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Abstract Rare event search experiments are one of the
most important topics in the field of fundamental physics,
and high-purity germanium (HPGe) detectors with an ultra-
low radioactive background are frequently used for such
experiments. However, cosmogenic activation contami-
nates germanium crystals during transport and storage. In
this study, we investigated the movable shielding con-
tainers of HPGe crystals using Geant4 and CRY Monte
Carlo simulations. The production rates of 68Ge, 65Zn,
60Co, 55Fe, and *H were obtained individually for different
types of cosmic rays. The validity of the simulation was
confirmed through a comparison with the available exper-
imental data. Based on this simulation, we found that the
interactions induced by neutrons contribute to approxi-
mately 90% of the production rate of cosmogenic activa-
tion. In addition, by adding an optimized shielding
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structure, the production rates of cosmogenic radionuclides
are reduced by about one order of magnitude. Our re-
sults show that it is feasible to use a shielding container to
reduce the cosmogenic radioactivity produced during the
transport and storage of high-purity germanium on the
ground.
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1 Introduction

Rare event experiments, such as the search for neutri-
noless double beta decay (Ovff)) [1-3] and the direct
detection of weakly interacting massive particles (WIMPs)
[4, 5], are critical fundamental topics for understanding
physics beyond the standard model. Observations of neu-
trinoless double beta decay will help researchers study
whether neutrinos are Majorana or Dirac particles and
establish physics beyond the standard model when the
lepton number is not conserved [6, 7].The direct detection
of WIMPs will help us answer many important open
questions in physics and provide a better understanding of
the universe and its evolution [8]. Both types of experi-
ments involve searching for extremely rare signals. Thus,
high-mass and high-sensitivity detectors with an ultra-low
background environment are required. Experiments
including EDELWEISS-III [9] have shown that the envi-
sioned background level is ~ 1 count/kg/keV/day (cpkkd)
at 2-3 keVee. CDMSLite [10] can achieve ~ 1 cpkkd
within the energy scale of 0.2-1.2 keVee. Therefore, a
lower background level will be required for applications
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used in future ton-scale germanium-based rare event search
experiments.

CDEX [8, 11], CDMSLite [10], SuperCDMS [12], and
EDELWEISS [9] experiments have been aimed at the
direct search of low-mass WIMPs utilizing high-purity
germanium (HPGe) detectors. GERDA [13] and Majorana
[14] are experiments using enriched 7°Ge to detect [15].
The above-mentioned experiments require an ultra-low
background. The above studies have shown that the cos-
mogenic radionuclides inside germanium are among the
most important radioactive backgrounds applied in such
ultra-low background experiments. Furthermore, because
HPGe crystals are exposed directly to cosmic rays, the
largest contribution of cosmogenic activity is expected to
be during transport, manufacturing, and storage. Therefore,
methods to effectively suppress the cosmogenic activation
background level in germanium have been an important
aspect of these experiments.

To reduce the production rates of long-lived cosmogenic
radionuclides, as the most basic and effective method for
decreasing the cosmogenic activation, it is necessary to
select an appropriate shielding structure and materials in
the transport and storage of germanium crystals [14].
However, it is costly and time-consuming to carry out this
type of experimental research. Thus, a reliable simulation
and calculation are needed for the background of nascent
nuclides inside HPGe crystals. Using this method, it is
believed that the cosmic background can be effectively
calculated and that a reliable estimate can be provided for
future ton-scale experiments.

Aguayo et al. [14, 16] provided practical guidance in the
choice of shielding materials for cosmic ray particles. Their
research showed that an understanding of cosmic ray
propagation and attenuation in matter is crucial for an
effective shield design. In the selection of a shielding
material, both the density and the attenuation length of the
cosmic rays are extremely important. In addition, neutrons
contribute more than 95% of the cosmogenic nuclear active
component (N-component) [17] at sea level. Thus, many
studies have been devoted to the attenuation of neutrons of
cosmic rays in certain substances, such as water, concrete,
and lead [18-20].

Hung et al. [21] measured and simulated a cosmic ray-
induced background of HPGe. Through this study, the
contribution of environmental radiation to the production
rate of radionuclides in HPGe was shown to be less than
0.05%. Therefore, this study mainly considers the effect of
cosmic rays on cosmogenic radionuclides. To correctly
identify and subtract the background, we analyzed the
shielding ability of six materials, i.e., iron, copper, lead,
liquid nitrogen, polyethylene, and concrete, to shield cos-
mic ray particles at different thicknesses using Geant4 and
Cosmic-ray Shower Library (CRY) [22] simulations.
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Furthermore, we optimized the thickness, minimized the
overall background count, and provided a better shielding
scheme for the transport and storage of HPGe crystals. At
the same time, the production rates of the long-lived
radionuclides of high-purity germanium crystals under a
shielding scheme were obtained, and a quantitative evalu-
ation of the radionuclides was conducted. We expect the
simulation results to help reduce the background levels,
which is critical for ultra-low background requirements of
next-generation ton-scale experiments on HPGe crystals.

2 Methods
2.1 Production mechanisms

At the Earth’s surface, when high-energy cosmic rays
bombard HPGe crystals, they collide with germanium
atoms through elastic scattering, inelastic scattering, and
other processes, thereby producing a series of radioactive
unstable nuclei inside the crystals. These radionuclides will
decay according to their respective half-lives, accompanied
by the release of gamma rays, electrons, and other parti-
cles, and form the cosmogenic background. The production
of radionuclides is an extremely complex process typically
involving a wide energy range of 1 MeV to 100 GeV. If R;
is considered the production rate of a radioactive isotope i,
it can be expressed as follows:

R,‘ = ZNi/(Dk(E)GkijdE7 (1)

where N; is the number of stable target nuclear isotopes j,
o is the production cross section of radioactive isotope j
produced by cosmic ray particle k on target isotope j, and
@y, is the flux of cosmic ray particle k.

After high-energy cosmic ray bombardment, numerous
types of radionuclides are produced, but not all contribute
to the cosmogenic background. The major contributors can
be found through the decay laws. When HPGe is exposed
to cosmic rays, radionuclide decay occurs. The rate of
nuclide production can be expressed as follows:

dN
P=—+ /N 2
PR (2)
where P is the rate of nuclide production, N is the number
of individual nuclides at time ¢, and A is a decay constant.

Here, N is given as follows:

P .

N== (1—e). (3)
Clearly, when ¢ approaches infinity, i.e., the exposure

time of germanium is sufficiently long, and the number of

nuclides produced and the decay become balanced such
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that the radionuclides no longer increase in number. This
process requires a half-life of 4.3 to reach 95% of the
saturation value and a half-life of 6.6 to decay to 1%.
Therefore, short-lived nuclei can be eliminated simply by
placing the detectors in a deep underground site for a
sufficiently long time before experimental data acquisition.
Only long-lived nuclei need to be focused on in this study.

2.2 Simulation tools: Geant4 and CRY

The production of radionuclides is a compound process
that involves a wide energy range of particles in cosmic ray
showers and different types of interactions within the
composite shielding materials [23]. In this study, Geant4
was used to simulate the interactions between cosmic rays
and the target material. CRY [22] provides information
regarding the energy spectrum and flux of the cosmic rays.
Geant4 is a toolkit for both a full and fast Monte Carlo
simulation of detectors in high-energy physics. The Geant4
package (V10.5p01 + Shielding physics list) was used in
this study. CRY software is based on MC calculations used
to predict cosmic ray distributions when data are unavail-
able. This library can generate cosmic ray particles
including neutrons, protons, muons, gammas, electrons,
and positrons [22] at different altitudes (sea level, 2100 m,
and 11,300 m). In this study, we concentrate on the first
four particles. The energy, direction, and position sampled
from CRY are inputs for the Geant4 simulation program.
Taking Chengdu and Beijing as examples, the spectrum
information of the cosmic neutrons, protons, muons, and
gamma particles can be obtained. Table 1 lists the cosmic
ray fluxes calculated by CRY at sea level and at a height of
11,300 m in these cities in 2018.

Clearly, the impact of the altitude and latitude on the
cosmic ray flux is extremely large, and thus, the choice of a
storage and transport method is crucial. This study takes
land transport as an example. Figure 1 shows the spectra of
neutrons, protons, muons, and gamma particles at sea level
in Chengdu.

Table 1 Cosmic ray fluxes (m-2 s-1) at sea level and at a 11,300 m
height in Chengdu and Beijing in 2018

Particles Beijing (N40°) Chengdu (N31°)

0m 11,300 m 0m 11,300 m
Gamma 168.22 22,579.30 163.53 18,017.86
Muon 119.72 754.58 117.65 614.77
Neutron 22.00 9,568.07 18.09 6,248.92
Proton 1.657 706.79 1.45 464.49
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Fig. 1 (Color online) Spectra of cosmic ray neutrons, protons,
muons, and gamma particles at sea level in Chengdu

2.3 Simulation details

We simulated two detector geometries in this study. One
is a 1 kg cylindrical HPGe crystal with a diameter of
62 mm and a height of 62 mm. The crystal was constructed
at the center of an air box and was similar to that used by
Ma [23].

The other is a cylindrical HPGe crystal with an outer

shielding container, as shown in Fig. 2. The HPGe crystal
(® 42 cm x 27 cm) was the same size as that used in the
GERDA experiment [17]. However, note that the geometry
of the crystals has no impact on the production rates of the
cosmogenic isotopes because the simulated productivity
will be given normalized treatment. For convenient trans-
port, we used a 40-foot container truck. The exterior
dimensions of the container are 12.192 m x 2.438 m X
2.591 m, and the interior dimensions are
12.032 m x 2.352 m x 2.385 m. In addition, there is
another shielding structure in the container truck. From
outside to inside, the initial shielding structure consists of
30-cm-thick polyethylene (with 100-cm-thick polyethylene
on top of the crystal), 30-cm-thick iron, 10-cm-thick lead,
and a 12-cm-thick copper layer. A schematic diagram of
the shielding system is shown in Fig. 2.

6 polyethylene

— | 5 5 iron

4 lead

3 copper
2 cavity

Fig. 2 (Color online) Shielding structure for transport of germanium
crystal on the surface: 1, HPGe detector; 2, cavity; 3, oxygen-free
copper; 4, lead; 5, iron; and 6, polyethylene
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The total mass of the shielding container is 27,873 kg,
and the weights of the truck, Fe, PE, Pb, and Cu 40-ft
container are 3400, 6448, 13,459, 3079, and 1487 kg,
respectively. The deadweight is under 28 t, and the
capacity is 67.5 m>.

The position of each incident particle is randomly
extracted from the plane above the detector, the momentum
information is randomly extracted from CRY, the energy
information is randomly extracted from the CRY-provided
energy spectrum, and all secondary particles generated in
the detectors are collected and counted.

3 Results and discussion
3.1 Shielding effect of different materials

The shielding effects of iron, lead, copper, liquid
nitrogen, polyethylene, and concrete are shown in Fig. 3.
Figure 3a—c shows that lead, iron, and copper have a better
effect on stopping the primary protons and gamma rays. In
addition, materials such as polyethylene and concrete are
better choices for neutron shielding. According to previous
studies [16, 17], iron has been proved to be an optimal
material owing to its lower production rate of secondary
neutrons. However, our simulation shows that copper and
lead are also appropriate materials, having a lower pro-
duction rate than iron with a neutron energy of above
10 MeV. By contrast, neutrons at below 10 MeV cannot
produce radionuclides in germanium owing to a restriction
of the reaction energy threshold, as mentioned in the
TENDL data library. Apart from the high-energy sec-
ondary neutrons, the primary radionuclides produced in the
shielding material also cannot be ignored. The radioactivity
of high-purity oxygen-free copper is as low as mBq/Kg
order of magnitude. Therefore, considering the cost and
weight of the shielding during transport, lead, iron, copper,
and polyethylene should be selected as key materials for
shielding structures used in the transport of HPGe. Based
on the fluxes generated by different cosmic rays from
different shielding materials, we analyzed the placement
and thickness of the shielding materials. The optimal
thickness of each shielding material was obtained by fitting
the mass thickness function.

The results of different shielding structures are shown in
Fig. 3. As indicated in Fig. 4, the particle count rate
decreases from the outside to inside by the shielding.
Furthermore, the numbers of protons and gamma particles
decrease significantly when passing through the materials,
illustrating that these particles are easy to shield. Therefore,
the main cosmic ray sources are muons and neutrons. In
particular, during the transportation process, a way to
effectively shield the neutrons needs to be an area of focus.

@ Springer

The simulations show that high-energy neutrons can reduce
the amount of energy in polyethylene. Thus, polyethylene
is necessary for the effective shielding of neutrons. As
shown in Fig. 3, the total neutron count rate decreases by
approximately one order of magnitude after being shielded.
This demonstrates that the selection order of the shielding
materials is reasonable. The proposed composite structures
have a meaningful impact on stopping any cosmic rays.
However, the results in Fig. 4 indicate that the shielding
of muons is relatively weaker. Therefore, to effectively
shield cosmogenic muons, additional structures are needed.

3.2 Cosmogenic production rates of germanium

The cosmogenic production in both detectors described
in Sect. 2.3 was simulated using Geant4 and CRY. For the
given input energy spectrum of the muons, neutrons,
gamma particles, and protons on the Earth’s surface, the
production rates of several cosmogenic isotopes in natural
germanium are calculated. Considering the total production
rates, half-life, and energy region of interest, isotopes 58Ge,
68 Ga, 65Zn, 60Co, 55Fe, and >H are the important concern
for germanium-based detection experiments [24]. The
simulated production rates of cosmogenic isotopes for
natural germanium at sea level in Chengdu are listed in
Table 2. From Table 2, neutrons contribute to approxi-
mately 90% of the production rates of cosmogenic acti-
vation. This result is consistent with that of previous
studies [23, 24].

As shown in Table 2, the shielding structure signifi-
cantly reduces the production rates of cosmogenic isotopes
from cosmic neutrons, gamma particles, and protons, and
the suppression factors are 10 (*H) to 97 (>°Fe) for natural
germanium. These results demonstrate that a shielding
container is necessary when transporting germanium
detectors on the Earth’s surface.

3.3 Comparison between this study and previous
estimates and measurements

Table 3 summarizes the available studies on the calcu-
lated and experimental production rates for several isotopes
in natural germanium and shows a comparison between our
approach and the results of previous production calcula-
tions and experiments. As shown in Table 3, the cosmo-
genic production rates for 68Ge, 68 Ga, 65Zn, 60Co, 55Fe,
and *H in natural germanium vary significantly among
different model estimates. Such large variations in the
production rates are mainly due to the following two
reasons:

1. The difference in estimated rates is mainly due to the
use of different simulation software and cross-sectional
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Fig. 3 (Color online) Effect of

cosmic rays when using
different materials. The abscissa
indicates the mass thickness of
the material, and the coordinates
show the number of outgoing
cosmic rays. For all materials
applied, the number of primary
particles in this simulation is
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libraries. Simulation software can be roughly divided
into two categories. One is software calculations based
on empirical formulas of isotopic generation cross
sections, such as YIELDX [25] and ACTIVIA [26].
The other is software applying a Monte Carlo method
to simulate the interactions between incident particles
and the target nucleus, such as TALYA [7] and Geant4
[16, 23, 27]. Geant4 is more suitable for simulating the
generation of cosmic rays owing to its wide energy
range and comprehensive particle cross-sectional data.
In addition, when we use the same simulation tool,
large differences will occur owing to the different
versions applied, e.g., Geant4 versions 3.21 [28],
9.5.02 [24], and 4.10.02 [23]. In addition, the produc-
tion rates of the cosmogenic isotopes vary significantly
among the different Geant4 versions, ranging from a

10
Mass thichness (g/cm?)

factor of ~2 (3 H, 5Fe, and 65Zn) to ~3 (60C0 and
8Ge) for germanium.

The second reason is that they input different neutron
spectra of cosmic ray. Numerous estimates [17, 19, 29]
have come from calculations using historical cosmic
ray neutron spectra [30], which are less precise than
modern estimates. In addition, calculated or experi-
mentally determined production rates of radioisotopes
by cosmogenic activation in natural germanium have
been published. Only EDELWEISS [31] and
SuperCDMS [32] have published measurements of
the production rate of tritium in natural germanium.

As shown in Table 3, our results agree quite well with
previous available measurements [23]. The differences
among these calculations are mainly due to the use of a

@ Springer



55 Page 6 of 8

Y.-L. Yan et al.

—&— neutron
5 —&— muon
107 —A— proton
—¥—gamma
10” A
O
a 10
Q
2
4] 0
o 10"
-
c
3
O 1074
1074
{ Air PE Iron Lead Copper
10° T T T T T T

Shield Material

Fig. 4 (Color online) Count rates (cps) of particles produced by
different components of cosmic rays. The numbers on the horizontal
axis denote the following: 1, polyethylene; 2, iron; 3, lead; and 4,
copper

cosmic ray flux in different places and the use of different
versions of the simulation tools.

As shown in Table 4, it is worth mentioning that our
shield container achieves a higher reduction in the pro-
duction rates of cosmogenic isotopes in germanium.
Compared with iron shields, our shield exhibits an
improvement in suppression by one order of magnitude
between these isotopes for natural germanium. They are
mostly produced by an inelastic scattering of neutrons. The
reduction of ®°Co and ®®*Ge has an actual meaning in Ovff
experiments, and *H may have a significant impact on the
sensitivity of germanium-based detectors for future ton-
scale experiments in the direct detection of low-mass dark
matter particles. The end point energy of *H beta decay is
only ~18.6 keV. This implies that the entire energy
spectrum of H can contribute to the background of a low-
energy region for low-mass dark matter detection [24]. The
lifetimes of *H, ®°Co, and ®*Ge are particularly long, which
makes it difficult to eliminate these radioactive isotopes by
simply placing the detectors deep underground, and thus,

Table 2 Production rates of

. . Isotope Ty Neutron Proton Muon Total

cosmogenic isotopes in natural

germanium at sea level as No shield Shield No shield Shield No shield Shield No shield Shield

estimated using Geant4 with

and without a shield in Chengdu BGe 270 d 58.78 2.67 4.45 0.48 0.38 293 63.61 6.08
%Zn 27y 2338 063  3.01 0.18 128 133 27.67 2.14
%0co 53y 0.69 0.02 0.18 0 0.03 0.05 0.9 0.07
3Fe 2443d 217 0.02 0.72 0.01 0.04 0 2.93 0.03
*H 123y 15.66 0.18 5.62 0.14 0.28 0.13 21.56 0.45

Table 3 }.’ro.ducnon rate.s of References Method Production rate (Kg™' day™")

cosmogenic isotopes estimated

in this study for natural 3H SSFe 0co 05710 %8Ge

germanium without shielding at

sea level. The production rates Avignone [29] Calc 210 - - 344 29.6

?t)seGa levzl in Be‘llzgl(;l?% g Klapdor [28] Calc - 8.4 6.6 79 58.4

a) Geant4 version 4.10.03 an

(b) Geant4 version 4.10.05. In Barabanov [17] Calc - - 2.86 - 81.6

addition, the production rates in Back [26] Calc - 34 2.8 29 45.8

(a) Beijing and (c) Chengdu are Mei [7] Calc 27.7 8.6 2.0 37.1 413

compared with previous Cebrian [25] Cale - 6 3.9 63 60

published calculated and

experimental results EDELWEISS [27] Cale 435 4 - 65.8 45
Wei [24] Calc 47.37 791 2.87 75.93 182.8
Ma [23] Calc 23.68 4.15 1.45 40.47 83.05
SuperCDMS [32] Calc 95 5.6 51 49
This work Calc.(a) 24.43 4.65 1.44 39.85 82.58

Calc.(b) 25.62 345 1.09 35.03 80.71
Calc.(c) 21.56 293 0.90 27.67 63.61

EDELWEISS [27] Exp 82 £ 21 4.6 +£ 0.7 - 106 £+ 13 > 71
SuperCDMS [32] Exp 74 +9 1.5+£07 - 17+5 30 £ 18
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Table 4 Production rates (kg~' day ") of cosmogenic isotopes in germanium at sea level as estimated using Geant4 with a shield container. In
previous iron shield calculations [24], the iron shield structure is the same as that used in GERDA

Isotope T Neutron Proton Muon Total

Iron shield Shield Iron shield Shield Iron shield Shield Iron shield Shield

[24] (our) [24] (our) [24] (our) [24] (our)
%Ge  270d  46.05 2.67 0.53 0.48 3.86 2.93 50.44 6.08
%57n 2443d 16.87 0.63 0.24 0.18 0.68 1.33 17.79 2.14
0Co 53y 0.57 0.02 0.009 0 0.091 0.05 0.67 0.07
3Fe 27y 0.94 0.02 0.02 0.01 0.061 0 1.02 0.03
*H 123y 8.59 0.18 0.19 0.14 0.88 0.13 9.66 0.45

the only way to reduce these backgrounds is to limit the
exposure of the crystal when it is grown and transported
[27]. Therefore, reducing the production rates of 3H, 0o,
and ®®Ge using a shield is extremely meaningful for rare
event search experiments.

4 Conclusion

In this study, we investigated the effects of the pro-
duction of cosmogenic radioactivity in the storage and
transport of germanium when applying a cosmic ray shield
based on the MC simulation programs: Geant4 and CRY.
Based on the analysis of several shielding materials and the
structure of the shield itself, we provided a better shielding
design for the transport and storage of high-purity germa-
nium. At the same time, a relatively complete calculation
of the numbers of radionuclides inside HPGe was deter-
mined. The production rates of cosmogenic radionuclides
are reduced by approximately one order of magnitude by
adding an optimized shielding structure. The validity of the
simulation was confirmed through a comparison with a
previous study. The proposed method can be applied to
quantitatively evaluate the number of terrestrial radionu-
clides in other materials by adjusting only certain condi-
tions, such as the types of cosmic rays and materials.
According to this simulation, if lower overall background
count rates can be effectively achieved, it will help the
suppression of background events during rare event search
experiments.
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