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Abstract Intrinsic radiation of materials is one of the

major backgrounds for many rare-event search experi-

ments. Thus, the production of pure materials in an

underground laboratory is a promising approach for elim-

inating cosmogenic radionuclides. In this paper, we

demonstrate a procedure to evaluate the yields of cosmo-

genic radionuclides in copper and germanium in the second

phase of the China Jinping Underground Laboratory. Our

results show that for copper and germanium materials, the

largest cosmogenic background comes from 3H and
57;58;60Co, and 3H and 68Ge, respectively, which all have

yields on the order of 10�7 kg�1 day�1. The corresponding

radioactivities after 90 days pf exposure underground are

estimated to be lower than 10-6 lBq kg-1.

Keywords Cosmic rays � Cosmogenic radionuclides �
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1 Introduction

An ultralow-background environment is required in

rare-event search experiments, because background events

may cover the physical events of interest. Accordingly,

most background-sensitive experiments are performed in

underground laboratories to minimize the impact of cosmic

rays. Among these underground laboratories, the China

Jinping Underground Laboratory (CJPL) is the deepest

currently in operation [1]. In addition, various types of

passive or active shielding are applied to further reduce the

background affecting these experiments. The shielding

components and main detectors should be made of ultra-

pure materials to ensure that they do not additionally

contribute to the background.

Germanium is a common detector material for direct

dark matter detection and neutrinoless double-decay

experiments, including the China Dark Matter Experiment

(CDEX), Coherent Germanium Neutrino Technology

experiment, Super Cryogenic Dark Matter Search, Edel-

weiss experiment, Germanium Detector Array experiment,

and MAJORANA Demonstrator [1–6]. In these experi-

ments, cosmogenic radionuclides in the germanium intro-

duce a significant proportion of background signals. For

example, the Edelweiss-III experiment reported a mea-

surement of cosmogenic tritium and other nuclides in their

germanium detectors [4]. The CDEX collaboration pre-

dicted the cosmogenic activation of germanium detectors

manufactured at sea level for future ton-scale experiments

[7]. In addition, copper, especially oxygen-free high ther-

mal conductivity copper, is widely used as the shielding

material closest to the active detectors in these experiments

owing to its high chemical purity and mechanical strength.
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However, it has the same problem of cosmogenic

activation.

One approach to eliminate the cosmogenic radionuclides

in copper and germanium is to grow the crystals in

underground laboratories, which are shielded from most

cosmic rays. The second phase of CJPL (CJPL-II) is under

construction, and the civil construction part of the project is

almost complete. Dark matter detection and other experi-

ments will soon be running in CJPL-II. The production of

ultrapure copper and germanium directly in CJPL-II has

been proposed. In this work, we develop a method of

evaluating the cosmogenic background for copper and

germanium in the underground laboratory using experi-

mental measurements, Monte Carlo simulations, and the-

oretical calculations.

2 Methods

2.1 Muon source measurement and simulation

To simulate cosmogenic activation in an underground

laboratory, it is necessary to know the flux and energy of

cosmic rays at that depth. We combine experimental

measurements and a Monte Carlo simulation to obtain this

information for cosmic rays in CJPL-II.

Muons are the dominant component of cosmic rays in

the underground laboratory [8]. High-energy, highly pen-

etrating muons arrive at the underground laboratory

through approximately 2400 m of rock. The method of

measuring the muon flux in CJPL-I has also been applied in

CJPL-II [9]. The system consists of six plastic scintillation

detectors, which are divided into two groups. The length,

width, and height of each detector are 1, 0.5, and 0.05 m,

respectively, and the effective detection area is 0.5 m2. As

shown in Fig. 1, each group consists of three stacked

detectors, which form a triple-coincidence system that can

distinguish cosmic muons from environmental radiation

such as gamma-rays. The waveforms from the photomul-

tiplier tubes in the plastic scintillators are also recorded to

improve the background discrimination.

After environmental radiation is rejected and the triple-

coincidence events (N) are counted, the muon flux (Ul) of

the measurement can be estimated using Eq. (1).

Ul ¼
N

eSt
ð1Þ

Here e is the total efficiency of the detection system, S is

the detection area of the detector, and t is the acquisition

time of the measurement. Efficiency corrections in our

system include the dead time, detection efficiency of the

plastic scintillator, edge effect, and solid-angle correction

of the triple-coincidence system. Owing to the structure of

Jinping mountain, muons approaching from directly above

the mountain encounter the smallest rock thickness; thus,

the majority of detected muons have zenith angles close to

0 [9]. Additionally, the dead time is negligible, and the

detection efficiency of the system is close to 1. Thus, the

total efficiency e is set to 1 in our calculation.

However, the measurement system cannot measure the

energy of incident muons. We have simulated the residual

muon flux and spectrum in the CJPL using the MUSIC

code [10, 11]. That simulation models the Jinping moun-

tain as a semi-sphere of standard rock with a radius of 2400

m, and the laboratory is located at the center of the

mountain. The energy and angular distribution of muons

before they penetrate the mountain are calculated using the

Gaisser formula [12]. The simulated muon flux is com-

pared with our measurement for validation, and the energy

distribution of residual muons is utilized to simulate cos-

mic activation in CJPL-II.

2.2 Secondary particles in the laboratory

The secondary particles from muons in the underground

laboratory are simulated using CERN’s GEANT4 toolkit

[13].

The experimental hall in CJPL-II is modeled as several

boxes consisting of different materials (Fig. 2). From the

outside to the inside, these are standard rock (2 m thick),

concrete (20 cm thick), and a 50 m � 10 m � 10 m exper-

imental hall filled with air. We simulated a 25 m � 5 m �
0:4 m copper or germanium plate 1 m above the ground in

the center of the experimental hall.

The incident particles in the simulation are residual

muons from cosmic rays. The initial kinetic energy of the

muons is set to the average energy found in the MUSIC

simulation. Furthermore, the positions of the incident

muons are randomly generated from the upper surface of

the rock box with zero zenith angle, assuming that the

residual muon trajectories are almost perpendicular to the

outer rock.

GEANT4 uses different physics models and the corre-

sponding cross sections to define the interactions between

incident particles and target materials. For any Monte

Carlo simulation, it is essential to choose a physics model

that adequately describes the processes in the simulation.

However, computational efficiency should also be consid-

ered to balance the time consumption and simulation pre-

cision. To improve the precision of secondary particles and

the production of radionuclides, we choose the

QGSP_BERT_HP physics list in GEANT4, which imple-

ments the Quark–Gluon String Precompound model and

uses the data-driven high-precision neutron cross section

for neutrons with energies lower than 20 MeV.
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The track lengths and energies of secondary particles in

the experimental hall, such as neutrons, protons, and

gamma-rays, are recorded during the simulation. After the

simulation results are normalized by the measured muon

flux Ul, the secondary particle flux at an energy E is

expressed by Eq. (2).

UparðEÞ ¼
lparðEÞ
V � tsim

¼ lparðEÞ

V � Nsim

UlSsim

ð2Þ

Here lparðEÞ is the accumulated track length of secondary

particles at E, V is the total volume of the experimental

hall, Nsim is the number of incident muons, tsim is the time

needed to produce Nsim muons when the flux is Ul, and

Ssim is the area of the rock box’s upper surface, where

muons are randomly sampled.

2.3 Production of radionuclides in copper

and germanium

Because the copper or germanium material is modeled

as a plate in the simulation geometry, radionuclides

generated in the plate by primary muons or secondary

particles can be counted during the simulation. The nuclide

yields (Ynuc;sim) are then derived, as shown in Eq. (3).

Ynuc;sim ¼ Nnuc;sim

mplatetsim
ð3Þ

Nnuc;sim is the number of nuclides of a certain type that are

produced in the simulation, mplate is the total mass of the

plate, and tsim is the simulated time described above for

Eq. (2).

Owing to the computational complexity of the simula-

tion and the low radionuclide production rate in the target

materials, the statistical uncertainty is not optimal in this

simulation scenario. We apply an alternative approach to

verify and compare the results. Because neutrons are the

main source of the radioactive activation, and the sec-

ondary neutron flux from muon interactions is recorded in

the simulation, the radionuclide yield (Ynuc;cal) can be cal-

culated using Eq. (4).

Ynuc;cal ¼
X

tar

NAftar

Atar

Z
UnðEÞrtar;nucðEÞdE ð4Þ

UnðEÞ is the simulated neutron flux spectrum, rtar;nucðEÞ is

the total cross section of the target nuclides that generate

the radionuclides of interest, NA is Avogadro’s number, ftar

is the fraction of each nuclide in the target material, and

Atar is the atomic mass of the target nuclides. The cross

sections used in the calculation are obtained using semi-

empirical formulae and the ACTIVIA code [14], which is a

computer package that calculates target—product cross

sections using data tables.

Fig. 1 (Color online)

Photograph of the muon

measurement system installed in

CJPL-II

Fig. 2 (Color online) Model of the underground laboratory in the

simulation (lateral view)
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From the simulated or calculated yields (Y), the activity

(A) for an isotope with decay constant k after the copper or

germanium crystals are placed in the underground labora-

tory can be calculated for a specific exposure time (texp).

A ¼ Yð1 � e�ktexpÞ ð5Þ

3 Results

The results obtained after approximately 655 days of

continuous operation of the muon detection system are

listed in Table 1. The results from the two groups of

detectors were combined, and the obtained flux of cosmic

muons in CJPL-II was found to be

ð2:01 � 0:19Þ � 10�6 m�2s�1, or ð63:5 � 5:9Þ m�2year�1.

The system is still running to obtain more data and reduce

the statistical uncertainty.

According to a previous calculation [10], the average

energy of muons reaching the CJPL is 369 GeV. We used

GEANT4 to simulate 106 muons with that energy entering

the CJPL-II model and obtained the cosmogenic neutron

and proton flux spectra shown in Fig. 3. On the basis of the

measured muon flux of 2:01 � 10�6 m�2s�1, the total

fluxes of cosmogenic neutrons and protons are 6:53 �
10�7 m�2s�1 and 5:33 � 10�9 m�2s�1, respectively. Thus,

secondary neutrons dominate the incident particles

according to the cosmogenic activation calculation.

In comparison with the measured neutron background in

CJPL-I [15] (Fig. 4), the simulation result shows a neutron

flux five to six orders of magnitude lower than the total

neutron background, which suggests that cosmogenic

neutrons are not the major component of the neutron

background at an underground site at the depth of the CJPL

depth.

The simulated and calculated cosmogenic radionuclides

affecting copper and germanium production in CJPL-II are

listed in Tables 2 and 3, respectively. The yields at sea

level calculated by ACTIVIA [14] are also presented for

comparison. The yields from the simulation and calculation

Table 1 Measured muon flux in

CJPL-II
Group Muon events Time (s) Flux (m-2s-1) Statistical uncertainty (m-2s-1)

A 55 56,605,762 1.94 � 10�6 0.26 � 10�6

B 59 56,605,762 2.08 � 10�6 0.27 � 10�6

Average 2.01 � 10�6 0.19 � 10�6

Fig. 3 Simulated secondary particle spectra (left: neutrons, right: protons) of experimental hall

Fig. 4 (Color online) Comparison of the measured total neutron

spectrum and simulated cosmogenic neutron spectrum

123

50 Page 4 of 7 W.-H. Zeng et al.



for CJPL agree within an order of magnitude for most

nuclides, except for 65Zn in copper, and 63Ni and 68Ge in

germanium. The inconsistency may result from the dif-

ferences between the cross sections in ACTIVIA and the

physics models in GEANT4. For example, the cross section

for 65Zn activation in 65Cu at 100 MeV is 9.8 mb in

ACTIVIA, whereas the corresponding value is 0.7 mb in

our simulation. A comparison of the yields of cosmogenic

radionuclides at CJPL and sea level reveals that shielding

by Jinping mountain can reduce the radionuclide produc-

tion by six to eight orders of magnitude.

Using Eq. 5 and the calculated yields in Tables 2 and 3,

we calculated the radiation activities of cosmogenic

radionuclides in copper and germanium grown in the CJPL

after 30, 60, and 90 days. The results are presented in

Tables 4 and 5, respectively.

Table 2 Yields of cosmogenic

radionuclides in copper at

CJPL-II and sea level

Nuclide CJPL-II (simulation) Statistical uncertainty CJPL-II (calculation) Sea level (ACTIVIA)

Nuclide yields (kg�1day�1)

3H 1.04E-07 4.30E-09 4.13E-08 3.59E?01

56Co 1.53E-08 1.65E-09 1.71E-08 8.74E?00

57Co 8.68E-08 3.93E-09 6.84E-08 3.24E?01

58Co 7.72E-08 3.70E-09 1.26E-07 5.66E?01

60Co 8.87E-08 3.97E-09 6.60E-08 2.63E?01

59Fe 1.71E-08 1.74E-09 9.96E-09 4.24E?00

54Mn 2.22E-08 1.99E-09 2.35E-08 1.43E?01

46Sc 3.02E-09 7.33E-10 2.58E-09 3.13E?00

65Zn 4.80E-09 9.24E-10 1.18E-07 1.96E?01

Table 3 Yields of cosmogenic

radionuclides in germanium at

CJPL-II and sea level

Nuclide CJPL-II (simulation) Statistical uncertainty CJPL-II (calculation) Sea level (ACTIVIA)

Nuclide yields (kg�1day�1)

3H 7.52E-08 3.66E-09 3.68E-08 3.41E?01

56Co 3.37E-09 7.75E-10 1.38E-09 1.78E?00

57Co 6.93E-09 1.11E-09 5.18E-09 6.30E?00

58Co 6.40E-09 1.07E-09 6.68E-09 7.94E?00

60Co 3.20E--09 7.54E-10 2.46E-09 2.67E?00

55Fe 9.07E-09 1.27E-09 2.32E-09 3.25E?00

68Ge 2.47E-07 6.64E-09 2.20E-08 1.02E?01

54Mn 3.02E-09 7.33E-10 1.61E-09 2.53E?00

63Ni 1.11E-08 1.40E-09 1.73E-09 1.41E?00

65Zn 6.21E-08 3.32E-09 3.43E-08 1.93E?01

Table 4 Activities of cosmogenic radionuclides in copper after

exposure at CJPL-II

Nuclide 30 days 60 days 90 days

Activity (lBq kg�1)

3H 2.20E-09 4.40E-09 6.58E-09

56Co 4.67E-08 8.23E-08 1.10E-07

57Co 5.83E-08 1.12E-07 1.62E-07

58Co 3.72E-07 6.50E-07 8.57E-07

60Co 8.22E-09 1.63E-08 2.43E-08

59Fe 4.29E-08 6.97E-08 8.66E-08

54Mn 1.75E-08 3.39E-08 4.92E-08

46Sc 6.56E-09 1.17E-08 1.57E-08

65Zn 1.12E-07 2.13E-07 3.07E-07
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4 Conclusion

To evaluate the advantages of growing copper and

germanium in CJPL-II, we developed an estimation pro-

cedure based on experimental measurements, Monte Carlo

simulations, and theoretical calculations. A triple-coinci-

dence plastic scintillator detection system was used to

measure the muon flux at CJPL-II. In addition, the energy

of the muons was obtained from a previous simulation of

muons penetrating Jinping mountain. The fluxes of sec-

ondary particles from muons in the experimental hall, as

well as cosmogenic radionuclides in a simulated copper or

germanium plate located in the experimental hall, were

simulated using the GEANT4 toolkit. Additionally, the

yields calculated from the simulated neutron flux and

production cross sections were provided for validation.

The muon flux measurement indicates a significant

reduction in cosmic rays due to shielding by Jinping

mountain; the values are as low as ð63:5 � 5:9Þ m�2year�1.

Thus, the simulated fluxes of secondary particles from

muons are negligible compared to the measured back-

ground neutrons in the CJPL, which are attributed mainly

to environmental neutrons from the surrounding materials

such as rock and concrete.

The simulated and calculated production of cosmogenic

radionuclides in copper and germanium are in agreement.

As expected, the radionuclide yields are approximately six

to eight orders of magnitude lower than the yields at sea

level. Moreover, the activities of most radionuclides after

90 days of exposure are less than 10-6 l Bq kg-1. Our

results demonstrated that the cosmogenic radionuclide

background at the CJPL is negligible compared to other

potential background sources.

The estimation method developed in this work can be

adapted for different underground laboratories and mate-

rials to ensure that the cosmogenic radionuclides at the site

are negligible. In the future, the cosmic muons and envi-

ronmental neutrons should be measured in a broader

energy region. However, the development of radioassay

technology is essential for obtaining quantitative concen-

trations of cosmogenic radionuclides in crystals grown in

underground laboratories.
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