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The pa per de scribes the pro ce dure of adapt ing a co ax ial high-pre ci sion ger ma nium de tec -
tor to a de vice with nu mer i cal cal i bra tion. The pro ce dure in cludes the de ter mi na tion of
de tec tor di men sions and es tab lish ing the cor re spond ing model of the sys tem. In or der to
achieve a suc cess ful cal i bra tion of the sys tem with out the us age of stan dard sources,
Monte Carlo sim u la tions were per formed to de ter mine its ef fi ciency and pulse-height re -
sponse func tion. A de tailed Monte Carlo model was de vel oped us ing the MCNP-5.0
code. The ob tained re sults have in di cated that this method rep re sents a valu able tool for
the quan ti ta tive un cer tainty anal y sis of ra di a tion spec trom e ters and gamma-ray de tec tor
cal i bra tion, thus min i miz ing the need for the de ploy ment of ra dio ac tive sources.
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Monte Carlo meth od

IN TRO DUC TION

Now a days, gamma-ray spec trom e try has nu -
mer ous sci en tific and tech no log i cal ap pli ca tions: ra -
dio ac tive waste dis posal, char ac ter iza tion of land -
mines, geo phys i cal and en vi ron men tal stud ies [1-4],
etc. The role of high-pre ci sion ger ma nium (HPGe) de -
tec tors in gamma-ray spec trom e try is sig nif i cant. Al -
most each of these ap pli ca tions calls for the de tailed
knowl edge of de tec tor peak ef fi ciency over the spe -
cific en ergy range and its re sponse func tion (pulse
height dis tri bu tion) [5]. One reg u lar way to over come
this prob lem is by mea sur ing the de tec tor re sponse to
multi-nu clide stan dard sources that have well de fined
en er gies and in ten si ties of their gamma lines, within a
pre de fined geo met ri cal con fig u ra tion, com pris ing
both the shape and the po si tion of the sam ple rel a tive
to the de tec tor. This ap proach has two ma jor dis ad van -

tages: (a) the de ploy ment of stan dard sources even tu -
ally in creases the amount of ra dio ac tive waste and is
money con sum ing, and (b) in those cases where ra dio -
ac tive sam ples to be char ac ter ized do not match pre de -
fined geo met ri cal con fig u ra tion, the ef fi ciency of de -
tec tion can not be de ter mined suc cess fully.

State-of-the-art ap proach to deal with these dis -
ad van tages is to nu mer i cally cal cu late the ef fi ciency
of the de tec tor-sam ple sys tem. At the pres ent level of
com puter tech nol ogy this can be achieved with suf fi -
cient ac cu racy, so it has been the fo cus of in ves ti ga tion
for a num ber of au thors [6-14]. On the other hand,
many man u fac tur ers de liver the de tec tors with the ad -
e quate soft ware pack ages, pro vid ing the pos si bil ity
for us ers to de scribe the ac tual shape of their sam ples
and to cor rect the mea sured ac tiv ity ac cord ingly.
These pack ages use data bases with re sults ob tained by 
well-known Monte Carlo sim u la tion codes (e. g.
MCNP [15]) and may be uti lized ei ther in a lab o ra tory
or in nu clear fa cil ity en vi ron ment. The rec og nized ex -
am ples of the above men tioned pack ages are the
LabSOCS (Lab o ra tory Sourceless Calibration Soft -
ware) [16] and the ISOCS (In Situ Ob ject Count ing
Sys tem) [17]. How ever, the num ber of the avail able
sam ple shapes and po si tions is lim ited, and the cor rec -
tions for the in serted ab sorb ers are based on ap prox i -
ma tions (build-up fac tors e. g.), which of ten could re -
sult in in suf fi cient pre ci sion. In ad di tion to this, the
ap pli ca tion of these or sim i lar pack ages as sumes the
pre cise de scrip tion of the de tec tor sys tem (ge om e try,
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ma te rial com po si tion, etc.) which usu ally can be done
only by the man u fac turer.

In this pa per we de scribe the pro ce dure used to
model our own co ax ial HPGe for pho ton en er gies
rang ing from 100 keV to 1.7 MeV, and fur ther to ap -
ply it as an in situ ob ject count ing de vice. We use the
MNCP code both for the char ac ter iza tion and for the
cal cu la tion of de tec tor ef fi ciency.

DE TEC TOR MOD EL ING

The spec i fi ca tions of the de tec tor crys tal phys i -
cal di men sions and po si tion, given by the man u fac -
turer, are fre quently in suf fi cient. The sim pli fied ge -
om e try of the de tect ing sys tem, con sist ing of the
HPGe de tec tor en closed within an alu mi num holder
and cryostat, is de picted in fig. 1.

To per form  the proper char ac ter iza tion of the
sys tem we em ploy a collimated 137Cs gamma source
within a  small  lead  con tainer with a  cir cu lar  bore of 
1 mm  in di am e ter, pro vid ing an al most par al lel beam. 
Hav ing no pos si bil ity to de ter mine the ax ial dis tance
be tween the holder and the cryostat, in our model
they are re placed with one alu mi num cyl in der, 70 mm 
in ra dius and 200 mm in height, with 2.7 mm thick
walls. The sur face of the Ge crys tal rep re sents a thin
tin (Sn) layer, de picted in fig. 2 as a cir cu lar disc be -
tween the alu mi num holder and de tec tor base. The
height (H) and di am e ter (D) of the Ge crys tal were de -
ter mined by mea sur ing the re sponse to 137Cs source
while mov ing it in the ax ial and ra dial di rec tion, re -
spec tively (see fig. 2).

The pre ci sion of this move ment is better than
1 mm. The dis tri bu tion of the de tec tor re sponse
with re spect to the ax ial and ra dial po si tion of the
source is given in figs. 3(a) and 3(b).

Based on our pre vi ous ex pe ri ence with scan -
ning the po si tion of waste fuel el e ments [18], we
adopted H = 40 mm and D = 50 mm, as de ter mined by
FWHM of the de tec tor re sponse in fig. 3. The pre ci -
sion of the mea sure ment al lows the di am e ter of the
cy lin dri cal hole (d) to be es ti mated ap prox i mately to
about 10 mm, be ing in good agree ment with the man -

u fac turer’s data rang ing from 8 to 12 mm. For
sim u la tion pur poses we adopted  d = 12 mm. The
mea sure ments also in di cate (fig. 3b) that the de tec tor
is not co ax ial with the cryostat. The shift be tween
their axes is as sessed to be 10 mm.
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Fig ure 1. Lay out of the HPGe de tec tor sys tem

Fig ure  2.  Adopted   geo met ri cal  con fig u ra tion  of  the 
de tec tor sys tem (not to scale); axial and ra dial move ment 
of a 137Cs collimated source is used for es ti ma tion of the
cor re spond ing di men sions H and D

Fig ure 3. De tec tor re sponse to (a) ax ial and (b) ra dial
move ment of 137Cs source; re sults are used to de ter mine
the val ues of H and D as de fined in fig. 2



The thick nesses of the de tec tor base (h) and the
su per fi cial tin layer (l) could not be es ti mated ex per i -
men tally. In or der to de ter mine these pa ram e ters, the
se ries of Monte Carlo sim u la tions were per formed.
The val ues of h and l were var ied un til good agree ment 
with the mea sure ments of sev eral stan dard sources
was achieved, re sult ing in the fol low ing adopted val -
ues: h = 10 mm,  l = 0.27 mm. In or der to adapt our de -
tec tor for in situ mea sure ments we have equipped it
with an ap pro pri ate, 50 mm thick leaden cy lin dri cal
shield and a collimator, as pre sented on the pho to graph 
be low (fig. 4).

The  heights  of  the  shield  and  collimator  are  
200 mm and 78 mm, re spec tively. They have com -
mon di am e ter equal to 170 mm, while their in ner
di am e ters are 70 mm and 50 mm, re spec tively. Two
ad di tional collimators for dif fer ent geo met ri cal
con fig u ra tions are also avail able. The shield and
collimators serve both for de creas ing the back -
ground ra di a tion and de fin ing the geo met ri cal con -
di tions of the mea sure ment.

MODEL  VER I FI CA TION

The main cri te rion for ver i fi ca tion of our model
was the de gree of agree ment with the re sults ob tained
by the mea sure ment of the stan dard source ac tiv i ties.
The cor re spond ing cal cu lated de tec tor ef fi cien cies
were ob tained by ex ten sive Monte Carlo sim u la tions,
us ing the MCNP-5.0 code.

As a first check of the con sis tency of our model
we cal cu late the ef fi ciency of the de tec tor sys tem and
com pare it to the mea sured one. The ef fi ciency mea -
sure ments were per formed with stan dard sources
based on 54Mn, 57Co, 60Co, 65Zn, 133Ba, and 137Cs
radionuclides. The MCNP ge om e try model of the ex -
per i men tal setup is pre sented in fig. 5. The ab sorbed

en ergy in the de tec tor was mod eled us ing the stan dard
MCNP F8 tally. The cor re spond ing re sults are shown
in fig. 6.

The agree ment be tween the cal cu lated and mea -
sured ef fi ciency within the full en ergy range is better
than 5%, while for the gamma ray en ergy E  > 1 MeV
the dif fer ences are even smaller (less than 1.6%).

In ad di tion to this, as a sec ond check of the con -
sis tency of our model, the en ergy spec tra of 137Cs,
133Ba, 57Co, and 60Co stan dard sources were mea sured
and cal cu lated.

In or der to model the gamma line broad en ing in
the pro cess of its de tec tion in Ge de tec tor as re al is ti -
cally as pos si ble, we mea sured the de pend ence of the
line width DE at half max i mal level (FWHM) at the
gamma ray en ergy E. These re sults are shown in fig. 7.
The DE vs. E de pend ence in the MCNP sim u la tions is
adopted to be of the form DE = a + b(E + cE2)1/2, which
pres ents an im prove ment com pared to our pre vi ous
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Fig ure 4. Pho to graph of the mo bile co ax ial Ge de tec tor

Fig ure 5. Sche matic pre sen ta tion of the hor i zon tal
cross-sec tion in MCNP ge om e try, used to model the
stan dard cal i bra tion sources

Fig ure 6. Com par i son of the cal cu lated with the
mea sured Ge de tec tor ef fi ciency



model [19]. Least square fit through the mea sured
points gives the fol low ing val ues for the fit ting pa ram -
e ters: a = 1.249735·10–3, b = 4.454468·10–4, and c =
=j1.465648.

The ob tained en ergy spec tra of 133Ba, 137Cs,
57Co, and 60Co are given in figs. 8, 9, 10, and 11, re -
spec tively. The com par i son be tween the cal cu lated

and mea sured re sults show that max i mal rel a tive dif -
fer ences in the en ergy range from 0.1 MeV to 1.7 MeV
lie be tween –3% and +3%, while in the peaks they are
be low 0.3%. In or der to achieve this level of un cer -
tainty 2×109 his to ries were sim u lated.

AP PLI CA TION  OF  THE  HPGe 
DE TEC TOR  AS  SOURCELESS 
CAL I BRA TION  DE VICE

Af ter the suc cess ful ver i fi ca tion of the model us- 
ing multi-nu clide stan dard sources, the test ing was ex -
tended to re al is tic ra dio ac tive ob jects with com plex
ge om e try and un known ac tiv ity. The de scribed MCNP 
ge om e try model was used for the cal i bra tion of the co -
ax ial Ge de tec tor for ac tiv ity mea sure ments of small
bot tle-shaped sam ples with wa ter taken from re ac tor
pools or stain less steel con tain ers filled with the RA re -
ac tor spent fuel el e ments [20]. Due to dif fer ent spe -
cific ac tiv i ties of the sam ples, each one was mea sured
at var i ous dis tances from the de tec tor base, far enough
to pre serve the de tec tor dead time less than 1%. The
iden ti fi ca tion of the radionuclides pres ent in the sam -
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Fig ure 7. Mea sured and fit ted de pend ence of the line
width DE at half max i mum (FWHM) for gamma ray
en ergy E

Fig ure 8. Com par i son of mea sured and cal cu lated
en ergy spec tra of 133Ba source

Fig ure 9. Com par i son of mea sured and cal cu lated
en ergy spec tra of 137Cs (137mBa) source

Fig ure 10. Com par i son of mea sured and cal cu lated
en ergy spec tra of 57Co source

Fig ure 11. Com par i son of mea sured and cal cu lated
en ergy spec tra of 60Co source



ple was achieved by iden ti fy ing their char ac ter is tic
gamma peaks in the mea sured en ergy spec trum. These
data were used for mod el ing the gamma source of the
sam ple in Monte Carlo sim u la tions.

The MCNP ge om e try of the co ax ial Ge de tec tor
used to model the re sponse of wa ter sam ples is pre -
sented in fig. 12. The cal cu lated de tec tor ef fi ciency for 
two iden ti fied nuclides (137Cs and 60Co) in the sam ples 
at the given dis tance from the de tec tor de pend ing on
the wa ter weight in the sam ple is shown in fig. 13.
Based on these cal cu la tions, the ef fi cien cies for six
wa ter sam ples were de ter mined and the cor re spond ing 
ac tiv i ties were cal cu lated. As the ref er ent re sults for
com par i son we use the mea sure ments of the sam ple
ac tiv i ties per formed by the ref er ent Ex tended Range
Ge de tec tor GX5020 cal i brated with the ISOCS Cal i -
bra tion Soft ware. The data given in tab. 1 dem on strate
good agree ment be tween the ref er ent and our re sults.

The dif fer ences are within the sta tis ti cal un cer -
tainty in di cat ing that the char ac ter iza tion of our de tec -
tor and its nu mer i cal cal i bra tion by the MCNP code
were car ried out in a cor rect way.

The MCNP-5.0 sim u la tions in this case, us ing
2×109 his to ries per run, were car ried out at the Linux
clus ter of Cal i for nia Uni ver sity at Berke ley.

CON CLU SIONS

In ac cor dance to the con tem po rary ten den cies to
cal i brate de tec tors with out the us age of ra dio ac tive
sources, we have de scribed a pro ce dure for achiev ing
this goal in the case of a co ax ial (HPGe) de tec tor. The
mod el ing of the de tec tor, be ing the ini tial step of the
pro ce dure, as sumes the es ti ma tion of the de tec tor di -
men sions, which was pre formed by scan ning the sys -
tem with 137Cs gamma source. It should be noted that
this ap proach al lows the di men sions to be as sessed
only to a cer tain de gree of pre ci sion, which was fur ther 
im proved by their vari a tions in Monte Carlo sim u la -
tions.

Cal i bra tion of the de tec tor was per formed by
MCNP-5.0 code. Nu mer i cally cal cu lated ef fi cien cies
for the set of multi-nu clide stan dard sources were ob -
tained and the re sults com pared with the mea sure -
ments. The dif fer ences were less than 5% within the
full en ergy range from 0.1 MeV to 1.7 MeV and even
smaller if we re strict to the en er gies higher than 1 MeV. 
More over, the cal cu la tions of the stan dard source en -
ergy spec tra were per formed. This type of cal cu la tions
is con sid ered to be far more de mand ing with re spect to
achiev ing ac cept able sta tis ti cal un cer tain ties in ev ery
sin gle en ergy chan nel. Even in this case the cal cu la -
tions showed only ±3% dis crep an cies to the mea sured
ones within the full en ergy range, while be low the
peaks it was only 0.3%.

The next step in our ex ten sive check ing of the
adopted de tec tor model was the cal cu la tion of the de -
tec tor re sponse to ra di a tion from ra dio ac tive sam ples
with un known ac tiv i ties and non-stan dard shapes and
po si tions. In all the cases the sim u lated re sults have
shown ex cel lent agree ment with the mea sure ments,
con firm ing that the pro ce dure of sourceless cal i bra -
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Ta ble 1. Re sults of mea sured and cal cu lated wa ter
spe cific ac tiv ity in the samples

Sample taken from

Activity [Bq/ml]

Referent Ge
detector

Our results

Pool 1
Pool 2
Pool 3
Pool 4
Channel in room 141
Channel in reactor hall

114.8 ± 4.7%
115.0 ± 4.7%
112.5 ± 4.6%
115.1 ± 4.7%
114.0 ± 4.7%
126.5 ± 5.1%

116.3 ± 3%
118.7 ± 3%
118.8 ± 3%
121.2 ± 3%
119.1 ± 3%
119.5 ± 3%

Fig ure 12. The MCNP ge om e try of ger ma nium de tec tor
used to model the re sponse of the wa ter bot tle (ver ti cal
cross-sec tion)

Fig ure 13. Ef fi ciency of co ax ial Ge de tec tor given as
func tion of wa ter weight in the sam ple, placed from
the de tec tor base at 10.9 cm



tion was cor rectly pre formed and that the de tec tor may 
be suc cess fully ap plied for in situ mea sure ments.

Com par ing the sug gested pro ce dure to the sys -
tems equipped with LabSOCS and/or ISOCS soft ware,
one can find it ad van ta geous with re spect to the range of 
shapes and po si tions that can be treated. This ad van tage
co mes from the su pe ri or ity of the MCNP-5.0 code. On
the other hand, the sim u la tions of com plex geo met ri cal
con fig u ra tions with the MCNP-5.0 code with sta tis ti cal
un cer tain ties be low few percents very of ten take sev -
eral days of CPU time, thus mak ing the us age of com -
puter clus ter un avoid able.
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MODELOVAWE  GERMANIJUMSKOG  DETEKTORA  I  WEGOVA
KALIBRACIJA  BEZ  PRIMENE  IZVORA

U radu je opisana procedura adaptacije koaksijalnog germanijumskog detektora visoke
preciznosti (HPGe) u napravu koja se numeri~ki kalibri{e. Procedura ukqu~uje odre|ivawe
dimenzije detektora i uspostavqawe odgovaraju}eg modela sistema. Da bi se postigla uspe{na
kalibracija sistema bez kori{}ewa standardnih izvora izvedene su Monte Karlo simulacije radi
odre|ivawa efikasnosti i funkcije odziva. Detaqan Monte Karlo model razvijen je kori{}ewem
MCNP-5.0 koda. Izvr{ena analiza je pokazala da ovaj metod predstavqa koristan alat za
kvantitativnu procenu neodre|enosti radijacionih spektrometara i kalibraciju detektora gama
zra~ewa, minimalizuju}i tako potrebu za primenom radioaktivnih izvora.
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