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Abstract: The China Dark Matter Experiment (CDEX) is located at the China Jinping Underground Laboratory

(CJPL) and aims to directly detect the weakly interacting massive particles (WIMP) flux with high sensitivity in the

low mass region. Here we present a study of the predicted photon and electron backgrounds including the background

contribution of the structure materials of the germanium detector, the passive shielding materials, and the intrinsic

radioactivity of the liquid argon that serves as an anti-Compton active shielding detector. A detailed geometry is

modeled and the background contribution has been simulated based on the measured radioactivities of all possible

components within the GEANT4 program. Then the photon and electron background level in the energy region

of interest (<10−2events·kg1
·day−1

·keV−1 (cpkkd)) is predicted based on Monte Carlo simulations. The simulated

result is consistent with the design goal of the CDEX-10 experiment, 0.1cpkkd, which shows that the active and

passive shield design of CDEX-10 is effective and feasible.
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1 Introduction

The CDEX-10 detector is a second generation detec-
tor within the China Dark Matter Experiment (CDEX)
[1] program, which has 9 p-type point-contact germa-
nium (PCGe) detectors and an active liquid argon (LAr)
veto detector. It is dedicated to the direct detection
of particle darkmatter in the form of weakly interact-
ing massive particles (WIMPs). It is the successor of
CDEX-1 [2], which has set some of the best limits on
WIMP-nucleon scattering cross sections [3]. The goal
for the environmental background counting rate for the
CDEX-10 is <0.1 counts per kilogram per keV per day
(cpkkd) [4]. To achieve such a low background level, it
will be installed in the China Jinping Underground Lab-
oratory (CJPL), which is composed of low radioactivity
marble with 2400 m of rock overburden offering an ultra-
low background environment with a residual cosmic-ray
event rate of (2.0±0.4)×10−10 cm−2

·s−1 [5].
The cosmic-ray muons and their progenies that may

traverse the shield and contribute to the background are
significantly reduced because of the CJPL rock overbur-
den. Thus, the material radioactivity of the shield and
the detectors becomes a major factor. The electronic re-
coil background in the CDEX-10 is from several sources
including radioactive contamination in the materials of
the shield and the detector and intrinsic radioactivity in
the LAr. Even if the veto efficiency is high, dark matter
signals may be imitated by the residual electronic recoil
events in the nuclear recoil region. To reduce this kind
of background, we avoided mounting the radioactive ma-
terials close to the germanium crystals.

To achieve a low background level, all materials for
the detectors and sub-components have been carefully
selected by measurements of radioactivity during the de-
sign phase of the CDEX-10. Besides a well-planned de-
sign of the passive shield, an active LAr veto detector
surrounding the PCGe units further suppresses the back-
ground.

In this paper, we summarize the effort to predict the
photon and electron background of CDEX-10 from nat-
ural radioactivity in shield components and detectors.
Background reduction by active veto coincidence cut is
studied with Monte Carlo simulations. Section 2 de-
scribes the detector model that has been used in the sim-
ulations. The transportation of liquid argon scintillation
light and the wavelength conversion of optical photons

is discussed in Section 3, and the predicted photon and
electron background from the detector and shield mate-
rials is discussed in Section 4. We draw our conclusions
in Section 5.

2 CDEX-10 detector design and model

simulated with the GEANT4 toolkit

The CDEX-10 detector is a germanium array with a
liquid argon veto detector. The total amount of 900 kg of
LAr is enclosed in the vacuum insulated cryostat, which
is made from low activity 304SS (stainless steel). The
germanium array consists of three PCGe units, each with
three 1 kg germanium crystals mounted in the center
of the LAr. An array of eleven photomultiplier tubes
(PMT) is hung on the top of the LAr to collect scintilla-
tion light. To simulate the background of the CDEX-10
detector by photons and electrons and to calculate the
LAr veto efficiency, a detailed model (Fig. 1 and Fig.2)
has been created with the GEANT4 toolkit [6].

Fig. 1. The GEANT4 model of the CDEX-10
detector and its shield: A—outer polyethylene
shield, B—outer lead layer, C—outer copper
shield; D—stainless steel cryostat, E—inner cop-
per shield, F—LAr; G—PMT, and H—PCGe
unit.
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Table 1. Materials used to construct the CDEX-10 detector, cryostat, and shield as well as their radioactive con-
tamination that were used for Monte Carlo simulations.

components amounts total radioactive contaminations in materials/(Bq/amount)
238U / 226Ra 232Th 40K other nuclides

polyethylene 55.0×103 kg <412.2×103
<483.6×103

<2.912×103 —

lead shield box 36.0×103 kg 133.6 58.5 0.984 210Pb: 2.2×106

copper shield box 9.9×103 kg 12.2 4.01 0.374 —

cryostat(304SS) 2.4×103 kg 26.4 2.89 1.37 60Co: 227.7

copper shield layer 2.3×103 kg 2.89 0.948 0.0885 —

LAr 902 kg — — — 39Ar: 902.2

detector copper shell 3 pieces 1.21×10−3 0.365×10−3 1.39×10−3 —

detector lead shield blocks 9 pieces 6.08×10−3 2.69×10−3 33.4×10−3 210Pb: 6.79

detector copper shield blocks 9 pieces 0.220×10−3 0.066×10−3 0.252×10−3 —

PMTs 11 pieces 4.94 1.62 24.9 —

Fig. 2. The GEANT4 model of the PCGe units:
A—copper shell, B—lead shield block, C—copper
shield block, and D—PCGe. The electronic wires
and components in the PCGe units are ignored in
the simulation.

Table 1 shows the radioactivity of materials used for
the CDEX-10 detector construction, which were com-
puted from the GEANT4 model and are in agreement
with the actual detector. The passive lead and cop-
per shield has 4π detector coverage and is installed in
a polyethylene room (thickness 1 m, not shown). From
outside to inside, there is a box of 20 cm lead. Inside the
lead box, there are 10 cm of copper against the radioac-
tive isotope 210Pb in a lead box with the other gamma
background from the outer shield layers. Highly radioac-
tive components, such as mechanical devices, are located
outside the shield.

In addition, the LAr volume around the PCGe units
is equipped with PMTs and is an active veto to reduce
background by rejecting events in which a particle de-
posits part of its energy in it.

The cryostat is supported inside the shield. The
thickness of the outer cryostat walls is 1.5 cm and the
inner is 1.2 cm. The LAr vessel contains a 5 cm thick
copper layer to reduce the background from the cryostat
walls.

The scintillation light is detected by 200 mm (8′′) di-
ameter 9357UKB PMTs. These are among the lowest ra-
dioactive PMTs and are optimized to operate in the LAr.
The top PMT array consists of 11 PMTs mounted in a
concentric pattern in a copper support. In the GEANT4
model, each PMT is modeled with two spherical caps
and two silica cylinders. The key geometric parameters
including the spherical radius, maximum diameter, and
waist diameter are the same as the data sheet [7].

3 Transportation of liquid argon scintil-

lation light and the wavelength shift-

ing of optical photons

When a particle interacts with the LAr and deposits
sufficient energy, 128 nm scintillation light will be emit-
ted isotropically from the interaction point. The scintil-
lation yield is ∼40000 photons/MeV. These photons will
be converted into the wavelength range (∼420 nm) of
maximum PMT quantum efficiency by tetraphenyl bu-
tadiene (TPB) wavelength shifters. The TPB is evapo-
rated onto the surface of the copper shell, inner copper
shield wall, and PMTs of the PCGe units to wavelength
shift the scintillation lights. The 420 nm photons have
a much longer attenuation length than the 128 nm pho-
tons, so they will not be easily absorbed by the LAr and
may eventually arrive at the photocathode after several
reflections.
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3.1 Simulation of optical photons with wave-

length conversion

An LAr scintillation photon is considered optical in
GEANT4. In contrast to high energy gamma rays, op-
tical photons are a special class of particles. The pro-
cesses of optical photons in this simulation include emis-
sion of the primary scintillation lights, bulk absorption
and Rayleigh scattering, wavelength shifting, reflections,
refractions, and PMT quantum efficiencies. The main
simulation settings are as follows:

1) Scintillation photons
Primary scintillation photons are isotropically emit-

ted in the LAr, with the wavelength distribution ranging
from 119 nm to 136 nm [8].

2) Bulk absorption
The attenuation length of scintillation photons in

LAr is 66 cm [9], which is set as absorption length in
the simulation. For the wavelength-shifted optical pho-
tons, bulk absorption in LAr is neglected [10], but an
attenuation length of 20 mm is used in TPB [11].

3) Rayleigh scattering
Rayleigh scattering length of 128 nm photons in LAr

is set to 90 cm, and for 420 nm photons the length is 400
m [12, 13].

4) TPB emission spectrum
Fluorescence photons are emitted from TPB with a

wavelength distribution [14]. Even if the TPB thickness
or the wavelength of the incident light changes, the emis-
sion spectrum of the TPB will not change [11].

5) Reflections
The light reflection on the TPB coating is almost

completely (>97%) diffuse, irrespective of the TPB coat-
ing thickness [15]. The reflection coefficient in the TPB
emission spectral region was measured to be about 95%
[10, 16].

6) Refractions
The refraction index of LAr at 128 nm is 1.38 [17],

and the refraction index of TPB is set to 1.60 for 128 nm
[18] and 1.27 for 420 nm [19].

7) PMT collection
The quantum efficiency curve [7] of the 9357KB PMT

is used to convert the number of photons collected by
PMTs to the number of photoelectrons.

3.2 Calculation of the LAr veto detector re-

sponse threshold of energy deposition

According to the simulation process, the calculated
value of the total optical photon collection efficiency is
0.05355, which means that each scintillation photon in
the LAr will eventually result in 0.05355 photoelectrons
collected by the PMTs on average.

Both optical photons and electronic noise may trig-
ger a PMT. If an event in the high-purity germanium
detector (HPGe) is vetoed, as long as any PMT collects

photoelectrons, too many signals may be lost. To reduce
the impact of electronic noise on the PMT, we initially
set a veto criteria as follows: If two or more PMTs col-
lected >2 photoelectrons at the same time, the veto was
executed. We calculated the probability distribution of
the photoelectron collection by the PMTs to determine
the energy threshold of the veto criteria.

As more energy is deposited in the LAr, the more
the PMTs collect photoelectrons (Fig. 3). We adopted
the situation of 90% probability and obtained an energy
threshold of 5.3 keV from Fig. 3. That means when 5.3
keV energy deposits in the LAr, two or more PMTs will
respectively collect 2 photoelectrons with 90% probabil-
ity. This energy threshold is used as the response thresh-
old of the LAr veto detector in the following simulations.

Fig. 3. Calculated probability distribution of the
photoelectrons (pe.) collected by the PMTs. The
dashed line shows the determination of the energy
threshold.

4 Background due to radioactive con-

tamination in shield materials and the

detector

Special care has been taken to select shield and de-
tector materials according to their radioactive contam-
inations. The majority of the materials used in the
shield and the detectors were measured with low back-
ground HPGe detectors to determine their radioactivi-
ties, mainly due to the 238U series, 232Th series, 40K, and
60Co.

The radioactive contaminations of the materials are
shown in Table 1. The radioactive equilibrium of the
238U chain and the 232Th chain is assumed. The mea-
sured activities of the materials have been used in the
Monte Carlo simulations to predict the background.
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4.1 Veto judgment

Due to the very low scattering cross section of the
WIMPs, the predicted WIMP event should be a single
scatter event. There are ten detectors in the CDEX-
10—nine PCGe detectors and one LAr veto detector. If
a particle has deposited enough energy at multiple de-
tectors (0.5 keV for germanium detectors and 5.3 keV
for the LAr veto detector), such an event is a multiple
scatter event and will be rejected in the following data
analysis.

For each event recorded by PCGe in CDEX-10, the
number of the triggered detectors is checked. Table 2
shows the judgment basis.

Table 2. Active veto judgment basis.

the number of whether the accept

the triggered LAr is judgments or

PCGe detectors triggered? reject

=0 yes or no not recorded /

>1 yes vetoed by the LAr reject

>2 no vetoed by PCGe reject

=1 no residual events accept

4.2 Simulated background spectrum

Figure 4 shows the predicted spectrum in the entire
energy range, and Fig. 5 is in the region of interest. The
energy range for the background rate calculation is up
to 100 keV to include the signal region for inelastic dark
matter from standard elastic WIMP scattering.

4.3 Background count rates and active veto ef-

ficiency

By considering all possible effects in the design, the
target physical event rate of CDEX-10 is 0.1 cpkkd [1].
From the simulated results in Table 3 and Table 4, the
total event rates with an active veto of 0.5–2700 keV and
0.5–10 keV are 0.0165 cpkkd and 0.0091 cpkkd, respec-
tively.

The PCGe detector units are entirely surrounded by
the LAr. The component locations can be divided into
three types: “LAr itself”, “outside the LAr”, and “in-
side the LAr”. Table 3 and Table 4 show that the veto
efficiency mainly depends on the location of the com-
ponents, which is “LAr itself” > “outside the LAr” >

“inside the LAr”. The reasons are:

Fig. 4. Predicted background from the detector
and shield materials: energy spectra of all events
(dotline) and residual events (solid line) in the
entire energy range.

1) In the LAr itself, 39Ar emits electrons that cer-
tainly deposit energy in the LAr and are mostly vetoed.
Only a small fraction of the electrons emitted very close
to the PCGe shell may not trigger the LAr and emit
bremsstrahlung photons into PCGe with low probabil-
ity. Thus, the veto efficiency is ∼100%.

2) From outside the LAr, the photons must pass
through 37 cm thick LAr without reaction, and these
events will not be vetoed. However, this probability is
quite low, and the veto efficiency is >93% (0.5–2700 keV)
and >98% (0.5–10 keV).

Table 3. Predicted rates in the energy range of 0.5–2700 keV from the components of CDEX-10. Data are presented
in descending order according to the rates of active veto.

predicted rates (cpkkd)
components

active veto none veto
veto efficiencies component location types

SS cryostat (inner wall) 5.47×10−3 8.18×10−2 93.32% outside the LAr

SS cryostat (outer wall) 5.44×10−3 7.98×10−2 93.17% outside the LAr

PMTs 1.80×10−3 4.30×10−2 95.81% outside the LAr

detector copper shell 1.75×10−3 3.39×10−3 48.45% inside the LAr

copper shield layer 1.09×10−3 1.71×10−2 93.63% outside the LAr

detector lead shield blocks 7.00×10−4 1.76×10−3 60.31% inside the LAr

detector copper shield blocks 1.23×10−4 2.63×10−4 53.19% inside the LAr

copper shield box 5.35×10−5 8.16×10−4 93.44% outside the LAr

LAr 3.53×10−5 2.39×10−2 99.85% LAr itself

lead shield box 2.41×10−7 8.19×10−6 97.06% outside the LAr

total 0.0165 0.2518 93.46%
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Table 4. Predicted rates in the energy range of 0.5–10 keV from the components of CDEX-10. Presented in de-
scending order according to the rates of active veto.

predicted rates (cpkkd)
components

active veto none veto
veto efficiencies component location types

detector copper shell 2.99×10−3 1.14×10−2 73.87% inside the LAr

SS cryostat (inner wall) 2.76×10−3 2.67×10−1 98.97% outside the LAr

SS cryostat (outer wall) 1.46×10−3 2.59×10−1 99.44% outside the LAr

PMTs 6.17×10−4 1.35×10−1 99.54% outside the LAr

detector lead shield blocks 5.83×10−4 6.39×10−3 90.88% inside the LAr

copper shield layer 4.95×10−4 5.34×10−2 99.07% outside the LAr

detector copper shield blocks 1.60×10−4 9.07×10−4 82.38% inside the LAr

copper shield box 3.97×10−5 2.39×10−3 98.34% outside the LAr

LAr <1×10−5 7.19×10−2
∼100% LAr itself

lead shield box <1×10−9 1.26×10−7
∼100% outside the LAr

total 0.0091 0.8081 98.87%

Fig. 5. Zoom into the low energy region of the
Monte Carlo spectra shown in Fig. 4. The spectra
of all events (dot line) and residual events (solid
line) in the energy range up to 100 keV.

3) From inside the LAr, the particles can easily hit
the PCGe directly without energy deposition in the LAr.
Only a part of the particles may scatter into the LAr after
hitting the PCGe. Thus, the veto efficiency is 48%–60%
(0.5–2700 keV) and 73%–90% (0.5–10 keV).

5 Preliminary comparison between the

measured and the simulated peak net

counts of the CDEX-1

The CDEX-1 is the first phase of the CDEX program.
It is a 1 kg point-contact germanium detector with 20 cm
thick lead shield and 20 cm thick copper shield in the
CJPL. To verify the Monte Carlo simulation study men-
tioned above, one of the spectra of the CDEX-1 was used
to compare with the simulated spectrum.

The mass model of the CDEX-1 was established using
the Geant4 codes, and the primordial radionuclide back-
ground spectrum was simulated. The peak net counts

Fig. 6. The comparison of the simulated spectrum
and the measured spectrum of the CDEX-1 af-
ter baseline subtraction in two energy ranges of
40–1000 keV (a) and 1000–3000 keV (b). The
simulation considered just primordial nuclides in
the materials. Except for the peaks of cosmogenic
nuclides (57Co, 58Co, 54Mn, 65Zn, and so on), the
main characteristic peaks in the simulated spec-
trum were in good agreement with the measured
spectrum.

036001-6



Chinese Physics C Vol. 39, No. 3 (2015) 036001

of the simulated spectrum and the measured spectrum
were compared as a verification and the baseline of the
continuous background both in the simulated spectrum
and the measured spectrum were not considered.

Firstly, the baseline of the continuous background in
the simulated spectrum and the measured spectrum were
obtained by median filtering, respectively. Secondly, the
baselines were subtracted and the remaining peaks were
compared, shown in Fig. 6.

The net counts of the main peaks in the measured
spectrum of the CDEX-1 were calculated by Gaussian
fitting. The measured and the simulated net counts of

Table 5. The comparison of the primordial nuclides
net counts of the measured spectrum and the sim-
ulated spectrum.

peak measured simulated
decay series nuclides

energy/keV net counts net counts
238U series 226Ra 186.21 119.5 28.8

214Pb 295.21 145.3 163.0
214Pb 351.92 278.8 280.7
214Bi 609.31 263.5 265.7
214Bi 1120.3 66.7 60.1
214Bi 1764.5 74.2 57.0

232Th series 228Ac 911.07 157.2 135.7
208Tl 583.14 185.7 197.4
208Tl 2614.7 74.5 82.0

40K 40K 1460.7 63.5 63.5

Fig. 7. The ratios of the simulated rate and
the measured rate of several main characteristic
gamma peaks from CDEX-1. Except for the 186
keV peak (226Ra), the ratios of the simulated rate
and the measured rate for other peaks were in the
range of 0.8–1.2.

ten main primordial nuclides gamma peaks are compared
in Table 5 and their ratios are shown in Fig. 7.

From Fig. 7, it can be seen that the simulated method
in this article is correct. But the assumption of secular
equilibrium failed in 238U series, because the predicted
net count of 226Ra(186 keV) was much lower than the
experiment data. The most possible cause was that the
radon and its daughters were continuously driven out by
the nitrogen gas blowing around the CDEX-1 detector.
This preliminary judgment needs further study in future
work.

6 Conclusion

A study to predict the photon and electron back-
ground of the CDEX-10 experiment has been performed.
Monte Carlo simulations are performed with GEANT4
by using the measured radioactivity values of all the rel-
evant components and establishing a detailed geometry
model of the shield and detector.

Taking the processes of optical photons into consider-
ation, a value of 0.05355 for total optical photon collec-
tion efficiency was calculated in the simulation. These
processes include emission of the primary scintillation
lights, bulk absorption, Rayleigh scattering, wavelength
shifting, reflections, refractions, and PMT quantum effi-
ciencies. The response threshold of the LAr veto detector
is assumed to be 5.3 keV.

The predicted rate of the photon and electron back-
ground events in the energy region below 10 keV with
veto coincidence cut is 0.7530 events·kg−1

·day−1
·keV−1

for the 9 kg germanium mass. By applying a veto
cut with an energy threshold of 5.3 keV for the
LAr veto detector, these rates are reduced to 0.0084
events·kg−1

·day−1
·keV−1. The veto efficiencies mainly

depend on the location of the components, which are
“LAr itself” (∼100%) >, “outside the LAr” (98.3%–
99.5%) > and “inside the LAr” (73%–90%) in the energy
range of 0.5–10 keV.

According to the simulated results in this pa-
per, the design goal of CDEX-10—0.1 events·kg−1

·

day−1
·keV−1—may indeed be achieved. This is due to

the materials selection, an improved passive shield, and
the use of an active LAr veto. The results of this work
are not only important for understanding the photon and
electron background in the CDEX-10 experiment and the
validation of the background model, but are also useful
for the design of next generation detectors for dark mat-
ter searches such as the CDEX-1T [1].
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