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The ef fect of the den sity of en vi ron men tal sam ples on the count ing ef fi ciency of Ge de -
tec tors used in gamma-spec trom e try was stud ied. The de pend ence  eff(r) was de ter -
mined for two HPGe de tec tors (rel a tive ef fi cien cies 18% and 20%), us ing five ra dio ac -
tive stan dard ref er ence ma te ri als (sil i cone res ins, ep oxy resin, milk pow der, soil) with
dif fer ent ma trix den si ties (0.45-1.22 g/cm3) in Marinelli beak ers (V = 500 cm3). The
de pend ence of ef fi ciency vs. den sity was found to be lin ear and the re gres sion pa ram e -
ters for en er gies in the range of 60-2000 keV were de ter mined, too. The ef fect of vari a -
tion in den sity on the count ing ef fi ciency of Ge de tec tors is dom i nant in the range of
lower en er gies (60-600 keV) and de creases with en er gies in the higher en ergy range.
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IN TRO DUC TION

One of the cru cial prob lems con cern ing the va lid -
ity of the re sults in gamma-ray spec trom e try of vo lu mi -
nous en vi ron men tal sam ples by semi con duc tor Ge de -
tec tors is the ef fi ciency cal i bra tion of the de tec tor
count ing sys tem. Ide ally, the ra dio ac tive ref er ence ma te -
rial used for cal i bra tion and the sam ple un der study
should be of the same di men sions, mea sur ing ge om e try,
chem i cal com po si tion and den sity, and of sim i lar con tent
and past ac tiv i ties of the radionuclides. In that case, de -
tec tor ef fi ciency could be de ter mined by sim ply com par -
ing the count rates in the cor re spond ing full en ergy peaks

in the pulls-height spec tra. How ever, as de tec tors are
usu ally cal i brated on ef fi ciency by ref er ence multi-lines
or multi-nuclides stan dard sources with dif fer ent
gamma-en er gies, dif fer ent cor rec tions of the full-en ergy
peak ef fi ciency should be per formed. Cor rec tions are al -
ways nec es sary when there is a dif fer ence be tween the
stan dard cal i bra tion source and the sam ple with re spect
to ge om e try, chem i cal com po si tion, and den sity. Also,
when ei ther the cal i bra tion source or the sam ple con tains
ra dionuclides with gamma-cas cade tran si tions, the cor -
rec tions for co in ci dence sum ming ef fects are nec es sary
[1-3].

Prob lems aris ing from dif fer ences in ge om e try
could be solved by ad just ing the mea sur ing ge om e try of
the cal i bra tion source and the sam ple. Dif fer ences in the
chem i cal com po si tion be tween the stan dard cal i bra tion
source and the sam ple are usu ally neg li gi ble, since the
mass at ten u a tion co ef fi cients for nat u ral ma te ri als are
very sim i lar. Nat u rally oc cur ring ma te ri als are com posed 
of el e ments with atomic num bers less than 20 (Z < 20)
and ef fec tive atomic num bers less than 15 (Zeff < 15). For
en vi ron men tal sam ples with char ac ter is tic gamma-ray
en er gies in the range of 60-2000 keV, the mass
attenuaton co ef fi cients m mainly de pend on pho ton en -
ergy, while the ef fects on the ef fec tive atomic num ber Zeff

can be ne glected [4]. But, con trary to the cor rec tions for
ge om e try and chem i cal com po si tion, if the ma tri ces of
the sam ple and the cal i bra tion source dif fer in den sity, the 
dif fer ences in self-at ten u a tion ef fects can not be ne -
glected and cor rec tions for den sity are nec es sary [5]. For
en vi ron men tal sam ples with char ac ter is tic gamma-ray
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en er gies in the range of 60-2000 keV and den si ties in the
range of 0.2-2.0 g/cm3, the de pend ence of the de tec tor’s
ef fi ciency on the ma trix den sity is of ten found to be lin ear 
[4, 6-9].

Gen er ally, in stud ies of the ef fect of the en vi ron -
men tal sam ples’ ma trix den sity on the count ing ef fi -
ciency of Ge de tec tors, sec ond ary ref er ence stan dards
are of the same ac tiv ity lev els and radionuclides con tent.
In this work, the ef fect of den sity on de tec tor ef fi ciency
was stud ied on two HPGe de tec tors, us ing dif fer ent ra -
dio ac tive stan dard ref er ence ma te ri als in Marinelli beak -
ers of the same vol ume (500 cm3). The stan dard ref er -
ence ma te ri als were sup plied by dif fer ent sup pli ers and
had dif fer ent con tent and ac tiv ity level of the
radionuclides.

MA TE RI ALS AND METH ODS

Char ac ter is tics of the de tec tors

The char ac ter is tics of de tec tors D1 and D2 (co ax -
ial HPGe, Can berra, rel a tive ef fi cien cies 20% and
18%, re spec tively) are pre sented in tab. 1.

Char ac ter is tics of ra dio ac tive stan dards and
stan dard ref er ence ma te ri als

The de tec tors were cal i brated on count ing ef fi -
ciency with the ra dio ac tive stan dard ref er ence ma te ri -
als in Marinelli beak ers of the same vol ume (500 cm3).
The fol low ing stan dard ref er ence ma te ri als (SRM 1-5) 
were used:

SRM 1: Milk pow der spiked by 22Na, 57Co, 60Co,
89Y, 133Ba, and 137Cs; to tal ac tiv ity 1.5 kBq/kg at
01.07.1991; Type MIX-OMH-SZ (SMP), Na tional Of -
fice of Mea sures, Bu da pest;

SRM 2: Sil i cone resin with ho mo ge neously dis -
persed radionuclides 241Am, 109Cd, 139Ce, 57Co, 60Co, 137

Cs, 113Sn, 85Sr, 88Y, and 203Hg; to tal ac tiv ity 85 Bq/kg at
10. 03. 2001; Type: MBSS 2; Czech Metrological In sti -
tute, In spec tor ate for Ion iz ing Ra di a tion;

SRM 3: Soil spiked by 22Na, 57Co, 60Co, 89Y,
133Ba, and 137Cs; to tal ac tiv ity 1.5 kBq/kg at 01. 07.
1991; Type MIX-OMH-SZ; Na tional Of fice of Mea -
sures, Bu da pest;

SRM 4: Ep oxy resin with ho mo ge neously dis -
persed radionuclide 152 Eu; to tal ac tiv ity 4.218 kBq at
04. 06. 1987; Type: EGMGE 1; DAMRI, Laboratoire
de Metrologie des Rayonnements Ionisants, and

SRM 5: Sil i cone resin with ho mo ge neously dis -
persed radionuclides 241Am, 109Cd, 139Ce, 57Co, 60Co, 137

Cs, 113Sn, 85Sr, 88Y, and 203Hg; to tal ac tiv ity 90 Bq/kg at
10. 03. 2001; Type: MBSS 2; Czech Metrological In sti -
tute, In spec tor ate for Ion iz ing Ra di a tion.

Other char ac ter is tics of the stan dard ref er ence
ma te ri als (den si ties and ref er ence ac tiv i ties) are pre -
sented in tab. 2.

Ef fi ciency cal i bra tion

Ef fi ciency as a func tion of en ergy (log eff vs. log E)
is usu ally fit ted by a poly no mial func tion, but better
aproximation for the whole en ergy range (60-2000 keV)
is achieved by two poly no mial func tions junctioned at
about 200 keV [1, 10]. Aproximately lin ear log eff/log E
cor re la tion in the en ergy range of 200-2000 keV for point 
sources can also be ap plied for Marinelli beak ers of dif -
fer ent den si ties, but better fit is ob tained with qua dratic
re gres sion [7, 11].

In our work, de tec tor D1 was cal i brated for the
whole of the en ergy range (60-2000 keV) by the poly no -
mial func tion log eff = P(log E) of the 4th de gree in the
lower enery range and a poly no mial of the 2nd de gree in
the higher en ergy range. De tec tor D2 was cal i brated in
the range of 200-2000 keV, while the de pend ance log eff

vs. log E was fit ted by a lin ear func tion.
The ef fi ciency of semi con duc tor Ge de tec tors may

be ex pressed as a prod uct of  geo met ric ef fi ciency egeom,
in trin sic ef fi ciency eint, and sam ple ef fi ciency esam ple [12].  
Geo met ric ef fi ciency is in de pend ent of pho ton en ergy Eg, 

since it rep re sents the frac tion of the emit ted pho tons that

I. Vuka{inovi}, D. Todorovi}, D. Popovi}: The De pend ence of Ge De tec tors Ef fi ciency on the Den sity ... 59

Ta ble 1. Char ac ter is tics of HPGe de tec tors D1 and D2

Detector D1 D2

Geometry and type
Closed

coaxial –     p type
Closed reverse
coaxial – n type

Relative efficiency
(compared to NaI-detector)

20% 18%

Resolution
at 122 keV 0.850 keV 0.759 keV

at 1332 keV 1.8 keV 1.69 keV

Peak/Compton ratio 51:1 56:1

Cryostat
Vertical

(+ preamplifier)
Vertical

(+ preamplifier)

Cristal diameter 49.5 mm 48 mm

Cristal length 56.5 mm 48.5 mm

Distance from window 55 mm 5 mm

Entrance window Al Be

Voltage (+) 4500 V (–) 4000 V

Ta ble 2. Char ac ter is tics of the ra dio ac tive stan dard
ref er ence ma te ri als

Material
Matrix

material
Density
[g/cm3]

Reference
activity [Bq]

SRM 1 Milk powder 0.45 ± 0.02 390 ± 10

SRM 2 Silicone resin 0.98 ± 0.01 40 ± 1

SRM 3 Soil 1.00 ± 0.01 750 ± 20

SRM 4 Epoxy resin 1.15 ± 0.02 4200 ± 300

SRM 5 Silicone resin 1.22 ± 0.01 52 ± 2



are in ter cepted by the de tec tor. In trin sic ef fi ciency is de -
fined as a prob a bil ity that a gamma-ray that en ters the de -
tec tor will in ter act within the ac tive vol ume of the de tec -
tor and gen er ate a pulse which con trib utes to the full
en ergy peak. Sam ple ef fi ciency is pro por tional to the
self-ab sorp tion fac tor fs (m, d, r), i. e. the frac tion of pho -
tons that ac tu ally leave the sam ple. Thus, the ef fi ciency is 
ex pressed as

e e e m rff geom s= × ×int ( , , )f d (1)

where m is the mass at ten u a tion co ef fi cient, d is thick -
ness, and r is the den sity of the sam ple. When the
source-de tec tor ge om e try is fixed and the val ues of the
mass at ten u a tion co ef fi cients are close enough, as is the
case with en vi ron men tal sam ples, and as sum ing the de -
pend ence of in trin sic ef fi ciency on the den sity of the
sam ples is neg li gi ble; the ef fi ciency for a cer tain pho ton
en ergy Eg will de pend only on the self-ab sorp tion fac tor

e r rff sconst( , ) ( )E fg = × (2)

where fs de pends only on the den sity of the sam ple [4].
If a thin cy lin dri cal source with ho mo ge neously

dis trib uted ac tiv ity is placed co ax i ally with the de tec -
tor at a far dis tance, the self-ab sorp tion fac tor is ex -
pressed as [1]

fs ( , , )m r
m r

m r

d
d

d

=
- -1 e

(3)

If  eq.  (3)  is  de vel oped  (md   <    0.5  cm3/g  and  r   <
< 2 g/cm3):

fs const( , , )m r m r rd d= - = - ×1
1

2
1 (4)

one can see that fs changes lin early with den sity [4, 7].
Com bin ing eqs. (2) and  (4), the count ing ef fi ciency as
a func tion of den sity could be ex pressed as

e r rff ( , )E a bg = - + (5)

where a and b are lin ear parametars that de pend on the
char ac ter is tics of the vo lu mi nous sam ple and of the
de tec tor it self.

In our work, we de ter mined the ef fi ciency func -
tions for five ra dio ac tive stan dard ref er ence ma te ri als
(SRM 1-5) in Marinelli beak ers (V = 500 cm3) for
gamma ray en er gies in the range of 60-2000 keV for
the de tec tor D1 and for the en er gies in the range of
200-2000 keV for the de tec tor D2. We in ves ti gated the
de pend ence of de tec tor ef fi ciency on the sam ple den -
sity eff (r) for gamma ray en er gies emit ted by nat u ral
radionuclides from the 238U and 232Th de cay se ries and 
40K, and for gamma ray en er gies from radionuclides
of ten dis persed in stan dard ref er ence ma te ri als.

The ef fi ciency val ues were cal cu lated for the
fol low ing en er gies: 63 keV (234Th); 88 keV (109Cd),
122 keV (57Co), 143 keV (235U); 186 keV (226Ra and
235U); 295 keV (214Pb); 338 keV (228Ac); 352 keV
(214Pb); 609 keV (214Bi); 661 keV (137Cs); 911 keV
(228Ac); 1120 keV (214Bi); 1460 keV (40K); 1763 keV
(214Bi), and 1836 keV (88Y).

Gamma spec trum was an a lyzed with the stan -
dard soft ware pack age Ge nie 2000.

RE SULTS AND DIS CUS SION

Ef fi ciency vs. en ergy

The co ef fi cients of the poly no mi als ef fi ciency
func tions cal cu lated for de tec tors D1 and D2 (ge om e -
try Marinelli) are pre sented in tabs. 3 and 4. The co ef fi -
cients were de ter mined by the lin ear least squares
method. Nu mer i cal val ues of the co ef fi cients were es -
tab lished at a con fi dence level of 95% (2s) and ef fi -
ciency un cer tain ties were 1-5% (2s).

An ex am ple pre sent ing a good fit for the ef fi -
ciency func tions of de tec tors D1 and D2 (SRM 3,
Marinelli, ma trix: soil) is pre sented in figs.1 and 2.

Ef fi ciency vs. den sity

Cal cu lated ef fi cien cies for de tec tors D1 and D2

(tabs. 3 and 4) vs. den sity for dif fer ent pho ton en er gies
are pre sented in figs. 3, 4, and 5.

As pre sented in figs. 3-5, the ef fect of den sity on
de tec tor ef fi ciency is more pro nounced in the lower
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Ta ble 3. Co ef fi cients of de tec tor D1 ef fi ciency func tions (4th de gree poly no mial in the en ergy range 60-180 keV and 2nd

de gree poly no mial in the range 180-2000 keV)

Material
ln(Eff) = p1(lnE)4 + p2(lnE)3 + p3(lnE)2 + p4(lnE) + p5

(energy range 60-180 keV)
ln(Eff) = n1(lnE)2 + n2(lnE) + n3

(energy range 180-2000 keV)

p1 p2 p3 p4 p5 n1 n2 n3

SRM 1 –0.253 5.846 –50.57 193 –272.7 –0.0257 –0.555 4.984

SRM 2 –0.159 3.747 –33.21 130 –187.5 –0.0363 –0.372 4.172

 SRM 3 –0.151 3.625 –32.64 130 –189.7 –0.0356 –0.396 4.386

SRM 4 –0.221 5.102 –44.16 169 –239.2 –0.0524 –0.173 3.608

SRM 5 –0.148 3.488 –30.98 122 –176.3 –0.0286 –0.471 4.449



en ergy range of 60-600 keV, while in the higher en ergy 
range (600-2000 keV) where the self-ab sorp tion fac -
tors for dif fer ent ma tri ces are sim i lar, the ef fect is less
im por tant.

Ac cord ing to eq. (5), the ef fi ciency is fit ted as a
lin ear func tion of the den sity, the parametars of the
func tion de pend on the char ac ter is tics of the vo lu mi -
nous sam ple and the de tec tor. In our case, for de tec tors
D1 and D2, the val ues of the lin ear regresion co ef fi -
cients a and b, are pre sented in tab. 5. The co ef fi cients
were de ter mined by the least squares method at a con -
fi dence level of 95% (2s).

Cor re la tion  co ef fi cients | r |  were  cal cu lated,  too.
For  de tec tor  D1, in  the  low  en er gies  range  from 

60-200 keV (where there is a clear dif fer ence in the pho -
ton self-ab sorp tion co ef fi cient for each ma trix), there is a
strong lin ear cor re la tion be tween the ef fi ciency and the
den sity  (| r | ~0,84).  For  both  de tec tors  D1  and  D2,  in
the  range  of  200-900  keV,   the  cor re la tion  is  me dium 
(| r.| ~0,6), while in the range of higher en er gies (900-
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Ta ble 4. Co ef fi cients of de tec tor D2 ef fi ciency functions

Material

ln(Eff) = m1(lnE)2 + m2

(energy range 200-2000 keV)

m1 m2

SRM 1 –0.9271 6.095

SRM 2 –0.9049 5.907

SRM 3 –0.9206 6.059

SRM 5 –0.8944 5.791

Fig ure 1. Ef fi ciency func tion for de tec tor D1 (SRM 3,
ma trix: soil)

Fig ure 2. Ef fi ciency func tion for de tec tor D2 (SRM 3,
ma trix: soil)

Fig ure 3. Ef fi ciency vs. den sity for de tec tor D1 (gamma
en er gies: 63, 80, 88, and 122 keV)

Fig ure 4. Ef fi ciency vs. den sity for de tec tor D1 (gamma
en er gies: 143, 186, 295, 338, 661, 911, 1120, 1460, and
1836 keV)

Fig ure 5. Ef fi ciency vs. den sity for de tec tor D2 (gamma
en er gies: 295, 338, 352, 609, 661, 911, 1120, 1460, and
1836 keV)



-2000 keV), the cor re la tion is low (| r | ~0,35). This could
be ex plained by the fact that the change of the self-ab -
sorp tion fac tor with den sity fs (r) and, con se quently, the
change in ef fi ciency with den sity eff (r), is al most within
the ex per i men tal un cer tainty of the ef fi ciency de ter mi na -
tion, that is in agree ment with the lit er a ture data [4, 7, 9].

For gamma-ray en er gies above 1000 keV, our re -
gres sion lines are al most hor i zon tal. For that en ergy
range, a sig nif i cant dif fer ence oc curs in the val ues of
the lin ear re gres sion pa ram e ters of the eff (r) func tion
de clared by other au thors. For stan dard ref er ence ma -
te ri als in syn thetic ma tri ces (den sity range: 0-2 g/cm3), 
a clear lin ear fit was found [8], while for stan dards
made of nat u ral ma te ri als of dif fer ent den si ties (den -
sity range: 0-1,5 g/cm3), the re gres sion lines were al -
most hor i zon tal [6]. There fore, it can be con cluded
that even in the higher en ergy range (1000-2000 keV)
where there are no sig nif i cant changes in the count ing
ef fi ciency due to den sity, more ac cu rate re sults are ob -
tained if the func tion “ef fi ciency vs. den sity” is de ter -
mined us ing ref er ence ma te ri als of dif fer ent den si ties
but in the same ma trix.

CON CLU SION

The ef fect of sam ple den sity on count ing ef fi -
ciency was de ter mined for two HPGe de tec tors with a
se ries of stan dard ref er ence ma te ri als in Marinelli ge -
om e try. A lin ear fit was found eff(r) = ar + b, fol low -
ing the lin ear de pend ence of the sam ple self-ab sorp -

tion fac tor with its den sity. Liner regresion co ef fi -
cients a and b were cal cu lated for a se ries of en er gies in 
the range of 60-2000 keV emit ted by radionuclides
usu ally found in en vi ron men tal sam ples. The ef fect of
den sity vari a tion on de tec tor count ing ef fi ciency was
found to be dom i nant in the range of the lower en er gies 
(60-600 keV), while in the higher en ergy range, there
were no sig nif i cant changes in de tec tor count ing ef fi -
ciency due to den sity. This should be taken into con -
sid er ation in gamma spec trom e try of the vo lu mi nous
en vi ron men tal sam ples.
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Ta ble 5. Co ef fi cients of lin ear re gres sion a and b for
de tec tors D1 and D2 (ge om e try: Marinelli, SRM 1-5)

Energy
[keV]

eff (r) = ar + b

Detector D1 Detector D2

a1 b1 a2 b2

63 -0.3427 2.209 - -

88 -0.9706 4.546 - -

122 -1.0860 5.311 - -

143 -0.9538 5.090 - -

186 -0.6859 4.293 - -

295 -0.3633 2.876 -0.2521 2.408

338 -0.3012 2.566 -0.2177 2.133

352 -0.2841 2.477 -0.2080 2.054

609 -0.1238 1.513 -0.1106 1.228

661 -0.1093 1.407 -0.1007 1.139

911 -0.0660 1.050 -0.0691 0.844

1120 -0.0474 0.864 -0.0537 0.694

1460 -0.0312 0.671 -0.0386 0.539

1763 -0.0239 0.566 -0.0309 0.455

1836 -0.0222 0.540 -0.0290 0.434
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Ivana VUKA[INOVI], Dragana TODOROVI], Dragana POPOVI]

ZAVISNOST  EFIKASNOSTI  GERMANIJUMSKIH  DETEKTORA  OD
GUSTINE  UZORAKA  U  SPEKTROMETRIJI  GAMA  ZRA^EWA

Ispitivan je uticaj gustine uzoraka iz `ivotne sredine na efikasnost brojawa
germanijumskih detektora u spektrometriji gama zra~ewa. Zavisnost  eff (r) odre|ena je  za dva HPGe
detektora (relativnih efikasnosti 18% i 20%) za razli~ite radioaktivne standardne
referentne materijale (silikonske smole, epoksi smolu, mleko u prahu, zemqu) razli~itih
gustina (0,45-1,22 g/cm3) u Marineli posudama zapremine V = 500 cm3. Utvr|ena je linearna
zavisnost efikasnosti brojawa od gustine uzoraka pri ~emu su odre|eni parametri linearne
regresije za niz energija iz intervala od 60-2000 keV. Efekt promene gustina na efikasnost
brojawa germanijumskih detektora dominantan je u intervalu ni`ih energija (60-600 keV) i
smawuje se sa porastom energije u intervalu vi{ih energija.

Kqu~ne re~i:  gama spektrometrija, efikasnost brojawa, uzorci okoline, germanijumski 
jjjjjjjjjjjjjjjjjjjjjjjjdetektor


