detectors (PSD and STK)
before the BGO ECAL. So that the reconstructed energy ERec, that
shown in Figs. 11 and 12, was slightly lower than the incident
energy EBeam. Since the beam particle strikes the DAMPE detector
vertically, some electrons hit in the gaps of x, y dimensions, which
caused the observed low energy tails in the electron spectra (see
Section 2 in [23]).

4.3. Compare with the GEANT4 detector response simulation

A beam test model with the same geometry and beam test
setup was developed to simulate the MIPs and electrons by
Geant4. In order to compare with the real data and estimate the
BGO ECALs performances, a calculation based on Geant4 is carried
out to parametrically simulate the signal generation, transmission,
acquisition and reconstruction processes for the DAMPE detector.
First, the intrinsic energy fluctuation is obtained directly through
Geant4 physics processing. Then, the energy deposit at each
Geant4 step is attenuated to both BGO ends with the attenuating
coefficients. Next, the energy spreads caused by the fluctuations of
the light collection, quantum efficiency and gain of PMT etc. are
taken into account by using the Gsigma of the MIPs distribution,
and the electronics noise is added with the pedestal width.
Otherwise, since the parameters used in the energy reconstruction
for real data have uncertain errors, which will inevitably increase
the spreads of reconstructed energy, this is also considered in the
calculation. After these consideration, the overall energy deposit is
reconstructed in the same way as the real data were processed.

Figs. 13 and 14 show comparisons of the energy and energy
resolution between the beam test data and the simulation data.
The good agreement between the simulation and real data con-
firms the validity of the calibration and reconstruction. The energy
resolution at 800 GeV of about 0.8% can be calculated with the
parameters shown in Fig. 13. The Geant4 simulation shows that
the energy leakage from the bottom of the BGO ECAL is not sig-
nificant for electron energy below 1 TeV. Additionally, some
methods developed with the Geant4 simulation could be applied



Fig. 14. The energy resolutions change with the incident electron beam energies.
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to the real data to correct the raw energy to the incident energy
[23].
5. Conclusions

The DAMPE engineering model has been built and system-
atically tested in the environmental experiments and calibrated
using the cosmic rays and test beams. Basic methods and results of
calibration were discussed. The good energy resolution of better
that 1% at 100 GeV is obtained by energy reconstruction. The
agreement of Monte Carlo simulation and real data on electron
energy reconstruction confirmed the validity of the calibration and
reconstruction. Also, a study of energy correction for the electron
beam data were performed and published in a separate paper [23].

Further studies, like ions beam test, e/p identification study
with proton beams at CERN were also carried out during the last
several months, the data analysis works is in progress. A general
detailed publication to describe the whole experiment is in
preparation.

With the successful development and launch of the DAMPE
detector, it will provide the most precise energy measurement for
the particles in an energy range from sub-TeV to tens-TeV in space.
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