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Well-type high-pu rity ger ma nium de tec tors are well suited for the anal y sis of small sam ples,
as they com bine high de tec tion ef fi ciency with low back ground ra di a tion. The well ge om e try
how ever makes ef fi ciency cal i bra tion more dif fi cult than that of or di nary HPGe de tec tors,
due to in tense true co in ci dence and pos si bly ran dom sum ming ef fects. Such a de tec tor has
been in stalled at the En vi ron men tal Ra dio ac tiv ity Lab o ra tory of the Na tional Cen tre for Sci -
en tific Re search "Demokritos". For the cal i bra tion of this de tec tor, ex per i men tal and Monte
Carlo sim u la tion tech niques were ap plied. To this end, cal i bra tion sources were pro duced
from the radionuclides avail able at the En vi ron men tal Ra dio ac tiv ity Lab o ra tory. Start ing
from the geo met ri cal char ac ter is tics of the de tec tor as pro vided by the man u fac turer, us ing
the cal i bra tion sources and ap ply ing Monte Carlo sim u la tion tech niques, the de tec tor was
char ac ter ized and peak ef fi ciency, as well as to tal-to-peak cal i bra tion curves were pro duced.
The re sults of the cal i bra tion fi nally ob tained by sim u la tion are found to be in good agree -
ment with the re spec tive ex per i men tal cal i bra tion re sults. 
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IN TRO DUC TION

The gamma ray spec trom e try with high-pu rity
ger ma nium de tec tors (HPGe) is very of ten used in en vi -
ron men tal anal y sis. En vi ron men tal sam ples like aero -
sol par ti cles col lected on fil ters [1] or thin impaction
sub strates [2] are of ten of low ac tiv ity and there fore it is
of great im por tance to en sure the low est de tec tion limit
pos si ble for the iso topes of in ter est. Fur ther more, some
radionuclides of im por tance for en vi ron men tal anal y sis 
emit low-en ergy gamma pho tons in the en ergy re gion of 
40-100 keV (e. g. 210Pb, 241Am, 234Th) and have very
low emis sion prob a bil i ties. 

The de tec tion limit of a radionuclide is im proved 
with in creas ing de tec tor ef fi ciency and de creas ing the
back ground level [3]. To lower the back ground level
of a HPGe crys tal, a num ber of tech niques can be used
as de scribed in lit er a ture [3, 4], such as the proper se -
lec tion of ma te ri als for the shield ing and the de tec tor
sur round ing ma te ri als, as well as other con sid er ations
with re gard to the de tec tion sys tem and the count ing

room. With re gard to the con tin uum back ground pro -
duced by the an a lyzed source sam ple, de tec tor type,
shield ing and the source-to-de tec tor ge om e try play the 
most im por tant role. 

In the case where radionuclides emit ting low en -
ergy pho tons need to be de ter mined, the is sue of
self-ab sorp tion in side the sam ple is of great im por -
tance as well [5]. One so lu tion when it co mes to en vi -
ron men tal sam ples anal y sis is the use of well-type de -
tec tors in stead of co ax ial. The rea son why a well-type
de tec tors is a pref er a ble choice com pared to a co ax ial
with the same vol ume is its solid an gle of de tec tion. A
well-type de tec tor has a solid an gle of de tec tion of the
or der of 4p, much higher than the typ i cal solid an gle of 
stan dard ger ma nium de tec tors for cy lin dri cal and
Marinelli ge om e try [6]. As a re sult, full en ergy peak
ef fi ciency of well-type de tec tors is 4-5 times higher,
com pared to co ax ial de tec tors of the same vol ume
when an a lyz ing small sam ple vol umes [3]. Fur ther -
more, in the case of high pho ton at ten u a tion within the
sam ple (e. g. low en ergy pho tons, high Z and
high-den sity ma te ri als), well-type de tec tors are again
pre ferred [6].
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The in creased solid an gle and ef fi ciency of
well-type de tec tors how ever have some dis ad van -
tages, since the co in ci dence sum ming ef fects are en -
hanced, com pared to a con ven tional HPGe [7], in tro -
duc ing sig nif i cant dif fi cul ties in the de tec tor's
ef fi ciency cal i bra tion and spec trum anal y sis. Co in ci -
dence sum ming is the re sult of the si mul ta neous in ter -
ac tion of two or more pho tons orig i nat ing from the de -
cay of the same nu cleus with the de tec tor. Co in ci dence 
sum ming ef fects are of great im por tance for some
radionuclides very of ten used in de tec tor ef fi ciency
cal i bra tions, like 60Co and 88Y. Large NaI(Tl) de tec -
tors can be used in anti co inci dence and co in ci dence
spec tros copy where the well- or an nu lus-type crys tal
sur rounds a ger ma nium de tec tor [7].

Well-type de tec tors are ex ten sively used for the
anal y sis of en vi ron men tal sam ples for iso topes emit -
ting low gamma ray en er gies [3, 5, 6, 8], es pe cially
when small amounts of ma te rial are avail able. When
us ing well-type de tec tors in this kind of anal y sis, sam -
ples are packed into cy lin dri cal hold ers – much
smaller than or di nary sam ple vi als – which are in -
serted into the de tec tor well, thus in creas ing ef fi ciency 
and re duc ing self-ab sorp tion within the sam ple. 

A very com mon tech nique for de tec tor ef fi -
ciency cal i bra tion is the use of com mer cially avail able
mixed radionuclide stan dards, emit ting pho tons which 
cover a wide en ergy range. In the case of a well-type
de tec tor cal i bra tion how ever, this may not be the best
so lu tion, since these stan dards in clude radionuclides
like 60Co and 88Y suf fer ing from a true co in ci dence
sum ming ef fect, not to men tion the ran dom sum ming
ef fect that may be of ma jor con cern for high ac tiv ity
cal i bra tion sources. A prac ti cal so lu tion is to use a
mix ture of radionuclides emit ting non-co in ci dent
gamma-rays that cover the en ergy re gion of in ter est
[9] if avail able. In ad di tion, com pu ta tion tech niques
for co in ci dence sum ming cor rec tions can be used.
These cor rec tions can be ap plied to the area of the
photopeaks suf fer ing from co in ci dence sum ming. For
a well-type de tec tor where true co in ci dence ef fects are 
more in tense the cor rec tion cal cu la tions need to be
per formed with greater ac cu racy than in or di nary
HPGe de tec tors [3].

As a so lu tion to the dif fi cul ties of the ex per i men -
tal ef fi ciency cal i bra tion of a well-type de tec tor,
Monte Carlo sim u la tion tech niques can be also used
[3, 6, 8]. Ac cord ing to [10-12] the use of Monte Carlo
codes in or der to pro duce full en ergy ef fi ciency curves
can re sult in an ac cu racy of 2-3 % in most cases and an
ac cu racy of 5-10 % when it co mes to com plex ge om e -
tries and iso topes emit ting low en ergy pho tons. 

The most im por tant step when us ing Monte
Carlo sim u la tion tech niques in or der to cal i brate a de -
tec tor is the for ma tion of the file that de scribes the sim -
u lated ge om e try, as it can be the main source of the ef -
fi ciency's in ac cu racy. How ever, some of the de tec tor
geo met ri cal char ac ter is tics needed for the sim u la tion

are in most cases, ei ther not pro vided by the man u fac -
turer, or pre sented with high un cer tainty. Fur ther more, 
in for ma tion on the de tec tor's dead lay ers is in most
cases in ad e quate or even miss ing. The dead lay ers are
in ac tive re gions within the de tec tor crys tal, and there -
fore, when a pho ton in ter acts within this re gion no sig -
nal is re corded in the en ergy spec trum. The thick ness
and shape of the dead lay ers dif fer from crys tal to crys -
tal, as well as within the same crys tal, and their di men -
sions can only be es ti mated. Fur ther more, they de pend 
on the de tec tor's high volt age and may change with
time, es pe cially af ter a warmed-up/cooled-down cy cle 
[8]. 

The aim of this work is the ef fi ciency cal i bra tion
of a well-type ger ma nium de tec tor, us ing both Monte
Carlo sim u la tion and ex per i men tal tech niques. The
use of Monte Carlo tech niques as an ef fi ciency cal i -
bra tion tool has been re ported in other stud ies [3, 5, 6,
8, 13-15]. In this work, for the pur pose of cal i bra tion,
cus tom-made cal i bra tion sources, based on ma te ri als
avail able at the En vi ron men tal Ra dio ac tiv ity Lab o ra -
tory of the NCSR – “Demokritos” (ERL) were pro -
duced. The pro ce dure that was fol lowed for source
pro duc tion and the de tec tor's cal i bra tion is an a lyzed in 
de tail in the para graphs to fol low. 

MATERIALS AND METHODS

Experimental set-up

The de tec tor used in this work is a Can berra
well-type HPGe, in stalled at the ERLwith rel a tive ef fi -
ciency 20.6 %, FWHM = 2.2 keV at 1.33 MeV and
FWHM = 1.4 keV at 122 keV.  The de tec tor has a crys -
tal height of 57.0 mm, di am e ter of 54.4 mm and a well
depth and di am e ter of 35.5 mm and 22.5 mm re spec -
tively. The crys tal is mounted in side a 1.5 mm thick
alu mi num endcap. The de tec tor is shielded with 10.6
cm lead cov ered in side with 2 mm elec tro lytic cop per.
For spec trum col lec tion and anal y sis Ge nie 2000 data
ac qui si tion and anal y sis soft ware is used.

Efficiency calibration sources

For the ex per i men tal ef fi ciency cal i bra tion and
de tec tor char ac ter iza tion, cal i bra tion sources based on 
ma te ri als avail able at the ERL were pro duced. The op -
tion of pre par ing a cal i bra tion source from the mixed
radionuclide stan dard usu ally used for cal i bra tions at
the ERL (CBSS 2), was re jected due to the sig nif i cant
co in ci dence sum ming of some of the radionuclides it
con tains (60Co, 88Y). For the cal i bra tion, a to tal of six
cal i bra tion sam ples (sources) were pro duced, fig. 1,
two with a cel lu lose fil ter as a ma trix, one based on an
ALMERA intercomparison sam ple, one us ing K2CO3

pow der and two out of soil-dust. The sources con tain

E. Dalaka, et al.: Ef fi ciency Cal i bra tion of a Well-Type HPGe De tec tor Using ...
122 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2020, Vol. 35, No. 2, pp. 121-129



radionuclides care fully se lected in or der to cover in the 
best pos si ble way the en ergy re gion of in ter est
(70-1800 keV), us ing as ma tri ces ma te ri als that sim u -
late the ac tual sam ples usu ally an a lyzed at the ERL.
The pro ce dure that was fol lowed for source pro duc -
tion is an a lyzed in de tail in the fol low ing para graphs.

Vol ume sources us ing cel lu lose
fil ters as a ma trix

Since one of the ma jor ac tiv i ties at the ERL is the
anal y sis of air fil ters, it was con sid ered nec es sary to
pre pare cal i bra tion sources with the same ma trix as the 
cel lu lose fil ters used. For this pur pose the fol low ing
radionuclides avail able at the ERL were used:
– liq uid so lu tion of 243Am (1.865 Bqml–1, stan dard

unc 7.4 %) with a half-life of 7370  years, emit ting
pho tons with en er gies at 43.5 keV and 74.66 keV. 

– liq uid so lu tion of  226Ra (10.0 Bqml–1, stan dard
unc 0.8 %) with a half-life of 1600 years, emit ting
pho tons at 186.2 keV.

The two sources were pro duced by add ing one
ml  of  each so lu tion to Whatman cel lu lose fil ters, us -
ing a  cal i brated micropipette of 20 ml (stan dard unc
0.5 %). This pi pette was se lected in or der to have the
best pos si ble dis tri bu tion of the ra dio ac tive so lu tion
on the fil ters and a source as ho mog e nous as pos si ble
was produced. Once the fil ter dried out, it was folded
and in serted into a glass vial, hav ing the ap pro pri ate
ge om e try for the de tec tor well.

The 243Am source was an a lyzed twice with the
well-type de tec tor for 86400 seconds in or der to ver ify 
the re peat abil ity of the mea sure ment. The re sults are
pre sented in tab. 1. For the re peat abil ity ver i fi ca tion a
U-test was per formed, show ing that there is no sta tis ti -
cal dif fer ence be tween the two mea sure ments. In tab. 1 
the un cer tainty given is the stan dard un cer tainty (Type
A) of the mea sure ment that was used for the re peat -
abil ity ver i fi ca tion with the U-test.

As seen in tab. 1, for the 43.5 keV pho tons the
dif fer ence be tween the two mea sure ments – though
not sta tis ti cally sig nif i cant – is rel a tively high. For this
rea son the 43.5 keV pho tons were not taken into con -
sid er ation for the ef fi ciency cal i bra tion of the de tec tor.

The 226Ra source was an a lyzed twice with the
well-type de tec tor for 86400 sec onds, in or der to ver -
ify the re peat abil ity of the mea sure ment. The 226Ra
emits gamma rays, with the most in tense at 186.2 keV
and pro duces a se ries of short-lived de cay prod ucts
which emit sev eral pho tons as well. Many of these
pho tons suf fer from true co in ci dence sum ming, which
is in tense be cause of the de tec tor's ge om e try [8, 13].
Among the pho tons emit ted by 226Ra and its' short
lived de cay prod ucts in equi lib rium, the most suit able
to be used for the well-type de tec tor's cal i bra tion are:
186.2 keV (226Ra), 295.2 keV (214Pb), and 351.9 keV
(214Pb). The anal y sis re sults are pre sented in tab. 2.
The mea sure ments were con ducted six months af ter
the sam ple's pro duc tion and shield ing, so a ra dio ac tive 
equi lib rium be tween 226Ra and 214Pb was as sumed. In
tab. 2 the un cer tainty given is the stan dard un cer tainty
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Fig ure 1. Vol ume sources pro duced for the cal i bra tion of
the well-type de tec tor

Ta ble 1. Re sults of 243Am source anal y sis

Nuclide E [keV]
February 2nd 2018 June 6th 2018

 Eff counted s % (1s) Eff counted s % (1s) Deviation [%] U-test

243Am
43.5 0.387 5 0.431 5 –11 0.598

74.7 0.557 5 0.566 5 –2 0.121

Ta ble 2. Re sults of 226Ra and 214Pb source analysis

Nuclide E [keV]
February 8nd 2018 June 4th 2018

Deviation [%] U-test
 Eff counted s % (1s) Eff counted s % (1s)

226Ra 186.2 0.353 5 0.368 5 –4 0.204

214Pb
295.2 0.167 5 0.164 5 1 0.035

351.9 0.133 5 0.130 5 2 0.043



(Type A) of the mea sure ment that was used for the re -
peat abil ity ver i fi ca tion with the U-test.

As seen in tab. 2 the de vi a tion and the U-test per -
formed re vealed that these two anal y ses are sta tis ti -
cally the same con firm ing re peat abil ity of the mea -
sure ment.

Vol ume source pro duced us ing
ALMERA intercomparison sam ples

For the de tec tor's cal i bra tion a source con tain ing
137Cs was also pre pared. 137Cs emits gamma rays at
661.66 keV with high in ten sity and is a very im por tant
radionuclide when it co mes to en vi ron men tal anal y sis.
For the cal i bra tion source fab ri ca tion, a milk pow der
sam ple spiked with 137Cs was used. This sam ple was dis -
trib uted un der the  ALMERA Pro fi ciency Test
IAEA-TEL-2017-04 and at  the  ref er ence date (Oc to ber
23, 2017) con tained 98.6 ± 5 Bqkg–1 137Cs (dry). From
the orig i nal sam ple a to tal of  2.8096 g were used for the
pro duc tion of the cal i bra tion source in side a glass   vial. 
The  sam ple  mois ture  was  es ti mated  at 3.7 %. In tab. 3 
the anal y sis re sults of the 137Cs sam ple are pre sented.
The 137Cs also emits a se ries of X-rays at the en er gies ~32 
keV and ~36 keV. These photopeaks were not used for
cal i bra tion since they were not well re solved and there
was no in ter est in cal i bra tion in this low en ergy re gion.
Be sides, for such low en ergy pho tons, self-at ten u a tion
cor rec tion is sues within the sam ple should prob a bly be
taken into con sid er ation.

Vol ume source pro duced us ing
chem i cal com pounds avail able at the ERL

The 40K is a nat u ral radionuclide with a half-life
of 1.248·109 years emit ting gamma ray rays at 1460.8
keV, which makes it suit able for ef fi ciency cal i bra tion
in the high en ergy re gion. For the pro duc tion of a 40K
source, a high pu rity (99 %) K2CO3 pow der avail able
at the ERL was used. This ma te rial is highly hy gro -
scopic, so the wa ter con tent of the ma te rial had to be
re moved. In to tal 3.936 g (stan dard unc 6.7 %) of dried 
K2CO3 pow der were used. The 40K ac tiv ity of the
source was cal cu lated at 70.93 Bq.

Again, the source was an a lyzed twice and the
anal y ses re sults are pre sented in tab. 4. The un cer -

tainty given in tab. 4 is the stan dard un cer tainty (Type
A) of the mea sure ment that was used for the re peat -
abil ity ver i fi ca tion with the U-test.

As seen in tab. 4 the de vi a tion and the U-test per -
formed re vealed that these two anal y ses are sta tis ti -
cally the same, con firm ing re peat abil ity of the mea -
sure ment.

Vol ume source pro duced us ing
en vi ron men tal sam ples

One main iso tope of in ter est when it co mes to aero -
sol's anal y sis in terms of gamma spec trom e try is 7Be (a
nat u ral iso tope of cosmogenic or i gin, with a half-life of
53.22 days, emit ting pho tons at 477.6 keV). It was there -
fore con sid ered im por tant to have an es ti ma tion of de tec -
tor ef fi ciency at the 7Be pho ton en ergy of 477.6 keV. To
this end – and since no 7Be source was avail able at the
ERL –  the pos si bil ity of pre par ing a cal i bra tion source
us ing fine dust of freshly sam pled sur face soil con tain ing
7Be was ex am ined. This sam ple was pre pared at the Nu -
clear En gi neer ing De part ment of the Na tional Tech ni cal
Uni ver sity of Ath ens (NED-NTUA). For this pur pose
af ter a rain event, when 7Be was scav enged and de pos -
ited on the ground sur face [16-18], an am ple quan tity of
sur face soil was col lected. The sam ple was air dried,
sieved be low 63 mm, ho mog e nized and mea sured at
NED-NTUA, us ing high res o lu tion high ef fi ciency
gamma spec tros copy tech niques. Its ac tiv ity was es ti -
mated at 40 Bqkg–1 (com bined stan dard unc 7.6 %).
Then, a suf fi cient quan tity of this ma te rial was used to
pre pare a sam ple in a glass vial of the same type used for
the pro duc tion of the other cal i bra tion sources. The sam -
ple was an a lyzed on the well-type de tec tor for 241015
sec onds, tab. 5. As for the sec ond cal i bra tion source that
was pro duced out of the sur face soil, it was de cided not to 
be an a lyzed, as it was pre pared only as a sec ond iden ti cal
sam ple, that was to be used in case of a faulty anal y sis.

MONTE CARLO SIM U LA TION

In ad di tion to the ex per i men tal work, Monte
Carlo sim u la tion tech niques were ap plied in or der to
ver ify and ex tend the ex per i men tal cal i bra tion. Monte
Carlo sim u la tion codes have been de vel oped and used
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Ta ble 3. Re sults of 137Cs source anal y sis. The re sults are
ac com pa nied by their com bined stan dard un cer tainty

Nuclide E [keV]
July 27th 2018

 Eff counted s % (1s)
137Cs 661.66 0.088 7

Ta ble 4. Re sults of the 40K cal i bra tion source anal y ses

Nuclide E [keV]
May 23th 2018 June 18th 2018

Deviation [%] U-test
Eff counted s % (1s) Eff counted s % (1s)

40K 1460.8 0.0351 5 0.0349 5 0.6 0.003

Ta ble 5. Re sults of 7Be source anal y sis. The re sults are
ac com pa nied by their com bined stan dard un cer tainty

Nuclide E [keV]
July 27th 2018

 Eff counted s % (1s)
137Cs 661.66 0.088 7



as an al ter na tive way to study the in ter ac tions be tween
ra di a tion and mat ter. For this study the Monte Carlo
code PENELOPE 2011 and its user code PENMAIN
were used [19]. 

Ini tial de tec tor sim u la tion

For mod el ing the de tec tor ge om e try, the geo met -
ri cal char ac ter is tics pro vided by the de tec tor's man u -
fac turer were used as a base and cy lin dri cal sym me try
was as sumed for all com po nents of the sam ple-de tec -
tor ge om e try. As pre sented in the de tec tor tech ni cal
sheets, the crys tal is sur rounded by a holder made of
cop per and an in su la tor made of Tef lon. In or der to
speed-up the sim u la tion pro cess, an ef fort was made to 
sim plify the de tec tor ge om e try. To this end the ef fect
of in clud ing or not in clud ing the cop per made holder
and the Tef lon in su la tor in the sim u la tion was in ves ti -
gated. Fig ure 2 shows the ge om e try files that were pro -
duced, with and with out tak ing into ac count the ex tra
ma te ri als sur round ing the crys tal, as vi su al ized us ing
the GEVIEW2D.

One of the de tec tor's char ac ter is tics that needed
fur ther in ves ti ga tion was the dead layer thick ness. The
dead layer is the re sult of the ad di tion of p- or n-type im -
pu ri ties to the Ge crys tal sur face in or der to pro duce the
PIN junc tion of the de tec tor. For well-type de tec tors, a

few weeks af ter the de tec tor fab ri ca tion pro duc tion the
dead layer thick ness ranges be tween 0.3-0.4 mm. How -
ever, some months later it may reach ~0.8 mm and in
some cases even 2 mm [3]. In or der to keep dead layer
thick ness at a min i mum and con stant thick ness with
time, the crys tal was cooled down as soon as it was in -
stalled at the ERL and is kept cooled ever since. Ac cord -
ing to the de tec tor spec i fi ca tions and the lit er a ture avail -
able in this field, for these test ing sim u la tions the front
and pe riph eral dead layer was set at 0.5 mm and the well 
dead layer was set at 3×10–4 mm. Ta ble 6 pres ents the ef -
fi ciency sim u la tion re sults for the two ge om e tries pre -
sented in fig. 2, and a com par i son be tween them.

As seen in tab. 6 the ef fi cien cies cal cu lated us ing 
PENELOPE 2011 for the de tailed and the sim pli fied
ge om e tries are sta tis ti cally the same. So, it does not
make any dif fer ence whether the sim ple or the de tailed 
ge om e try are used for the sim u la tions. Fur ther more,
sim u la tion speed is not so much af fected by the ge om -
e try sim pli fi ca tion. For this study it was fi nally de -
cided to use the de tailed ge om e try since the ef fect of
us ing the sim pler ge om e try on the sim u la tion speed
was con sid ered neg li gi ble. It should be also men tioned 
that while the full en ergy peak ef fi ciency is the same
for both ge om e tries, the to tal ef fi ciency is not, since
the ma te ri als sur round ing the de tec tor may sig nif i -
cantly af fect the scat tered pho tons which reach the de -
tec tor.

Sim u la tion model 

For the de ter mi na tion of the de tec tor's ef fi ciency
us ing sim u la tion tech niques it is nec es sary to have geo -
met ri cal in for ma tion for the source and the de tec tor with
the high est ac cu racy pos si ble. While for the source this
in for ma tion is rel a tively easy to ob tain, this is not al ways
the case for the de tec tor, as it has al ready been ex plained.
In this study, in or der to ob tain a good set of geo met ri cal
char ac ter is tics to be used as an in put for the sim u la tion,
an it er a tive method was ap plied as de scribed in [15].
Start ing from the in for ma tion pro vided by the man u fac -
turer, a se ries of pho ton en er gies were sim u lated and then 
the ef fi ciency for the cor re spond ing en er gies was cal cu -
lated and com pared with the avail able ex per i men tal ef fi -
cien cies. Then, sim u la tions were re peated with the ge -
om e try file slightly mod i fied in or der to the make
sim u la tion ef fi ciency re sults con verge with the ex per i -
men tal ones. This pro cess was re peated un til ac cept able
con ver gence was reached, given a pre de fined con ver -
gence cri te rion [15]. The pa ram e ters mod i fied be tween
it er a tions were the most un cer tain – like dead layer thick -
ness – and those hav ing the greater ef fect on de tec tor ef fi -
ciency. At the end of the it er a tion pro cess, a set of de tec -
tor geo met ri cal char ac ter is tics was adopted. This set of
data lead to the best ef fi ciency re sponse of the de tec tor
that was tested. It should be noted how ever that the fi nal
source-de tec tor ge om e try set that was de ter mined fol -
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Fig ure 2. Two dif fer ent ver sions of the ge om e try file: (a)
de tailed ge om e try in clud ing the holder and tef lon
in su la tor; and (b) simplified ge om e try with out the cop -
per holder and tef lon in su la tor



low ing this pro ce dure, is the one that best de scribes the
sim u lated ge om e try and does not nec es sar ily cor re spond
to the ac tual source-de tec tor ge om e try.

An other is sue that had to be taken into con sid -
er ation was the cal i bra tion source  ma tri ces. Since the 
in for ma tion avail able for each ma te rial was only a

gen eral de scrip tion like soil, dry milk etc. some as -
sump tions had to be made for the sim u la tion. The
sources made of cel lu lose fil ters (243Am and 226Ra)
were  sim u lated  as ho mog e nous cyl in ders made of
cel lu lose.  The  milk-pow der  source  of 137Cs was
sim u lated as lac tose (C12H22O11) with a den sity of
0.585 gcm–3. The 40K source was sim u lated as K2CO3

with a den sity of  0.759 gcm–3. For the 7Be source
things were a bit more com pli cated. This source was
ac tu ally sandy soil col lected at the NTUA Cam pus.
There fore it was sim u lated as SiO2, with a den sity of
1.236 gcm–1. In each case the sources were as sumed
to be ho mo ge neous. It should be men tioned that due
to the small size of the cal i bra tion sources, the ef fect
of the source ma trix on the self-ab sorp tion of the pho -
tons in side the sources is min i mized – at least for the
en er gies tested – there fore  a unique cal i bra tion curve 
was ob tained for the glass vial ge om e try even though
dif fer ent ma te ri als were used for the cal i bra tion.

Ta ble 7 sum ma rizes the geo met ri cal char ac ter is -
tics ini tially used and those fi nally adopted from the it -
er a tion pro cess. 
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Ta ble 6. Ef fi ciency sim u la tion re sults for the de tailed and sim pli fied ge om e try

Nuclide E [keV] Efficiency simulated
(simple geometry) s % (1s)

Simulation speed
(showers per second)

Simulation
time [s]

Simulated
primary showers

243Am 74.66 0.550 0.01 5.24×104 2.99×103 1.57×108

226Ra 186.21 0.386 0.02 1.33×104 2.99×103 3.99×107

214Pb 295.22 0.230 0.05 5.02×103 2.99×103 1.50×107

214Pb 351.93 0.188 0.06 3.75×103 3.00×103 1.12×107

7Be 477.60 0.134 0.11 2.45×103 2.40×103 5.86×106

40K 1460.82 0.045 0.30 8.07×102 2.99×103 2.41×106

Nuclide E [keV] Efficiency simulated
(complex geometry) s % (1s)

Simulation speed
(showers per)

Simulation
time [s]

Simulated
primary showers

243Am 74.66 0.550 0.01 4.18×104 3.00×103 1.25×108

226Ra 186.21 0.386 0.02 1.22×104 2.98×103 3.64×107

214Pb 295.22 0.230 0.05 5.03×103 2.98×103 1.50×107

214Pb 351.93 0.188 0.06 3.89×103 3.00×103 1.17×107

7Be 477.60 0.134 0.10 2.47×103 2.39×103 5.91×106

40K 1460.82 0.045 0.33 8.33×102 3.00×103 2.50×106

Nuclide E [keV] U-test
243Am 74.66 0.0002
226Ra 186.21 0.0001
214Pb 295.22 0.0000
214Pb 351.93 0.0000
7Be 477.60 0.0000
40K 1460.82 0.0001

Ta ble 7. Ini tial and fi nal di men sion set based on the
de tec tor's cer tif i cate and the Monte Carlo sim u la tions

Initial
dimension set

Final
dimension set

Diameter 54.4 mm 54.4 mm

Length 57.0 mm 57.0 mm

Distance from window 10.0 mm 10.0 mm

Crystal hole depth 35.5 mm 35.5 mm

Cristal hole diameter 22.5 mm 22.5 mm

End cap-crystal distance 10.9 mm 10.9 mm

End-cap thickness 1.5 mm 1.5 mm

Front dead layer 0.5 mm 0.15 mm

Internal dead layer 0.3 mm 0.15 mm

Dead layer on the bottom
of the well 0.3 mm 0.15 mm

Internal well-dead layer 0.5 mm

Ta ble 8. Ex per i men tal and sim u la tion full en ergy peak ef fi ciency of the well-type de tec tor

Nuclide E [keV] Experimental efficiency s % (1s) Simulation efficiency s % (1s) Deviation [%] U-test
243Am 74.66 0.566 9 0.522 0.01 8 0.485
226Ra 186.21 0.368 5 0.350 0.03 5 0.363
214Pb 295.22 0.164 5 0.202 0.06 –23 0.748
214Pb 351.93 0.130 5 0.163 0.08 –25 0.661
7Be 477.60 0.111 12 0.115 0.10 –3 0.030

137Cs 661.66 0.088 7 0.084 0.16 5 0.058
40K 1460.82 0.035 8 0.037 0.36 –6 0.028



As seen in tab. 7 the thick ness of the dead lay ers
as fi nally adopted is rather large, com pared to the val -
ues pro vided by the man u fac turer, yet con sis tent with
val ues given in lit er a ture [3, 8]. 

In  an  ef fort to have more ex per i men tal points
for the cal i bra tion, the 214Pb pho tons at 295.22 and
351.99 keV were also sim u lated, un der the as sump tion 
of ra dio ac tive equi lib rium with 226Ra. This as sump -
tion was con sid ered valid, as the vial con tain ing the
226Ra source was air shielded us ing an ep oxy resin.
This tech nique has been used for years at the
NED-NTUA and has been proven suf fi cient for
shield ing sources con tain ing 226Ra. 

In tab. 8 both the ex per i men tal ef fi cien cies and
the ones de ter mined by the Monte Carlo sim u la tion for 
the de tec tor model fi nally adopted are pre sented,
along with their com bined stan dard un cer tain ties, and
their de vi a tions. The same ta ble pres ents the re sults of
the U-test that was per formed to check their sta tis ti cal
dif fer ence.

As can ob served in tab. 8, there are large dif fer -
ences be tween ex per i men tal and sim u la tion re sults for
the 295.22 and 351.99 keV pho tons, though not sta tis -
ti cally sig nif i cant. A pos si ble ex pla na tion for this
might be the leak age from the source vial – though it is
con sid ered air-shielded – which does not al low for ra -
dio ac tive equi lib rium be tween 226Ra, 222Rn and their
short lived prog e nies to be es tab lished. An other pos si -
ble ex pla na tion is the inhomogeneity of the source that 
was pro duced with the folded air fil ter in side the vial.
A source not ho mo ge neous or not com pletely filled
with the pa per fil ter re sults in an inhomogeneous dis -
tri bu tion of ra don and its short lived prog e nies in the
vial, and thus in an er ro ne ous ef fi ciency. For this rea -
son these two ex per i men tal points were re jected from
the de tec tor's cal i bra tion.

With re gard to the rest of the pho ton en er gies
used, as it is ob served in tab. 8, it is clear that with the
sources used it has proven dif fi cult to re duce the dif -
fer ence be tween ex per i men tal and sim u la tion ef fi -
cien cies be low ~8 % (for the en ergy 74.66 keV). This
8 % should be con sid ered as the Type B ex panded un -
cer tainty (k = 3) of the ef fi ciency val ues ob tained from
the cal i bra tion curve that is pro duced form from sim u -
la tion data, given that the re spec tive ran dom un cer -
tain ties in tro duced by the sim u la tion were con sid ered
as neg li gi ble as they are much lower.

EF FI CIENCY CAL I BRA TION CURVES

With the geo met ri cal char ac ter is tics of the de -
tec tor de ter mined, a se ries of sim u la tions for var i ous
pho ton en er gies were per formed to ad e quately cover
the en ergy range of in ter est 70-1800 keV. Full en ergy
peak ef fi ciency, to tal ef fi ciency, as well as the ra tio of
the to tal-ef fi ciency to the peak-ef fi ciency (to -
tal-to-peak ra tio – TTP) was cal cu lated for all pho ton

en er gies that were sim u lated. The TTP ra tio is nec es -
sary for true co in ci dence sum ming cor rec tions. The
re sults of these cal cu la tions are pre sented in tab. 9. 

In or der to im prove the ef fi ciency cal i bra tion
curve sev eral pho ton en er gies – not only the ones for
which ex per i men tal points ex isted – were also sim u -
lated. Fig ure 3 shows the ex per i men tal and sim u la tion
ef fi ciency points, as well as the ef fi ciency curve pro -
duced from the sim u la tion re sults. The ef fi ciency fit -
ting func tion is a 7th de gree poly no mial, in the form of

y x x

x

= × - × + × -

- × +

36 10 4 4 10 23 10

68 10

3 3 3 2

2 3

. . ln . (ln )

. (ln ) 12 10 12 10

07 10 02 10

2 4 5

1 6 1

. (ln ) . (ln )

. (ln ) .

× - × +

+ × - × -

x x

x (ln )x 7

with a r-square of 0.99982.

Fig ure  4 shows the to tal ef fi ciency curve and fig. 5

shows the TTP ef fi ciency curve of the well-type de tec tor

as de ter mined via the sim u la tion. The ef fi ciency fit ting

func tions are an 8th de gree poly no mial, with r-squares of

0.99982 (for the to tal ef fi ciency curve in fig. 4 and

0.99987 (for the TTP ef fi ciency curve in fig. 5).
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Ta ble 9. To tal ef fi ciency and TTP ra tio for
the well-type de tec tor

Nuclide E [keV] Total
efficiency s % (1s) TTP s % (1s)

243Am 74.66 0.67 0.01 1.28 0.01
226Ra 186.21 0.56 0.02 1.60 0.03
214Pb 295.22 0.47 0.04 2.31 0.07
214Pb 351.93 0.44 0.05 2.68 0.09
7Be 477.60 0.40 0.06 3.44 0.12

137Cs 661.66 0.35 0.04 4.21 0.17
40K 1460.82 0.27 0.10 7.20 0.39

Fig ure 3. Ex per i men tal and sim u lated ef fi ciency for the
well-type de tec tor. The ef fi ciency cal i bra tion curve is
ob tained us ing the sim u la tion re sults



CON CLU SIONS

The ef fi ciency re sponse of a well-type de tec tor,
for the anal y sis of air fil ters folded in stan dard glass
vial ge om e try was de ter mined us ing Monte Carlo sim -
u la tion tech niques. For the de tec tor char ac ter iza tion
an it er a tive method based on the com par i son of ex per -
i men tal and Monte Carlo sim u la tion ob tained ef fi cien -
cies was ap plied. To this end cus tom-made vol ume
sources were pro duced and used. The de vi a tions be -
tween the ex per i men tal ef fi cien cies and the sim u lated
ones were be low 8 %, which was con sid ered as low,
com pared with the Type A un cer tain ties in tro duced
dur ing the mea sure ment of air fil ters. This 8% should
be con sid ered as Type B un cer tainty of the de tec tor
cal i bra tion and should be in cor po rated in un cer tainty
bud get cal cu la tions of the ac tiv i ties de ter mined in fu -
ture anal y ses of air-fil ters. The full en ergy peak ef fi -
ciency as well as the to tal ef fi ciency and the TTP ra tio
cor re la tions with en ergy were de ter mined and plot ted
for the well-type de tec tor.
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KALIBRACIJA  EFIKASNOSTI  GERMANIJUMSKOG  DETEKTORA
VISOKE  ^ISTO]E  I  JAMSKOG  TIPA,  EKSPERIMENTALNIM  POSTUPCIMA

I  MONTE  KARLO  SIMULACIONIM  TEHNIKAMA

Detektori jamskog tipa sa germanijumom visoke ~isto}e veoma su pogodni za analizu
malih uzoraka, jer kombinuju visoku efikasnost detekcije sa malim pozadinskim zra~ewem. Me|u-
tim, geometrija jame ote`ava kalibraciju efikasnosti u pore|ewu sa obi~nim detektorima sa
germanijumom visoke ~isto}e, zbog jake prave koincidencije i kumulacije mogu}ih slu~ajnih
efekata. Takav detektor je instalisan u Laboratoriji za radioaktivnost ̀ ivotne sredine Nacio-
nalnog centra za nau~na istra`ivawa “Demokritos”. Za kalibraciju ovog detektora primewene su
eksperimentalne i Monte Karlo tehnike simulacije. U tu svrhu proizvedeni su izvori za kali-
braciju od radionuklida dostupnih u Laboratoriji. Polaze}i od geometrijskih karakteristika
detektora koje je obezbedio proizvo|a~, koriste}i izvore kalibracije i primewuju}i Monte
Karlo simulacione tehnike, detektor je okarakterisan i proizvedene su kalibracione krive
efikasnosti u piku, kao i odnosa totalne efikasnosti i efikasnosti u piku. Utvr|eno je da se
rezultati kalibracije kona~no dobijeni simulacijom dobro sla`u sa odgovaraju}im rezultatima
eksperimentalne kalibracije.

Kqu~ne re~i: gama spektrometrija, detektor tipa jame, germanijum visoke ~isto}e
                         Monte Karlo simulacija, kalibracija efikasnosti


