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A study on cosmogenic activation in germanium was carried out to evaluate the cosmogenic background level of natural and
0Ge depleted germanium detectors. The production rates of long-lived radionuclides were calculated with Geant4 and CRY.
Results were validated by comparing the simulated and experimental spectra of CDEX-1B detector. Based on the validated
codes, the cosmogenic background level was predicted for further tonne-scale CDEX experiment. The suppression of cosmogenic
background level could be achieved by underground germanium crystal growth and high-purity germanium detector fabrication to
reach the sensitivity requirement for direct detection of dark matter. With the low cosmogenic background, new physics channels,
such as solar neutrino research and neutrinoless double-beta decay experiments, were opened and the corresponding simulations

and evaluations were carried out.
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1 Introduction

For rare event experiments, such as direct detection of weakly
interacting massive particles (WIMPs) and search for neu-
trinoless double-beta (0v3B) decay, background level has
always been the focus of attention and the key point of
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experiments. High-purity germanium (HPGe) is a good tar-
get and detector that can be used in both experiments. Since
a lot of efforts have been devoted to suppress the background
of the HPGe detector system, including operating in deep
underground laboratories, carefully selecting low radioactive
materials, producing necessary parts underground, and build-
ing active and passive shields, the background level can be
typically decreased to about 1 count/(keV kg d) (cpkkd) for
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direct light dark matter detection at 2-4 keV energy range
[1,2] and about 107° cpkkd for 0v3B decay detection at Qgg
of 2039 keV in recent years [3-6]. In addition to primordial
radionuclides, cosmogenic radionuclides in crystals can con-
tribute crucial backgrounds. Reliable calculations are needed
to evaluate cosmogenic background and provide projections
on future tonne-scale HPGe experiments.

The China dark matter experiment (CDEX) collaboration
aiming at direct searches of low-mass WIMPs and stud-
ies of 0vBB decay of "°Ge is operating two 1 kg scale p-
type point-contact germanium (pPCGe) detectors (CDEX-
1A and CDEX-1B) and one 10 kg scale pPCGe detector
array (CDEX-10) at the China Jinping underground labora-

tory (CIPL) (7. 81 SRR ORNGUES
such as ®Ge, ®*Ga, *Zn have contributed clearly to the back-
round spectra of CDEX1-A and CDEX-1B detectors - 2 .

CDEX will proceed to a tonne-scale HPGe dark matter ex-
periment in the future. Cosmogenic background is an impor-
tant background for germanium experiments and needs to be
studied in advance. This article focuses on studies of cos-

mogenic activation in germanium crystals to design an entire
process for preparing germanium materials and detectors and
ensure that the level of cosmogenic background satisfies the
requirement of CDEX experiment. Sect. 2 presents the cal-
culation process of the production rates for cosmogenic ra-
dionuclides in germanium. Several long-lived isotopes are
emphatically considered in the next evaluations. The validity
of this calculation was confirmed by comparing the results to
data from CDEX-1B experiment in sect. 3. The procedure
of cosmogenic background control as well as the quantitative
estimations of the background level for both natural and "°Ge
depleted germanium detectors are established for CDEX dark
matter experiment in sect. 4. Based on the low background
level employed in the pPCGe detector, the potential for new
physics including solar neutrino detection and OvS decay de-
tection are discussed. Finally, summaries are given in sect. 5.

2 Cosmogenic activation in germanium

2.1 Evaluation tools

The cosmogenic production of radionuclides is a compound
process which involves a wide energy range of particles
in cosmic-ray showers and different kinds of interactions
with the composition of materials. Early works of Mei et
al. [13] evaluated the cosmogenic activation using TALYS,
ACTIVIA, and other tools [14, 15]. In the present work, the
evaluation was carried out with CRY [16] and Geant4 [17].
CRY library, version 1.7, was used to generate cosmic-ray
particle showers, including six kinds of particles (neutrons,
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protons, muons, gammas, electrons, and pions) at three dif-
ferent altitudes (0, 2100, and 11300 m). We concentrate on
the first four particles as the input of Geant4. Geant4 ver-
sion 4.10.02 with Shielding modular physics list was used
to simulate particle interactions. Shielding modular physics
list contains the best-guess selection of electromagnetic and
hadronic physics processes for high-energy or underground
detector simulation.

The production rate of a radioactive isotope i, R;, can be
described as follows:

k=N, f D(E)orij(EXE, ()
J

where N; is the number of stable target isotope j, @y is the
flux of cosmic-ray particle k, and o is the production cross
section of radioactive isotope i produced by cosmic-ray par-
ticle k on target isotope j. Figure 1 depicts the spectra of
neutrons, protons, muons, and gammas at Beijing sea level,
the integral fluxes are 2.200x 1073, 1.657x10~%, 1.182x 1072,
and 1.682 x 1072 cm~2 s~!, respectively. Neutron spectrum
covers from thermal neutrons to about 100 GeV neutrons,
while protons, muons, and gammas distribute from 1 MeV to
100 GeV.

2.2 Cosmogenic production rates of radionuclides

A 1 kg germanium crystal cylinder with a height of 62 mm
and a diameter of 62 mm was constructed at the center of an
air box in Geant4 code. For each kind of cosmic-ray particles,
primary incident particles with momentum direction were se-
lected randomly from the corresponding spectrum generated
by CRY library and used as the input of Geant4 simulation.
Secondary nuclides produced by every event were recorded,
and the number of each nuclide was counted after an entire
run. The cosmogenic production rate of each nuclide was cal-
culated by adding a weight of flux value to the number of this
nuclide, and the result was normalized to the unit of kg=! d~!.
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Figure 1 (Color online) Spectra of cosmic-ray neutrons, protons, muons,

and gammas at Beijing sea level.
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A total of 320 nuclides were counted which cover from "3Se
down to 2H.

Under cosmic-ray exposure, cosmogenic radionuclide in
germanium decays when being produced. The number of one
radionuclide N at time ¢ can be expressed by the following
formula:

dN

— =P - AN, 2
o @
where P refers to the production rate of this radionuclide, and
A refers to the decay constant. If Ny refers to the number of
the radionuclide when ¢ = 0, then we can rewrite eq. (2) as a

function of ¢ as follows:
p -t -t
N@) = z(l—e ) + Noe™. 3)

Except for ®Ge, other cosmogenic radionuclides could be
removed by zone refinement and crystallization; the number
of each nuclide is expected to start from a negligible level
(No =0). When time # lasts long enough, the production curve
of nuclide will reach saturation, i.e., the number of the ra-
dionuclide no longer increases; the saturated value can be de-
rived as P/A. The process takes about 4.3 half-lives to achieve
95% of the saturated value and 6.6 half-lives to decay to 1%.
Table 1 lists the major long-lived cosmogenic radionuclides
produced in natural germanium at Beijing sea level; the last
five columns are obtained from the Geant4 simulation. Note
that gamma contributes the same order of magnitude of pro-
duction rate as that of muon, and the value is higher than that
in % Ge case.

Table 1 Cosmogenic production rate in natural germanium at Beijing sea level
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Since the Earth’s magnetic field filters low-energy particles
of primary cosmic-ray, which mainly consists of galactic pro-
tons [18], the spectrum and flux of each cosmic-ray particle
in the atmosphere varies at different latitudes. Meanwhile,
cosmic-ray fluxes depend strongly on the altitude. Table 2
lists the cosmic-ray fluxes calculated by CRY in different ar-
eas at both sea level and 11300 m height; these areas include
the city of Zelenogorsk where isotopic separation can be car-
ried out, the city of Strasbourg where the detector manufac-
turer of CANBERRA France is located, and the city of Bei-
jing. Based on the table, the fluxes increase with increasing

latitude; the fluxes of neutron, proton, and gamma at 11300 m
are more than two orders of magnitude greater than that at sea

level, resulting in two orders of magnitude greater production
rate. Flight transportation must be avoided, and the exposure
time on the Earth’s surface should also be kept as short as
possible to avoid bringing extra cosmic activation in the de-
tector. Cosmogenic production rate was calculated case by
case in Table 3.

3 Validation of calculation codes by CDEX-1B
data

3.1 Exposure history of CDEX-1B

CDEX-1B detector is a pPCGe detector produced by CAN-
BERRA France in 2012. This detector was fabricated and
tested in Strasbourg before airlift to Beijing in November

Production rate (kg’1 dh

Radionuclide Half life Decay mode Daughter nuclide
Neutron Proton Muon Gamma Total
68Ge 270.9d EC 8Ga 73.30 5.41 0.31 4.03 83.05
657n 243.9d ECorB* %Cu 35.14 3.64 1.23 0.46 40.47
63Ni 1012y B Cu 4.05 0.54 0.12 0.08 4.79
STCo 271.7d EC STFe 3.55 1.07 0.03 0.03 4.68
%0Co 53y B orIT SONi 1.21 0.22 0.01 0.01 1.45
3Fe 27y EC 3Mn 3.01 1.05 0.04 0.05 4.15
54Mn 312.2d EC #Cr 0.67 0.24 0.01 0.02 0.94
Yy 330.0d EC Ty 0.90 0.49 0.02 0.02 1.42
’H 123y B 3He 18.33 4.82 0.33 0.20 23.68
Table 2 Cosmic-ray fluxes (cm™2 s~!) in different areas at both sea level and 11300 m height
Areas Krasnoyarsk (N 56°) Strasbourg (N 49°) Beijing (N 40°)

0 (m) 11300 (m) 0 (m) 11300 (m) 0 (m) 11300 (m)
Neutron 3.400 x 1073 1.969 2.982x 1073 1.415 2.200 x 1073 8.793 x 107!
Proton 2.169 x 1074 1.453 x 107! 2.043 x 107 1.044 x 107! 1.657 x 10~ 6.457 x 1072
Muon 1.191 x 1072 8.960 x 1072 1.191 x 1072 8.420 x 1072 1.182 x 1072 7.122 x 1072

Gamma 1.732x 1072 2.755 1.722 x 1072 2.534 1.682 x 1072 2.131
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Table 3 Comparison of cosmogenic production rate (kg~' d~') under the condition of different areas, altitudes, and isotopic constitutions in germanium
including natural and 0Ge depleted (86.6% of 76Ge, 13.1% of "Ge, 0.2% of 3Ge, and 0.1% of 72Ge) germanium

0Ge depleted Ge Natural Ge Natural Ge Natural Ge Natural Ge

Radionuclide Zelenogorsk Zelenogorsk Strasbourg Beijing Beijing

sea level sea level sea level sea level 11300 m

BGe 19.99 124.50 109.22 83.05 12503.79
957n 18.01 60.23 53.28 40.47 6366.21
O3Ni 6.23 6.98 6.15 479 951.56
57Co 2.81 6.55 5.96 4.68 1501.11
%0Co 1.86 1.90 1.85 1.45 400.37
3Fe 2.94 5.49 5.01 4.15 1521.25
S4Mn 0.96 1.18 1.10 0.94 411.57
AY 1.13 1.74 1.72 1.42 77437
H 22.76 32.72 30.27 23.68 8691.28

2013 and then transported to CJPL immediately. After 147 d
in underground laboratory, the entire experimental system
was established and data collection started in March 2014.
Two groups of data in the early time were used for cosmo-
genic activation analysis, and details are listed in Table 4. The
number of each nuclide, except for 58Ge, is expected to reach
a negligible level after the zone refinement for the CDEX-
1B case. If P, represents the production rate during detector
fabrication with a time of #7, P, represents that during trans-
portation from Strasbourg to CJPL with a time of ¢, and 2
refers to the decay constant, then the number of radionuclide
per unit mass N after ¢y + f; is determined by

P P
N= 71(1 —e My 4 72(1 —e, 4)

Given the low cosmic flux in CJPL, which is (2.0 + 0.4) x
107'% ¢cm=2 s~! for muon [19], cosmogenic activation in CJPL
is considered negligible. After a cooling time of #. in under-
ground laboratory, the number of radionuclide changes to

P P
N= 7‘(1 R G 72(1 0 (5)

The production rate at sea level of Strasbourg can be used
as P;. An average transport time 7, of 10 h was assumed with
the production rate P, at Beijing 11300 m height. ¢, is listed
in the second column in Table 4. The only unknown param-
eter is the time period of detector fabrication 7 when the de-
tector was under cosmic-ray exposure on the Earth’s surface.
Therefore, data set 1 was used to derive 7, and data set 2 was
used to verify this deduction.

Table 4  Time information of CDEX-1B data. Cooling time was
counted from the day the detector was transported into the underground
laboratory

Data  Cooling Runtime  Live time
set  time (d) Date () )
1 147 20140327-20140520 55 51.3
2 331 20140927-20141108 42 404

3.2 Data analysis and spectra comparison

As a p-type germanium detector, CDEX-1B contains an
inactive n* layer on the germanium crystal surface.
Signals originated in this layer result in partial charge col-
lection and characteristic slow pulses, which are regarded as
surface events; meanwhile, signals originated in the inter-
nal active volume with full charge collection and fast pulses
are regarded as bulk events [20-22]. Only bulk events can
contribute to the characteristic X-ray peak of cosmogenic ra-
dionuclides; as such, the bulk spectrum was used in cosmo-
genic activation analysis. Figure 2 shows the distribution of
rise time 7 which is defined as the time between 5% and 95%
of the pulse height of the signal from pPCGe detector. A 7-
cut at 0.8 us was set to discriminate bulk and surface events.

Two main K-shell X-ray peaks of 8.98 and 10.37 keV from
957n and %®Ge respectively, were compared through simula-
tion to derive the time of #;. The peaks were fitted by Gaus-
sian functions plus a first-order polynomial. With the param-
eters obtained from the fitting result, peak count can be cal-
culated by

A = \2noH/W, (6)
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Figure 2 (Color online) Rise time distribution of events from the back-

ground spectrum of the CDEX-1B detector. The lower band refers to the
bulk event with fast rise time, and the upper band refers to the surface events
with relatively slow and dispersive rise time.
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where A refers to the peak count, o refers to the sigma of the
fitted Gaussian function, H refers to the peak height, and W
refers to the energy bin size. By comparing the peak count
between measurement and simulation, the value of 77 was de-
rived as 270 d, which means that the process of detector fab-
rication without cosmogenic control corresponds to an expo-
sure time of a few hundred days.

Figure 3 depicts the comparison between simulated spec-
tra based on the calculation above and the measured data. A
flat background caused by high-energy gammas was assumed
and fitted within the energy range of 4 to 12 keV. Peaks from
other radionuclides, except 3Zn and %®Ge, are used for tests.
Given that the half-life of ®®Ga is only 67.7 min, the K-shell
X-ray peak of ®®Ga nuclide in the spectrum originates from
%8Ge electron capture decay. The resolution function used in
simulation spectra is

o(keV) = 0.0132 yE(keV) + 0.0335. @)

As shown in Figure 3 and Table 5, several main K-shell
X-ray peaks on the spectrum from 9V, 55Fe, %Zn, Ga, and
%8Ge consist of data within statistical uncertainty. The calcu-
lation of *H might be less accurate because of lack of char-
acteristic X-ray for comparison. Considering the production
rate of 3H calculated in refs. [13, 14, 23, 24], these results
differ from one another by a factor of two. Figure 3 shows
that the background level of *H is about 10~! cpkkd for com-
mercial natural germanium detector. From this comparison,
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Figure 3 (Color online) Spectra comparison between simulation and mea-
surement of data set 1 (a) and data set 2 (b). Data are shown as blue dots
with statistical uncertainties. Spectrum from each nuclide is shown in differ-
ent colors, and the sum of all spectra is shown as red lines.
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Table 5 Comparison between calculation and the fit result of experimental
peak count of data set, 1 with ty = 270 d, t, = 10 h, t. = 147 d, and run time
of 55d

Radionuclide Measured X-ray Measured Simulated
energy (keV) peak count peak count
8Ge 10.38+0.01 1919.4+68.8 1918.7
8Ga 9.68+0.01 190.8+23.9 203.3
57n 8.95+0.01 685.8+38.7 689.4
36.5758Co 7.14+0.02 21.4+17.2 222
35Fe 6.50+0.02 44.1+16.9 55.4
Oy 4.95+0.02 52.3+19.6 46.5

the simulation procedure setup to calculate the cosmogenic
background in CDEX-1B was validated. The production
rates of radionuclides derived from this simulation method
were further used to evaluate the cosmogenic background
level for future experiments.

4 Cosmogenic background in the future tonne-
scale CDEX experiment

In the future tonne-scale CDEX experiment, the HPGe detec-
tor array will be immersed in a large liquid nitrogen shielding
system to reduce the background level. When the external
background from both the environment and materials are ex-
pected to reach a quite low level, the cosmogenic background
from the internal germanium crystal will be highlighted.

4.1 Controlled germanium processing and detector fab-

rication
4.1.1 Natural germanium

The main process in the time flow of natural germanium de-
tector before finally storing at CJPL is summarized in Table 6.
Without special treatment or protection, the number of each
cosmogenic radionuclide in natural germanium is expected to
reach saturation. During detector fabrication, radionuclides,
except for %Ge, can be removed effectively by zone refine-
ment and crystallization. A total working time of 1 month
with 8 h per day is assumed, and the detector can be stored in
a shallow underground laboratory for the rest of the time. The
activation occurs while germanium crystal is above ground.
If the detector is fabricated in the United States of America,
then a one-way transport time of at least 1 month is needed.
During transportation, properly designed shields can reduce
the cosmogenic activation by a factor of 10 according to the
calculations by Barabanov et al. [25,26].

The background can be further reduced by moving the
complete detector fabrication process to underground labo-
ratory. Natural germanium material can be directly trans-
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ported to CJPL. Thus, only two cosmogenic radionuclides,
namely, ®*Ge and its daughter nuclide ®®Ga, are left to be
considered. ®®Ge is mainly produced by cosmic-ray on stable
isotope "°Ge.

4.1.2 °Ge depleted germanium

The authors took the isotopic separation carried out in elec-
trochemical plant (ECP) in Zelenogorsk, Russia as an exam-
ple. A summary of all the steps in the procedure are shown
in Table 7. Germanium is depleted in the form of stable
GeF, gas and then converted to GeO, powder for storage af-
ter achieving the required isotope abundance. The cosmo-
genic activation starts right after the GeF, gas leaves the cen-
trifuge [27]. Separation for 40 d is assumed for producing
a batch of GeO, powder, and the activation is effectively re-
duced when stored under shield. Ground transportation of
15 d is needed from Zelenogorsk to CJPL, where GeO, is
deoxidized into metal. The subsequent process for detector
fabrication is the same as that described in sect. 4.1.1, that
is, 1 month for transport of 7°Ge depleted germanium metal
from CJPL to U.S. company, 1 month for detector fabrica-
tion in the U.S., and 1 month for detector transportation from
U.S. company to CJPL. The cosmogenic activation in under-
ground laboratory is considered to reach a negligible level,
and all transportations are under shield with the reduction of
activation by a factor of 10.

Compared with natural germanium, the amounts of **Ge
and %®Ga in °Ge depleted germanium material can be ef-
fectively suppressed. If the process of crystal growth and
detector fabrication can be carried out in underground lab-
oratory, then only the first three rows in Table 7 need to be
considered. Quantitative analysis of cosmogenic background
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in natural and "°Ge depleted germanium will be discussed in
the following sections.

4.2 Cosmogenic background of HPGe detectors for dark

matter detection
4.2.1 Natural germanium

Based on the process described in sect. 4.1.1, the cosmogenic
background in the dark matter detection region of interest
with 3 y of cooling time at CJPL is shown in Figure 4. The
continuous 5~ spectrum of *H with an end point of 18.6 keV
dominates the background at 2-4 keV range, which is about
3x1073 cpkkd. Since the number of *®Ge in natural germa-
nium is expected to reach saturation, the L-shell and M-shell
X-ray of ®®Ge and ®*Ga mainly contribute the background
around and below 1 keV, which is three orders of magnitude
higher than the continuous background.

With 3 y cooling at CJPL, changing the time of detector
fabrication from half month to 2 months only brings a differ-
ence of two to three times within 2-4 keV range, as shown in
Figure 5(a). Due to the half-life of 12.3 y, the contribution of
3H does not change substantially even when the cooling time
is extended to 9 y. However, with a shorter half-life, the char-
acteristic X-ray peaks from other radionuclides around 1 keV
are significantly decayed by about two orders of magnitude,
as shown in Figure 5(b).

When the background level reduces to below 1072 cpkkd
and the characteristic X-ray peaks are still 1 cpkkd, the error
induced by peak subtraction would be huge. In addition to
extending the underground cooling time, depletion of 7°Ge
can help reduce this error and further provide stricter restric-
tions on direct dark matter detection around and below 1 keV.

Table 6 Controlled process of natural germanium detector before moving to CJPL

Shielding condition

Comments

Event Event duration
Prepare natural Ge and transport to U.S. flexible
Detector fabrication 1 month
Ship and ground transport to CJPL 1 month

no shielding

temporary underground storage

shielding container

saturation for all radionuclides

start to calculate the cosmogenic yield of each ra-
dionuclide except for 8Ge

reduce cosmogenic activation by a factor of 10

Table 7 Controlled process of "°Ge depleted germanium detector before moving to CJPL

Event Event duration

Shielding condition

Comments

70Ge depletion in the form of GeF4 gas 40d

Storage of GeO, powder 1 month
Ground transport of GeO; to CJPL 15d
Convert GeO; to Ge metal flexible
Transport Ge metal to U.S. 1 month
Detector fabrication 1 month
Ship and ground transport to CJPL 1 month

no shielding

underground or under shield
shielding container
underground

shielding container

temporary underground storage

shielding container

start to calculate the cosmogenic yield of ®3Ge
wait for transportation

reduce cosmogenic activation by a factor of 10
consmogenic activation in CJPL can be negligible
reduce cosmogenic activation by a factor of 10

start to calculate the cosmogenic yield of each ra-
dionuclide except for 8Ge

reduce cosmogenic activation by a factor of 10
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As the main contributor of characteristic X-ray peaks, %Ge
can be effectively reduced by "°Ge depletion, as shown in
Figure 6 which contains the total cross section of ®Ge pro-
duction by neutron and proton on the stable isotopes of ger-
manium from TENDL-2015 data library.

4.2.2 °Ge depleted germanium

The simulation was carried out on "°Ge depleted germanium
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Figure 4 (Color online) Cosmogenic background spectra at the range of
interest in natural germanium with 3 y of cooling time. Lines in different col-
ors refer to the spectra of different radionuclides. The exposure time includes
1 month of detector fabrication and 1 month of transportation.
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Figure 5 (Color online) The background level variations with different de-
tector fabrication times with 3 y cooling (a) and different cooling times with
1 month exposure (b).

102
= P
o
£
E E 0
= c
o o
5 =
Q 5]
@ $ 100
@ SR e
4 ‘Gefromn+"Ge| ) —=—"Gefrom p+"Ge
6 ' —&—Gefrom n+"Ge E ~—&—"Gefrom p+"Ge
107" “Gotromnice| © 1071 “Gefrom p+"Ge
—v—"Gefromn+"'Ge —v—"Gefrom p+"Ge
*Gefrom n+"Ge *Gefrom p+"Ge
102 107

10?
Energy (keV)

102
Energy (keV)

Figure 6 (Color online) Total cross section of 8 Ge production by neutron
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(86.6% of °Ge, 13.1% of *Ge, 0.2% of *Ge, and 0.1% of
2Ge) according to the process described in sect. 4.1.2, the
background level with different cooling times are shown in
Figure 7. Compared with Figure 5(b), the intensity of char-
acteristic X-ray peaks generated by **Ge and ®Ga are sig-
nificantly reduced by more than one order of magnitude with
the same cooling time. However, *H 8~ decay contributes the
same level of background within the 2-4 keV range whether
deplete "°Ge or not. This same level of contribution can be
understood from the total cross section of *H production on
stable Ge isotopes shown in Figure 8, with little difference
between isotopes.

4.2.3 Underground crystal growth and detector fabrication

With underground crystal growth and detector fabrication, the
background could be decreased to quite a low level within
a reasonable cooling time of 3 y. The cosmogenic spec-
tra of natural and "°Ge depleted germanium are shown in
Figure 9(a) and (b), respectively. For natural germanium,
the amount of ®Ge is calculated with saturation number; for
70Ge depleted germanium, the amount of ®Ge is calculated
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Figure 7 (Color online) Cosmogenic background spectra at low-energy

range in "°Ge depleted germanium with different cooling times. The expo-
sure time includes 40 d of 7°Ge depletion, 1 month of detector fabrication,
and 2.5 months of transportation in total.
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Figure 9 (Color online) Background level of natural (a) and "°Ge depleted
(b) germanium with underground crystal growth and detector fabrication.

based on the exposure time of 40 d of depletion plus 15 d of
transportation.

Except for 68Ge and 3 Ga, the contribution of >H and other
radionuclides could dramatically decrease to negligible level.
The continuous spectrum at 2-4 keV can even reduce to less
than 1073 cpkkd in "°Ge depleted germanium. At the same
time, the characteristic X-ray peaks are reduced by more than
one order of magnitude. With such a low background level
employed in the pPCGe detector, it provides us the oppor-
tunity to further decrease the background level and improve
the detection sensitivity to touch the solar neutrino floor for
CDEX tonne-scale dark matter experiment. The ultra-low
background level in the low-energy region (0-20 keV) and
high-energy region ( ~ 2 MeV) also provides us the potential
for opening new physical windows, including solar neutrino
and OvBB decay detection.

4.3 Potential for new physics

4.3.1 Solar neutrino detection

The first observation of coherent elastic neutrino-nucleus
scattering has been reported by the COHERENT collabora-
tion [28] with spallation neutron source. Indistinguishable
signals between the spin-independent WIMP-nucleus scat-
tering and neutrino-nucleus coherent scattering from the so-
lar, atmospheric, and interstellar neutrinos restrict the direct
searches of WIMPs and in the meantime, provide new oppor-
tunities to study neutrino properties. Figure 10(a) depicts the
neutrino floor for germanium detectors as a function of vis-
ible ionization energy [29]. A threshold of 200 eV with the
background level of 2x10~3 cpkkd for an ionization germa-
nium detector reaches the neutrino floor inevitably. A next
generation of a tonne-scale germanium detector array has
potential to detect neutrino-induced events. The predicted
events with the exposure of one ton-year have been demon-
strated in Figure 10(b).
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Figure 10 (Color online) (a) The neutrino floor for germanium crystals as
a function of recoil energy; (b) the predicted neutrino-induced events with
one ton-year exposure.

4.3.2 0vBB decay detection

Several experiments aiming at OvSS3 decay detection were
conducted with the enriched germanium detector. GERDA
achieved the background level of 1.9*39 x 107 cpkkd with
an energy resolution (full width half maximum, FWHM) of
3 keV at Qpg of 2039 keV [3]; Majorana demonstrator has
achieved the background level of 4.9*37 x 107° cpkkd with
an energy resolution (FWHM) of 2.4 keV at Qg [2]. The
cosmogenic background in the OySg decay region of interest
comes from ®°Co 8~ decay and *Ga 8+ decay.

The main advantage of point-contact germanium detectors
is the good capability of pulse shape discrimination; that is,
we can further reduce the background level by identifying
and removing multi-site events [30]. A simulation on multi-
site events in germanium crystal was carried out with Geant4.
The dominate decay mode of both ©°Co and ®3Ga are 8 decay,
followed by de-excitation gamma rays. The energy deposi-
tion around nuclide within and out of 1 cm was recorded,
and the multi-site events defined in simulation are the events
when energy is deposited in both regions. Figure 11 depicts
the total and multi-site events spectra of ®°Co and ®3Ga. In the
0vBp decay region of interest, the ratios of multi-site events
are more than 90% and 70% respectively.

Based on isotope separation and detector fabrication
above ground described in sect. 4.1.2 and the assumption
that multi-site events can be efficiently removed, the esti-
mated background is about 107 cpkkd with 6 y cooling,
as shown in Figure 12. However, this still cannot meet
the background requirement of future tonne-scale experi-
ment, such as LEGEND-1000 with a goal of less than 0.1
count FWHM™! ton™' y~! (around 1077 cpkkd) [31]; hence,
underground crystal growth and detector fabrication are prob-
ably inevitable.

Considering underground germanium crystal growth and
HPGe detector fabrication to dramatically shorten the expo-
sure time, we evaluated the background level with an assump-
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tion of 40 d of isotope separation above ground. The back-
ground level in 7°Ge depleted germanium is displayed in the
“exposure time-cooling time” space, as shown in Figure 13.
The exposure time spreads from O (ideal situation with
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Figure 11  (Color online) Spectra of ®°Co (a) and %Ga (b) in germanium
crystal. The total spectra are shown as red lines, and multi-site spectra are
shown as light blue lines. In the OvSB decay region of interest, the ratios of
multi-site events are more than 90% and 70% respectively.
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Figure 12 (Color online) Cosmogenic background level in 7°Ge depleted

germanium with 6 y cooling and the suppression index of 0.1 on °Co and
0.3 on %8Ga in the 0v38 decay region of interest.
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Figure 13 (Color online) The background level distribution in 7°Ge de-

pleted germanium detector at 2039 keV with the suppression index of 0.1 on
60Co and 0.3 on %8Ga for 0vA8 decay detection.

underground crystal growth) to 250 d (general case for com-
mercial detector without special treatment), and the cooling
time spreads from O to 10 y. The suppression indices of 0.1

n %°Co and 0.3 on %Ga were used in the region of inter-
est. Thus, the background level can be less than 10~7 cpkkd
as cooling time extends. Several selected examples of back-
ground level are marked out in black lines.

5 Summary

The cosmogenic activation in germanium was evaluated
based on codes developed with Geant4 and CRY. The produc-
tion rates of several long-lived radionuclides were calculated
and validated by CDEX-1B experimental data. The cosmo-
genic background levels in both natural and "°Ge depleted
germanium were predicted for future tonne-scale CDEX ex-
periment; the levels are in the order of 10~ cpkkd at low-
energy range and in the order of 10~7 cpkkd around 2 MeV
under the reasonable assumption of exposure time above
ground and cooling time at CJPL. For direct dark matter de-
tection, the background at low-energy range is dominated by
the continuous 8~ spectrum of *H and the characteristic X-
ray peaks mainly from %Ge and %*Ga. Long cooling time at
underground laboratory is inefficient to reduce the total back-
ground level, unless the complete detector fabrication is car-
ried out underground to suppress the production of *H. Thus,
crystal growth and detector fabrication underground is prob-
ably the inevitable course for future tonne-scale CDEX dark
matter experiment. With low background and low threshold,
it also provides potential for tonne-scale germanium detec-
tor array to detect solar neutrino and OvB8 decay. For OvSS
decay detection, the continuous spectrum of *°Co 8~ decay
and ®Ga 8* decay contribute the background in the region
of interest of 2039 keV. Long cooling time at underground
laboratory is one way to reduce the background level; simi-
larly, some of the detectors used in GERDA experiment have
already been underground for more than 10 y. Underground
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crystal growth and detector fabrication is more effective and
necessary to reduce the cosmogenic background with a rea-
sonable cooling time.
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