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Ab stract: GEANT4 soft ware pack age was used for cal cu la tion of pro duc tion rates of cosmogenic
radionuclides in HPGe de tec tor op er at ing in Modane un der ground lab o ra tory. Pro duc tion rates of
sev eral cosmogenic radionuclides pro duced by in ter ac tions of neu trons with Ge crys tal ( 3H, 54Mn, 57Co, 
65Zn, 68Ge), with cop per ( 46Sc, 54Mn, 56Co, 57Co, 58Co, 59Fe) and with Al+Si al loy ( 22Na, 26Al) were
cal cu lated. It has been found that cosmogenic radionuclides may con trib ute sig nif i cantly to HPGe
spec trom e ters back ground dur ing first years of their op er a tion un der ground.
Keywords: Monte-Carlo sim u la tion, GEANT4, HPGe de tec tor, un der ground lab o ra tory, cosmogenic
radionuclides, back ground.

1. In tro duc tion

Ex per i ments de signed to ob serve rare nu clear pro cesses re quire de tec tors with high ef fi -
ciency, good en ergy res o lu tion and low back ground [1�5]. These con di tions are met by Ge
de tec tors with large ef fec tive vol umes as their de tec tion lim its mainly de pend on the de tec -
tor ef fi ciency, res o lu tion and back ground. The typ i cal ex tremely rare nu clear events
included neutrinoless dou ble beta-de cay and search ers for dark mat ter (DM). The
neutrinoless dou ble beta-de cay en ergy scale is given by en ergy of beta-par ti cles (<3 MeV), 
with ex pected half-life of this pro cess >1025 yr. On the other hand, the ob ser va tion of DM
can di date par ti cles is fo cused on elas tic scat ter ing (nu clear re coil) of DM par ti cles with nu -
clei in a de tec tor. The en ergy scale of in ter est is lower than 100 keV, and less than 1 event
per day is ex pected [4].  The gamma-ray back ground of HPGe de tec tors is in duced by cos -
mic rays, by con tam i na tion of con struc tion ma te ri als (de tec tors, shields, lab o ra tory walls)
with pri mor dial ( 40K, 232Th, 238U) and anthropogenic ( 60Co, 137Cs) radionuclides and by ra -
don in the air and its de cay prod ucts [5]. Cos mic rays at sea level con sist of soft com po nent
(pho tons, elec trons and pos i trons), nu cle onic com po nent (pro tons and neu trons) and hard
com po nent (muons). The elim i na tion of the back ground in duced by soft and nu cle onic
com po nents can be ar ranged by shields made from high Z ma te rial (lead, steel, cop per).
Low Z ma te ri als (poly eth yl ene, par af fin) with bo ron or lith ium are used for slow ing down
and ab sorp tion of neu trons. Re duc tion of muon-in duced back ground is, how ever, only
pos si ble by plac ing the de tec tors deep un der ground, or par tially, by ap ply ing muon-veto
de tec tors [6�9]. As in deep un der ground lab o ra to ries the muon flux is very low (by about
five-six or ders of mag ni tude lower than at the sur face) [2, 4, 10], the con tri bu tion of
radionuclide con tam i na tion from con struc tion ma te ri als is the dom i nant back ground com -
po nent, higher by about two to three or ders of mag ni tude than the back ground in duced by
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cos mic rays [6, 10]. Monte-Carlo sim u la tions of HPGe de tec tors back ground were car ried
out in the past with the aim to de ter mine the back ground com po nents and to find ways how
to de crease con tri bu tions from cos mic rays and the ra dio-con tam i na tion of ma te ri als
[6�10]. The de vel oped Monte Carlo mod els did not in clude, how ever, con tri bu tions to the
de tec tors back ground from cosmogenic radionuclides pro duced by in ter ac tions of cos -
mic-ray par ti cles with HPGe de tec tor com po nents and its shield. The con struc tion com po -
nents of HPGe de tec tors are ir ra di ated by cos mic rays dur ing pro duc tion and stor age of
con struc tion ma te ri als, dur ing the de tec tor pro duc tion and its trans por ta tion to an un der -
ground lab o ra tory. The pro duc tion of cosmogenic radionuclides is stopped once the de tec -
tor is in stalled in a deep un der ground lab o ra tory. The short-lived cosmogenic ra dio-
nuclides con trib ute to the de tec tor back ground mainly dur ing the first year of its op er a tion
in an un der ground lab o ra tory [10�12]. The aim of this pa per has been to quan tify pro duc -
tion rates of cosmogenic radionuclides and their con tri bu tions to the HPGe de tec tor back -
ground us ing Monte Carlo sim u la tions.

2. Monte-Carlo model

All sim u la tions were car ried out by GEANT4 toolkit de vel oped at CERN [13]. For ra -

dio ac tive de cay of nu clei with emis sion of a, b+ or b� par ti cles, the Ra dio ac tive De cay
Mod ule (G4RadioactiveDecay) was used. The nu clear de-ex ci ta tion of the ex cited daugh -
ter prod uct was sim u lated us ing G4PhotoEvaporation class. The mod ule is em pir i cal, and
it uses data from Eval u ated Nu clear Struc ture Data File (ENSDF) [13, 14]. The po si tion of 
ra dio ac tive de cays was sim u lated in var i ous parts of the HPGe de tec tor as shown in Fig. 1.
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Fig. 1. Model of the HPGe de tec tor used in GEANT4 sim u la tions.



The production rate of the cosmogenic nuclide j at the Earth surface D is given as 
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ijk

(E
k
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in ear lier cal cu la tions [16]. The solid Earth was con sid ered as a sphere with a ra dius of

6378 km with a sur face den sity of 2 g×cm�3, and an av er age chem i cal com po si tion. The
Earth�s at mo sphere was mod eled as a spher i cal shell with a thick ness of 100 km. The at mo -
spheric den sity and tem per a ture were ap prox i mated by the U.S. Stan dard At mo sphere,
1976, model [17]. The pri mary cos mic ray flux at the Earth�s or bit has two com po nents:
ga lac tic (GCR) and so lar (SCR). The GCR par ti cles are a mix ture of ~87% pro tons, ~12%
al pha par ti cles and ~1% of heavier nu clei with atomic num bers from 3 to ~90 [18]. The ap -
prox i ma tion [19] for pri mary ga lac tic cos mic ray spec tra have been used in the cal cu la -
tions. In the sim u la tions within the Earth�s mag netic field, al pha par ti cles have to be treated 
sep a rately. This is due to the dif fer ent geo mag netic ef fects on pri mary pro tons and al pha
par ti cles. From the fit ting of lu nar ex per i men tal data [20], the ef fec tive flux of pro tons in -
clud ing the con tri bu tion of al pha par ti cles with en er gies above 10 MeV at 1 A.U. was de -

ter mined to be 4.56 nu cle ons×cm�2×s�1. So lar cos mic rays have rel a tively low en er gies,
there fore their con tri bu tion to the pro duc tion is not con sid ered in these sim u la tions. Tech -
ni cal de tails of the codes, used cross sec tions and their application to the cosmogenic nu -
clide pro duc tion rate cal cu la tions are given in [16, 21], where con tri bu tions to un cer tain ties
of these cal cu la tions are also dis cussed. Sta tis ti cal un cer tain ties of the sim u la tions were
about 5%, while the sys tem atic ones were of the or der of 10%.

3. Re sults and dis cus sion

The Monte Carlo sim u la tions were fo cused on the Obelix HPGe de tec tor which is op -
er at ing in the Laboratoire Souterrain de Modane, LSM (France) at the depth of 4800 m
w.e. (wa ter equiv a lent) [22, 10]. It is p-type co ax ial de tec tor with di am e ter of 93.5 mm
and length of 89.6 mm. The use ful vol ume is 600 cm3 and the rel a tive de tec tor ef fi ciency
is 162%. The res o lu tion of the de tec tor is 1.12 keV at 122 keV, and 1.98 keV at 1332 keV.
The cryostat and the de tec tor holder are made from Al-4%Si al loy; the thick ness of en -
trance win dow is 1.6 mm. The ox y gen free high con duc tiv ity cop per was used for pro duc -
tion of the cold fin ger. The in ner shield (thick ness of 12 cm) of the HPGe de tec tor was
made from Ro man ar che o log i cal lead. The outer shield (thick ness of 20 cm) was made
from low ac tiv ity lead [10, 22]. The pro duc tion of cosmogenic radionuclides was sim u -
lated in the Al-Si cryostat, Al-Si de tec tor holder, Ge crys tal and in the Cu cold fin ger.
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3.1. Monte Carlo cal cu la tions of pro duc tion rates of cosmogenic 
       radionuclides in the cryostat and de tec tor holder

The total production rates [atom/g-element/year] for high latitudes and sea level are
given for two radionuclides of highest interest as:

 

22Na = 102[Na] + 175.1[Mg] + 62.4[Al] + 41.7[Si] + 1.8[Ca] + 0.187[Fe]

26Al = 0.20[Mg] + 195.52[Al] + 73.52[Si] + 0.26[Fe].
 

The tar get-el e ment con cen tra tions are given in weight frac tions. The cal cu lated pro duc tion 
rates of cosmogenic radionuclides for Al-4%Si al loy are listed in Ta ble 1. The mea sured
26Al ac tiv ity in the HPGe de tec tor (0.38±0.19 µBq×kg�1) cor re sponds to about 60 y of ex po -
sure to cos mic rays at sea level. The 22Na ac tiv ity of the de tec tor has been sat u rated at

1000 µBq×kg�1.

Ta ble 1. Pro duc tion of 22Na and 26Al in the cryostat and the de tec tor holder.

Radionuclide Half-life (y)
Pro duc tion rate

[atom×kg�1×day�1]

Mea sured ac tiv ity

[µBq×kg�1]

26Al 7.17´105 530 0.38±0.19*

22Na 2.60 170 1000$

    *Mea sured in [28]

    $Cal cu lated in this work

3.2. Pro duc tion of cosmogenic radionuclides in cop per

Cop per is very of ten used in low back ground ex per i ments as a part of the HPGe de tec -
tor or as a shield ing, and sev eral pa pers have al ready been deal ing with cal cu la tion of pro -
duc tion rates of cosmogenic radionuclides in cop per [23�25]. The ac tiv ity of a cosmo-
genic radionuclide in cop per or an other con struc tion ma te rial af ter its ex po sure to cos mic
rays may be cal cu lated as
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where texp is the ex po sure time, P is the pro duc tion rate and T1/2 is the half-life of the

radionuclide. Ta ble 2 lists the most rel e vant cosmogenic radionuclides (22Na, 46Sc, 54Mn,
59Fe, 56Co, 57Co, 58Co, 60Co, 65Zn) which are pro duced in cop per. The sat u ra tion in ac tiv ity
is reached af ter about three half-lives af ter the ex po sure.

3.3. Pro duc tion of cosmogenic radionuclides in germanium

Many experiments searching for rare nuclear events have used germanium crystals as the
detector, therefore the activation of natural and enriched germanium has been object of
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many studies [23, 26, 27]. The production rate and calculated activity after exposure is
shown in Table 3.

Table 2. Production of cosmogenic radionuclides in copper.

Radionuclide Half-life
Pro duc tion rate [24]

[atom kg�1×day�1]

Mea sured ac tiv ity [24]

[µBq×kg�1]

46Sc 83.787 d 2.67 27 9
11

-
+

54Mn 312.19 d 15 154 34
35

-
+

59Fe 44.494 d 4.6 47 14
16

-
+

56Co 77.236 d 11 108 16
14

-
+

57Co 271.82 d 51 519 95
100

-
+

58Co 70.85 d 79 798 58
62

-
+

60Co 5.2711 y 94 340 68
82

-
+

65Zn 244.3 d 2.04* 20$

22Na 2.60 y 0.014* 0.14$

                  *
Cal cu lated in [25]

              $Cal cu lated in this work

Table 3. Production of cosmogenic radionuclides in germanium.

Radionuclides Half-life
Pro duc tion rate [27]

[atom kg�1×day�1]

Cal cu lated ac tiv ity 

[µBq×kg�1]
54Mn 312.3 d 5.2 50

3H 12.3 y 48 490
65Zn 244.3 d 63 640
57Co 271.8 d 7.6 80

68Ge + 68Ga 270 d 60 610

3.4. Com par i son of cal cu lated and mea sured gamma-spec tra

A com par i son of sim u lated and mea sured HPGe back ground gamma- spec tra is
shown in Fig. 2. The Monte Carlo spec trum in the en ergy re gion of 40�1200 keV is in rea -
son able agree ment with the ex per i men tal one, ex cept for the en er gies be low 200 keV,
which may be as so ci ated with un der es ti ma tion of con tri bu tions from brems strah lung, for -
ma tion of delta-elec trons and pro duc tion of Pb X-rays. The cal cu lated peaks of
cosmogenic radionuclides (57Co, 65Zn) in the gamma-spec trum are within a fac tor of two
com pa ra ble with the mea sured ones. The sim u lated high-en ergy part of the gamma-spec -
trum (1200�3000 keV, Fig. 2) gen er ally fol lows the mea sured spec trum. The sim u lated
cosmogenic 22Na and 26Al peaks agree within a fac tor of two and four, re spec tively, with
the mea sured ones.
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3.5. Decay of cosmogenic radionuclides during operation 
       of HPGe detector in underground laboratory

The de cay rates of cosmogenic radionuclides with time af ter op er a tion of HPGe de tec -
tor in un der ground lab o ra tory have been ob served.  The to tal num ber of counts de creased

from 150 kg�1×day�1 for the en ergy in ter val of 40�3000 keV mea sured af ter 10 months of

op er a tion un der ground [10], to  85 kg�1×day�1 mea sured af ter 40 months [28] of the in stal -
la tion of the de tec tor in the un der ground lab o ra tory.

98                    R. BREIER, J. MASARIK, V. PALU�OVÁ, P. P. POVINEC

Fig. 2. Com par i son of Monte Carlo sim u lated and mea sured back ground gamma-spec tra ten months af -
ter in stal la tion of the HPGe de tec tor in the Modane un der ground lab o ra tory (count ing time was 34 days).



4. Con clu sions 

A back ground sim u la tion model based on GEANT4 soft ware pack age was used for
cal cu la tion of pro duc tion rates of cosmogenic radionuclides in HPGe de tec tor op er at ing
in Modane un der ground lab o ra tory (France). Pro duc tion rates of sev eral cosmogenic
radionuclides pro duced by in ter ac tions of neu trons with Ge crys tal (3H, 54Mn, 57Co, 65Zn,
68Ge), with cop per (46Sc, 54Mn, 56Co, 57Co, 58Co, 59Fe) and with Al+Si al loy (22Na, 26Al)
were cal cu lated. The short-lived cosmogenic radionuclides con trib ute to the de tec tor
back ground mainly dur ing the first year of its op er a tion in an un der ground lab o ra tory.
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