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THE DEPENDENCE OF Ge DETECTORS EFFICIENCY ON THE
DENSITY OF THE SAMPLES IN GAMMA-RAY SPECTROMETRY
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The effect of the density of environmental samples on the counting efficiency of Ge de-
tectors used in gamma-spectrometry was studied. The dependence &g(p) was deter-
mined for two HPGe detectors (relative efficiencies 18% and 20%), using five radioac-
tive standard reference materials (silicone resins, epoxy resin, milk powder, soil) with
different matrix densities (0.45-1.22 g/cm3) in Marinelli beakers (V' = 500 cm3). The
dependence of efficiency vs. density was found to be linear and the regression parame-
ters for energies in the range of 60-2000 keV were determined, too. The effect of varia-
tion in density on the counting efficiency of Ge detectors is dominant in the range of
lower energies (60-600 keV) and decreases with energies in the higher energy range.
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INTRODUCTION

One of the crucial problems concerning the valid-
ity of the results in gamma-ray spectrometry of volumi-
nous environmental samples by semiconductor Ge de-
tectors is the efficiency calibration of the detector
counting system. Ideally, the radioactive reference mate-
rial used for calibration and the sample under study
should be of the same dimensions, measuring geometry,
chemical composition and density, and of similar content
and past activities of the radionuclides. In that case, de-
tector efficiency could be determined by simply compar-
ing the count rates in the corresponding full energy peaks
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in the pulls-height spectra. However, as detectors are
usually calibrated on efficiency by reference multi-lines
or multi-nuclides standard sources with different
gamma-energies, different corrections of the full-energy
peak efficiency should be performed. Corrections are al-
ways necessary when there is a difference between the
standard calibration source and the sample with respect
to geometry, chemical composition, and density. Also,
when either the calibration source or the sample contains
radionuclides with gamma-cascade transitions, the cor-
rections for coincidence summing effects are necessary
[1-3].

Problems arising from differences in geometry
could be solved by adjusting the measuring geometry of
the calibration source and the sample. Differences in the
chemical composition between the standard calibration
source and the sample are usually negligible, since the
mass attenuation coefficients for natural materials are
very similar. Naturally occurring materials are composed
of elements with atomic numbers less than 20 (Z < 20)
and effective atomic numbers less than 15 (Z < 15). For
environmental samples with characteristic gamma-ray
energies in the range of 60-2000 keV, the mass
attenuaton coefficients 1 mainly depend on photon en-
ergy, while the effects on the effective atomic number Z
can be neglected [4]. But, contrary to the corrections for
geometry and chemical composition, if the matrices of
the sample and the calibration source differ in density, the
differences in self-attenuation effects cannot be ne-
glected and corrections for density are necessary [5]. For
environmental samples with characteristic gamma-ray
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energies in the range of 60-2000 keV and densities in the
range of 0.2-2.0 g/cm?, the dependence of the detector’s
efficiency on the matrix density is often found to be linear
[4, 6-9].

Generally, in studies of the effect of the environ-
mental samples’ matrix density on the counting effi-
ciency of Ge detectors, secondary reference standards
are of the same activity levels and radionuclides content.
In this work, the effect of density on detector efficiency
was studied on two HPGe detectors, using different ra-
dioactive standard reference materials in Marinelli beak-
ers of the same volume (500 cm?®). The standard refer-
ence materials were supplied by different suppliers and
had different content and activity level of the
radionuclides.

MATERIALS AND METHODS
Characteristics of the detectors

The characteristics of detectors D, and D, (coax-
ial HPGe, Canberra, relative efficiencies 20% and
18%, respectively) are presented in tab. 1.

Table 1. Characteristics of HPGe detectors D; and D,

Detector D, D,
Geometry and type Closed Closed reverse
Y yP coaxial — p type| coaxial —n type
Relative efficiency
(compared to Nal-detector) 20% 18%
) at 122 keV 0.850 keV 0.759 keV
Resolution
at 1332 keV 1.8 keV 1.69 keV
Peak/Compton ratio 51:1 56:1
Crvostat Vertical Vertical
Ty (+ preamplifier)| (+ 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

Characteristics of radioactive standards and
standard reference materials

The detectors were calibrated on counting effi-
ciency with the radioactive standard reference materi-
als in Marinelli beakers of the same volume (500 cm?).
The following standard reference materials (SRM 1-5)
were used:

SRM 1: Milk powder spiked by **Na, >’Co, Co,
8y, 13Ba, and 'Cs; total activity 1.5 kBg/kg at
01.07.1991; Type MIX-OMH-SZ (SMP), National Of-
fice of Measures, Budapest;

SRM 2: Silicone resin with homogeneously dis-
persed radionuclides 2! Am, '°Cd, '3°Ce, *’Co, °°Co, ¥
Cs, '138n, $3Sr, 8Y, and 2Hg; total activity 85 Bq/kg at
10. 03. 2001; Type: MBSS 2; Czech Metrological Insti-
tute, Inspectorate for lonizing Radiation;

SRM 3: Soil spiked by ?Na, >’Co, *°Co, ¥Y,
133Ba, and '*’Cs; total activity 1.5 kBq/kg at 01. 07.
1991; Type MIX-OMH-SZ; National Office of Mea-
sures, Budapest;

SRM 4: Epoxy resin with homogeneously dis-
persed radionuclide 32 Eu; total activity 4.218 kBq at
04. 06. 1987; Type: EGMGE 1; DAMRI, Laboratoire
de Metrologie des Rayonnements Ionisants, and

SRM 5: Silicone resin with homogeneously dis-
persed radionuclides >*' Am, '%°Cd, '*Ce, *’Co, Co, 1
Cs, '3Sn, 33Sr, 38y, and 2%Hg; total activity 90 Bq/kg at
10. 03. 2001; Type: MBSS 2; Czech Metrological Insti-
tute, Inspectorate for Ionizing Radiation.

Other characteristics of the standard reference
materials (densities and reference activities) are pre-
sented in tab. 2.

Table 2. Characteristics of the radioactive standard
reference materials

Material Matrix Density Reference
material [g/em?] 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

Efficiency calibration

Efficiency as a function of energy (log g vs. log E)
is usually fitted by a polynomial function, but better
aproximation for the whole energy range (60-2000 keV)
is achieved by two polynomial functions junctioned at
about 200 keV [1, 10]. Aproximately linear log e4/log £
correlation in the energy range of 200-2000 ke'V for point
sources can also be applied for Marinelli beakers of dif-
ferent densities, but better fit is obtained with quadratic
regression [7, 11].

In our work, detector D, was calibrated for the
whole of the energy range (60-2000 keV) by the polyno-
mial function log &= P(log E) of the 4™ degree in the
lower enery range and a polynomial of the 2" degree in
the higher energy range. Detector D, was calibrated in
the range of 200-2000 keV, while the dependance log &4
vs. log E was fitted by a linear function.

The efficiency of semiconductor Ge detectors may
be expressed as a product of’ geometric efficiency &geon
intrinsic efficiency &;,, and sample efficiency &1 [ 12].
Geometric efficiency is independent of photon energy £,
since it represents the fraction of the emitted photons that
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are intercepted by the detector. Intrinsic efficiency is de-
fined as a probability that a gamma-ray that enters the de-
tector will interact within the active volume of the detec-
tor and generate a pulse which contributes to the full
energy peak. Sample efficiency is proportional to the
self-absorption factor f; (i, d, p), i. e. the fraction of pho-
tons that actually leave the sample. Thus, the efficiency is
expressed as

(1

where u is the mass attenuation coefficient, d is thick-
ness, and p is the density of the sample. When the
source-detector geometry is fixed and the values of the
mass attenuation coefficients are close enough, as is the
case with environmental samples, and assuming the de-
pendence of intrinsic efficiency on the density of the
samples is negligible; the efficiency for a certain photon
energy £, will depend only on the self-absorption factor

€t = Egeom "Cint fs (u,d,p)

eg (E,,p)=const- f(p) (2)
where f; depends only on the density of the sample [4].

If a thin cylindrical source with homogeneously
distributed activity is placed coaxially with the detec-
tor at a far distance, the self-absorption factor is ex-
pressed as [1]

|—e 1P
udp

fo(ud,p)= (3)

Ifeq. (3) is developed (ud < 0.5 cm’/g andp <
<2 g/em?):

1
fs(u,d,p)=1—5udp =l-const-p  (4)

one can see that f; changes linearly with density [4, 7].
Combining eqgs. (2) and (4), the counting efficiency as
a function of density could be expressed as

(5)

where a and b are linear parametars that depend on the
characteristics of the voluminous sample and of the
detector itself.

eg(E,,p)=—ap+Db

In our work, we determined the efficiency func-
tions for five radioactive standard reference materials
(SRM 1-5) in Marinelli beakers (¥ = 500 cm?) for
gamma ray energies in the range of 60-2000 keV for
the detector D, and for the energies in the range of
200-2000 keV for the detector D,. We investigated the
dependence of detector efficiency on the sample den-
sity e (p) for gamma ray energies emitted by natural
radionuclides from the 238U and 2**Th decay series and
40K, and for gamma ray energies from radionuclides
often dispersed in standard reference materials.

The efficiency values were calculated for the
following energies: 63 keV (***Th); 88 keV (1°Cd),
122 keV (°’Co), 143 keV (35U); 186 keV (**Ra and
235U); 295 keV (21*Pb); 338 keV (**®Ac); 352 keV
(?'*Pb); 609 keV (21*Bi); 661 keV (137Cs); 911 keV
(?¥8Ac); 1120keV (*'*Bi); 1460 keV (*°K); 1763 keV
(*'“Bi), and 1836 keV (*%Y).

Gamma spectrum was analyzed with the stan-
dard software package Genie 2000.

RESULTS AND DISCUSSION
Efficiency vs. energy

The coefficients of the polynomials efficiency
functions calculated for detectors D, and D, (geome-
try Marinelli) are presented in tabs. 3 and 4. The coeffi-
cients were determined by the linear least squares
method. Numerical values of the coefficients were es-
tablished at a confidence level of 95% (20) and effi-
ciency uncertainties were 1-5% (20).

An example presenting a good fit for the effi-
ciency functions of detectors D, and D, (SRM 3,
Marinelli, matrix: soil) is presented in figs.1 and 2.

Efficiency vs. density

Calculated efficiencies for detectors D; and D,
(tabs. 3 and 4) vs. density for different photon energies
are presented in figs. 3, 4, and 5.

As presented in figs. 3-5, the effect of density on
detector efficiency is more pronounced in the lower

Table 3. Coefficients of detector D, efficiency functions (4™ degree polynomial in the energy range 60-180 keV and 2"

degree polynomial in the range 180-2000 keV)

In(Eq) = pi(InE)* + po(InE)’ + py(InE)* + py(InE) + ps In(Eg) = ni(InE)? + ny(InE) + ny
Material (energy range 60-180 keV) (energy range 180-2000 keV)

D1 P2 p3 P4 Ps n n 3
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
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Table 4. Coefficients of detector D, efficiency functions

In(E) = my(InEY? + m,
Material (energy range 200-2000 keV)
my my
SRM 1 -0.9271 6.095
SRM 2 -0.9049 5.907
SRM 3 —0.9206 6.059
SRM 5 -0.8944 5.791
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Figure 1. Efficiency function for detector D; (SRM 3,
matrix: soil)
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Figure 2. Efficiency function for detector D, (SRM 3,
matrix: soil)

energy range of 60-600 keV, while in the higher energy
range (600-2000 keV) where the self-absorption fac-
tors for different matrices are similar, the effect is less
important.

According to eq. (5), the efficiency is fitted as a
linear function of the density, the parametars of the
function depend on the characteristics of the volumi-
nous sample and the detector. In our case, for detectors
D, and D,, the values of the linear regresion coeffi-
cients a and b, are presented in tab. 5. The coefficients
were determined by the least squares method at a con-
fidence level of 95% (20).

Correlation coefficients | 7| were calculated, too.
For detector D, in the low energies range from

Efficiency

122 keV -

0.5 1 1.5
Density [g/cm’]

Figure 3. Efficiency vs. density for detector D; (gamma
energies: 63, 80, 88, and 122 keV)
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Figure 4. Efficiency vs. density for detector D, (gamma
energies: 143, 186, 295, 338, 661, 911, 1120, 1460, and
1836 keV)
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Figure S. Efficiency vs. density for detector D, (gamma
energies: 295, 338, 352, 609, 661, 911, 1120, 1460, and
1836 keV)

60-200 keV (where there is a clear difference in the pho-
ton self-absorption coefficient for each matrix), there is a
strong linear correlation between the efficiency and the
density (| 7| ~0,84). For both detectors D, and D,, in
the range of 200-900 keV, the correlation is medium
(I7| ~0,6), while in the range of higher energies (900-
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Table 5. Coefficients of linear regression a and b for
detectors D; and D, (geometry: Marinelli, SRM 1-5)

E ex(p)=ap+b
[Egi,g]y Detector D, Detector D,
a; b ay by
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

-2000 keV), the correlation is low (| | ~0,35). This could
be explained by the fact that the change of the self-ab-
sorption factor with density £; (o) and, consequently, the
change in efficiency with density &4 (), is almost within
the experimental uncertainty of the efficiency determina-
tion, that is in agreement with the literature data [4, 7, 9].

For gamma-ray energies above 1000 keV, our re-
gression lines are almost horizontal. For that energy
range, a significant difference occurs in the values of
the linear regression parameters of the g (0) function
declared by other authors. For standard reference ma-
terials in synthetic matrices (density range: 0-2 g/cm?),
a clear linear fit was found [8], while for standards
made of natural materials of different densities (den-
sity range: 0-1,5 g/cm?), the regression lines were al-
most horizontal [6]. Therefore, it can be concluded
that even in the higher energy range (1000-2000 keV)
where there are no significant changes in the counting
efficiency due to density, more accurate results are ob-
tained if the function “efficiency vs. density” is deter-
mined using reference materials of different densities
but in the same matrix.

CONCLUSION

The effect of sample density on counting effi-
ciency was determined for two HPGe detectors with a
series of standard reference materials in Marinelli ge-
ometry. A linear fit was found g(p) = ap + b, follow-
ing the linear dependence of the sample self-absorp-

tion factor with its density. Liner regresion coeffi-
cients a and b were calculated for a series of energies in
the range of 60-2000 keV emitted by radionuclides
usually found in environmental samples. The effect of
density variation on detector counting efficiency was
found to be dominant in the range of the lower energies
(60-600 keV), while in the higher energy range, there
were no significant changes in detector counting effi-
ciency due to density. This should be taken into con-
sideration in gamma spectrometry of the voluminous
environmental samples.
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Hpana BYKAIIMHOBWT, [iparana TOOPOBUH, Iparana IIOTIOBUh

3ABUCHOCT E®PUKACHOCTU T’EPMAHUNIYMCKUX JTETEKTOPA O
I'YCTUHE Y30PAKA Y CIIEKTPOMETPNJU TAMA 3PAYEIbA

HcnutuBan je yTHIaj TyCTHHE y30paka M3 KHBOTHE CpeiimHe Ha edHKacHOCT Opojama
repMaHMjyMCKHX JISTEKTOpa Y CIIEKTPOMETPHj1 raMa 3pauera. 3aBUCHOCT £ (0) oppebena je 3aaBa HPGe
nerektopa (penatuBHux edukacHoctu 18% u 20%) 3a pasnuuuTe pagMOaKTUBHE CTaHIapjHE
pedepeHTHE MaTrepujaie (CHIMKOHCKE CMOJIE, €OKCH CMOINY, MIIEKO Y TIpaxy, 3eMJby) pa3iN4nTHX
rycruna (0,45-1,22 g/cm?) y Mapurenu nocynama sanpemune V = 500 cm®. YTBphena je nuneapua
3aBUCHOCT e(hMKACHOCTH Opojama Of TYCTUHE y30paka IpH YeMy cy ofipehbeHr mapamMeTpH JIHHEapHe
perpecuje 3a HU3 eHepruja n3 uHTepBana of 60-2000 keV. EdekT nmpomene ryctnHa Ha e(UKACHOCT
Opojama TepMaHHMjyMCKUX JIETEKTOpa JOMUHAHTAH je y WHTepBany Huxkux eHepruja (60-600 keV) m
cMamyje ce ca MOpacToOM eHepryje Y HHTepBajly BUIINX eHepruja.

Kwyune peuu: 2ama cilexiipomeitipuja, edpukacHociti 6pojarba, y30pyu OKOAUHE, ZEPMAHUJYMCKU
OetlieKTiop




