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Ab stract: In this pa per a cal i bra tion meth od for gamma spec tro met ric mea sure ments based on com puter
sim u la tions with GEANT is pre sented and val i dated. Pro posed cal i bra tion method, us ing self-ab sorp tion 
fac tors, is es pe cially suit able for mea sure ment of large-vol ume sam ples. As dem on strated in the pa per,
ac cu racy of pro posed method is com pa ra ble to other fre quently used meth ods, but it is more ef fec tive
and less ex pen sive then other avail able meth ods.

The cur rent con cep tion of ra di a tion con trol of dis charges and en vi ron ment of Nu clear
power plant (NPP) is based on quan ti ta tive mea sure ments of in di vid ual radionuclides ac -
tiv ity of ra dio ac tive dis charges from NPP and in sam ples from the sur round ing en vi ron -
ment. The semi con duc tor gamma-spec tro met ric meth ods are the ba sic ones in the
de ter mi na tion of radionuclide ac tiv i ties.

The ba sic con di tion of the mea sur ing ra dio ac tive ma te ri als ac tiv i ties with gamma-
spec tro met ric meth ods is the known peak de tec tion ef fi ciency of used spec trom e ter. Its
value de pends on pho tons en ergy, spec tro met ric de vice, de tec tor-source dis tance (mea -
sure ment ge om e try), form of source (sam ple ge om e try) and on ab sorp tion of pho tons by
in sen si tive ma te ri als be tween the source and sen si tive de tec tor vol ume.

Meth ods used to de ter mine peak de tec tion ef fi ciency can be di vided into three ba sic
classes:

a) ex per i men tal meth ods
b) semi-em pir i cal meth ods
c) Monte Carlo sim u la tion meth ods.

Quickly de vel op ing Monte Carlo meth ods are based on com puter sim u la tion of pho -
tons in ter ac tions with sur round ing ma te ri als. Ex act knowl edge of the com po si tion and ex -
per i men tal setup geo met ric pa ram e ters, be gin ning with in ter nal parts of de tec tor
(sen si tive vol ume di men sions, dead layer thick ness etc.), is very im por tant for re li abil ity
of cal cu la tions and re sults pre ci sion. In the case of good knowl edge of nec es sary pa ram e -
ters the pre ci sion of sim u lated val ues is abreast of 10 % [1-3].
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1. Ex per i men tal mea sure ments

It is pos si ble to re solve ex per i men tal mea sure ments into two in di vid ual classes:
1. Some mea sure ments of ra dio ac tive etalons with cas cade emit ter con tents. Pur pose

of these mea sure ments was to eval u ate pre ci sion of Monte Carlo meth ods for a de ter mi na -
tion of co in ci dence-sum ming cor rec tion fac tors.

2. Some mea sure ments of pre pared etalons with var i ous den sity of ma te rial and with
con tents mostly mono-en ergy emit ters. Re sults of these mea sure ments led to spec i fi ca tion 
of a cal i bra tion method based on ap pli ca tion of self-ab sorp tion fac tors. This method elim -
i nates ef fect of in ac cu ra cies of de tec tor in ter nal parts di men sions to ef fi ciency val ues pre -
ci sion.

1. Ex per i men tal mea sure ments from the first class were ac com plished with two liq uid
ni tro gen cooled HPGe de tec tors with rel a tive ef fi ciency 65 % - de tec tor 1 and 36 % - de tec -
tor 4. De scrip tion of the de tec tors and their other pa ram e ters are listed in Ta ble 1. The pa -
ram e ters of de tec tors in ter nal parts were de ter mined from cryostat man u fac tur ing draw ings.

De tec tors were placed in the in di vid ual lead shield ing with the wall thick ness 10 cm
and a cop per layer from the in side. Spec tro met ric setup con sisted also of com puter con -
trolled elec tronic mod ules Can berra. The data were trans mit ted through the Ethernet net -
work to PC. Two etalons made from sil i con rub ber in plas tic cyl in der bin with di am e ter
9 cm and vol ume 500 ml were used. The first etalon in cluded iso tope 152Eu with ac tiv ity
3.9 kBq. Spec trum was mea sured by de tec tor 1. The to tal time of mea sure ment was
1000 sec onds. The sec ond etalon in cluded iso tope 226Ra with ac tiv ity 3.3 kBq. The spec -
trum was mea sured by de tec tor 4. The time of mea sure ment was 2500 sec onds. Etalons
were placed on the top of the cryo stats in axis of de tec tors. Hav ing fin ished the mea sure -
ments, the back ground was sub tracted from both spec tra. The mea sured spec tra were di -
vided into 4000 chan nels with en ergy cal i bra tion about 0.5 keV/chan nel.

2. Ex per i men tal mea sure ments from the sec ond group were ac com plished on five
HPGe de tec tors, whose de scrip tion and pa ram e ters are listed in Ta ble 1. Pro duc ers did not
pro vide man u fac tur ing draw ings of de tec tors 2, 3, 5, so ex per i men tal set ups of these de -
tec tors were de fined from data sheets. A liq uid mix ture etalon was used for prep a ra tion of
mea sur ing stan dards. Etalon con tained 11 mostly mono-en ergy radionuclides (241Am,
109Cd, 139Ce, 57Co, 60Co, 137Cs, 203Hg, 54Mn, 113Sn, 85Sr, 88Y). The etalon was di luted and
quar tered to frac tions with the same ac tiv i ties. One frac tion was used for prep a ra tion of
liq uid stan dard with den sity 1 g.cm-3 (HCl acid i fied wa ter), other three frac tions were
used for prep a ra tion of stan dards from ma te ri als with var i ous com po si tion and den sity –
sil i con sand with den sity 1.6 g.cm-3, wooden saw dust with den sity 0.13 g.cm-3, iron saw -
dust of den sity 1.35 g.cm-3. Stan dards prep a ra tion con sisted of uni form in stil la tion of di -
luted liq uid etalon to cleared ma te rial, dry ing up fol lowed by mul ti ple ho mog e niz ing.
Stan dards were pre pared with vol ume 3 li ters. Be sides these stan dards other one was pre -
pared. Leaden balls with di am e ter 5 mm were mixed with liq uid etalon con tain ing iso -
topes 60Co and 137Cs. Its vol ume was 1000 ml and the fi nal den sity was 7.0 g.cm-3.

Pre pared stan dards were mea sured in 11 var i ous ge om e tries – cyl in der ge om e try in
glass bins with vol ume 250 ml, 500 ml, 1000 ml, 2000 ml, 3000 ml, ring and Marinelli ge -
om e try in plas tic Marinelli bins with vol ume 500 ml and 1000 ml and in iron Marinelli bin
with vol ume 3000 ml. The leaden balls were mea sured only in ge om e tries with vol ume
500 ml and 1000 ml. To tally 218 pre pared etalons spec tra were mea sured. The count rates
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of photo-peaks were de ter mined af ter the back ground sub tract and then peak ef fi cien cies
val ues were cal cu lated.

Ta ble 1. De tec tors pa ram e ters.

PARAMETER Det. 1 Det. 2 Det. 3 Det. 4 Det. 5

Detector type GC6021 EGPC20 GR1520 GC3520 GC1018

Serial number b 00148 5430 B 7528 b 00164 P175

Kryostat 7500SL SHF00 7500SL 7500SL 7500SL

Preamplifier 2002CSL PSC 821 2002CSL 2002CSL 2002CSL

FWHM/FWTM (1332.5 keV)
1.99/3.84
keV

2.10/3.84
keV

1.90/3.61
keV

1.82/3.39
keV

1.70/3.11
keV

FWHM (122 keV) 0.957 keV 1.2 keV 0.857 keV 0.902 keV 0.803 keV

Peak/Compton (1332.5 keV) 72.5:1 44.0:1 43.0:1 66.1:1 41.1:1

 Rel. efficiency (1332.5 keV) 65.4 % 20.0 % 19.2 % 36.0 % 8.6 %

Crystal Volume 255 cm3 107 cm3 98 cm3 147 cm3 63 cm3

2. Monte Carlo sim u la tion meth ods

Com puter code GEANT de vel oped in CERN was used for com puter sim u la tions of
de tec tion ef fi ciency of HPGe de tec tors. GEANT in cludes sub rou tines en abling to make
the FORTRAN pro grams for sim u la tion of var i ous phys i cal pro cesses of in ter ac tion and
tran si tion of par ti cles through the mass me dium [4]. Pro gram GEANT en ables:

- to con struct a model of the ex per i men tal setup as a com po si tion of geo met ri cal
         shapes with the given pa ram e ters and a vi sual con trol of cre ated model

- to gen er ate sim u lated par ti cles by stan dard Monte Carlo gen er a tor
- to con trol trans port of par ti cles through the in di vid ual parts of the setup and re cord 

         all the in ter ac tions
- to  reg is ter and in ter ac tive to vi su al ize par ti cle tra jec to ries and ab sorbed en er gies.
A pro gram com piled by code GEANT con tained a par ti cle gen er a tor al low ing sim u la -

tion of in di vid ual pho tons or cas cade of pho tons. Pho tons and elec trons had set the same
min i mal en ergy thresh old 10 keV. All ex per i men tal spec tra were sup ple mented with com -
puter-sim u lated spec tra with pho tons en er gies emit ted by radionuclides in cluded in the
stan dards. Com plete pho ton cas cades of given radionuclides for the cas cade gamma-emit -
ters were sim u lated in each step ac cord ing to lit er a ture [5, 6].

Im per fect charge col lec tion in sen si tive de tec tor vol ume and other elec tronic pulse
pro cess ing fluc tu a tions of ex per i men tal setup re sult in Gauss nor mal dis tri bu tion of im -
pulses in real spec trum. This ef fect was al lowed be fore in clud ing the im pulse into the sim -
u lated spec trum. In the com puter sim u la tions this prob lem was solved in such a way that
the ini tial en ergy value E was sub sti tuted by the new value E’, which was de ter mined on
the ba sis of Gauss dis tri bu tion prob a bil ity den sity (1, 2) as signed from real res o lu tion val -
ues FWHM of all the used semi con duc tor de tec tors.
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3. Re sults and dis cus sion

Cas cade radionuclides spec tra sim u la tions

Two spec tra of cas cade emit ters 152Eu a 226Ra were mea sured and com puter sim u lated.
The num ber of sim u lated disintegrations was ten times larger than the num ber of mea -
sured disintegrations. There fore af ter the sim u la tion com plet ing, the count rate in each
chan nel was di vided by ten. The com par i son of these ex per i men tal and sim u lated spec tra
is shown in Fig. 1 and Fig. 2. Photo-peak count rates of in cluded radionuclides are shown
in Ta ble. 2.

The re sults of the com par i son of the pre sented data:
1. Compton count rate in the area from 0 to 50 keV of sim u lated spec tra is less than in ex -
per i men tal ones. This fact is caused by the ex is tence of sig nif i cant X-ray lines with en ergy
less then 50 keV in the de cay scheme of in cluded radionuclides, which were not added to
sim u la tions, and also by small in ac cu ra cies in the thick ness of in di vid ual ma te ri als be -
tween the mea sured sam ple and sen si tive de tec tor vol ume.
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Fig. 1. Nu clide 
152

Eu, sil i cone rub ber in plas tic cyl in der bin Vol. = 500 ml, de tec tor 1.
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2. From the com par i son of to tal im pulse count rate in spec tra fol lows that dis tinc tion be -
tween ex per i men tal and sim u lated to tal count rate is less than 5 % for en ergy in ter val over
50 keV.
3. Photo-peak count rate of in cluded radionuclides mostly agrees in the in ter val of 5 %.
Dis tinc tion of count rate is not over 10 % in any case, which is com pa ra ble with the pre ci -
sion of other fre quently used meth ods [7, 8].

A very good agree ment of ex per i men tal and sim u lated data in di cates that ex act knowl -
edge of de tec tor in ter nal pa ram e ters en ables to elim i nate sim u la tion re sults in ac cu ra cies.
The lim it ing fac tor of sim u la tions ex act ger ma nium dead layer de ter mi na tion and Monte
Carlo code pre ci sion in the low pho ton en ergy area still re mains.

Sim u la tions of pre pared etalons with dif fer ent com po si tion (self-ab sorp tion fac tors)

Monte Carlo meth ods ef fi ciency is sub ject to good knowl edge of ex per i men tal setup
ge om e try pa ram e ters in clud ing cryostat in ter nal parts. De ter mi na tion of all the needed pa -
ram e ters is un cer tain es pe cially at old de tec tors. In these cases a method based on sim ple
ex per i men tal mea sure ments and sim u la tions of self-ab sorp tion cor rec tions fs [9] will be
ef fec tive mainly in the case of mea sure ments of large vol ume sam ples with var i ous com -
po si tion. Self-ab sorp tion fac tor rep re sents pho ton rate at ten u a tion dur ing sam ple cross ing 
and it is pos si ble to de fine it as an at ten u a tion of sam ple with ef fec tive thick ness Xef (3).

f Xs ef= - ×exp( )m                                                                                                        (3)

It is nec es sary to de ter mine the ef fec tive sam ple thick ness Xef  and all vari able pa ram e -
ters re la tions for suc cess ful use of self-ab sorp tion fac tors for all re quired ge om e tries.
These pa ram e ters are de tec tor type and di men sions, sam ple ma te rial com po si tion and
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Fig. 2. Nu clide 
226

Ra, sil i cone rub ber in plas tic cyl in der bin Vol. = 500 ml, de tec tor 4.
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Ta ble 2. Photo-peaks count rates.

Nuclide Energy [keV] Experimental data Simulated data Difference [%]

Eu-152

121.78 24099±316 24547 1.86

244.70 4596±145 4967 8.07

344.28 15325±247 15104 -1.44

411.12 1064±73 1104 3.76

443.98 1445±82 1337 -7.47

778.90 4236±131 4106 -3.07

867.39 1232±75 1227 -0.41

964.13 4184±129 4435 6.00

1085.91 2912±111 2807 -3.61

1112.12 3577±121 3572 -0.14

1408.01 4919±134 5112 3.92

Ra-226

74.82 7989±221 7885 -1.30

77.11 13697±268 13536 -1.18

87.30 5307±188 5483 3.32

89.80 2096±142 2022 -3.53

186.21 5968±194 5834 -2.25

241.98 10157±223 10862 6.94

295.21 22734±313 23827 4.81

351.92 38364±398 39766 3.65

609.31 29866±347 30660 2.66

665.45 857±72 853 -0.47

768.36 2606±112 2548 -2.23

934.06 1448±87 1466 1.24

1120.30 6366±163 6324 -0.66

1155.20 682±62 687 0.73

1238.10 2375±103 2324 -2.15

1377.70 1628±88 1597 -1.90

1408.00 873±65 936 7.22

1729.60 1057±67 1108 4.82

1764.50 5053±144 4994 -1.17



den sity, pho tons en er gies. Com par i son of  Xef  val ues for 5 de tec tors, 11 ge om e tries, 5 var -
i ous com po si tions and den si ties, and 13 pho tons en er gies in di cated that Xef  val ues are in -
de pend ent on de tec tor type and di men sions. The next step was a sub sti tu tion Xef 
de pend ence of pho ton en ergy and sam ple com po si tion by the de pend ence of lin ear at ten u -
a tion co ef fi cient. The Xef (m) curves for all ge om e tries were ap prox i mated by sec ond ary
log a rith mic poly no mial fit with least square method (4). The co ef fi cients a0, a1, a2  var ied
for dif fer ent ge om e tries. The Xef (m) curves for some ge om e tries are shown in Fig. 3.

ln( ) ln( ) (ln( ))X a a aef = + × +0 1 2
2m m                                                                          (4)

This large-vol ume ge om e tries cal i bra tion method us ing self-ab sorp tion fac tors was
de fined on the base of achieved re sults:

1. ex per i men tal mea sure ment of one known sam ple com po si tion de tec tion ef fi ciency
in re quired ge om e try (e.g. liq uid sam ple)

2. m val ues de ter mi na tion of re quired pho tons en er gies based on sam ple den sity and
ap prox i mate com po si tion

3. self-ab sorp tion fac tors de ter mi na tion from Xef (m) curve and de tec tion ef fi cien cies
val ues cal cu la tion for an a lyzed sam ple.

More than 2000 ex per i men tal mea sured and cal cu lated de tec tion ef fi cien cies were
com pared for val i da tion of the de scribed cal i bra tion method. The com pared val ues were
de ter mined for pho ton en er gies from 60 keV to 1836 keV and for var i ous com po si tion
sam ples with den sity from 0.13 g×cm-3 to 7.0 g×cm-3 mea sured on 5 HPGe de tec tors in 11
var i ous ge om e tries. The liq uid etalon rep re sented the known sam ple from the first step.
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Fig. 3. The Xef (m) curve for some se lected ge om e tries.
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Fig. 4. The com par i son of the mea sured and cal cu lated de tec tion ef fi cien cies.
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Ef fi cien cies for other etalons – sil i con sand, wooden and iron saw dust and leaden balls
with wa ter – were cal cu lated by self-ab sorp tion fac tors.

The com par i son of ex per i men tal mea sured (eexp) and cal cu lated (ecal) ef fi cien cies is
shown in Fig. 4. The dif fer ence de  was cal cu lated ac cord ing to for mula (5).

d
e e

e
e =

-
×

( )exp

exp

cal
100%                                                                                                                                     (5)

The cal cu lated re sults are in a very good agree ment with the ex per i men tal data to
within about 5 %, in some cases to within about 10 % for some ge om e tries in the en ergy
re gion un der 100 keV. The greater dif fer ences in the low en ergy range were prob a bly
caused by use of one Xef (m) curve for all pho tons en er gies and sam ple com po si tions. But
Xef  val ues can slightly vary for dif fer ent en er gies and sam ples. These dif fer ences oc cur
mostly in the case of large vol ume ge om e try and great sam ple ma te rial m value (low pho -
ton en ergy range and high den sity sam ples). The com bi na tion of these two con di tions oc -
curred in the case of iron saw dust and pho ton en ergy 60 keV, where the max i mum
dif fer ences be tween eexp and ecal were reg is tered.

In spite of the all above men tioned lim i ta tions, pre ci sion of the de scribed method
highly ex ceeds NPP ra di a tion safety terms. Ad van tages of this method are the uni ver sal
ap pli ca tion and cheap ness in com par i son with other used meth ods.

4. Con clu sions

The com par i son of the achieved re sults in di cates a very good agree ment of ex per i men -
tal and sim u lated data. Ad van tage of Monte Carlo method is the pos si bil ity of fast and ac -
cu rate de ter mi na tion of self-ab sorp tion and co in ci dence sum ma tion cor rec tion fac tors. At
pres ent computer sim u la tion is the most ef fec tive method of semi con duc tor de tec tors cal i -
bra tion for gamma-spec tro met ric mea sure ments of large vol ume sam ples with var i ous ge -
om e try and com po si tion.
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