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Abstract The high-purity germanium (HPGe) detectors, which are one of the basic instruments in the experimental nuclear physics,
are widely used in many areas such as the environmental radioactivity, neutron activation analysis and geology. This study reports
the results of energy calibration, energy resolution and efficiency calculations for an HPGe detector (ORTEC), which are necessary
to determine the quality of the measurement results obtained from a gamma spectrometry system. For the purpose of examining the
effects of gamma-ray energy and the distance between the source and the detector on the detector efficiency, measurements were
made at six different source—detector distances for a total of about fourteen energies of the point sources (!3Ba, 19°Cd, 137Cs, ¥ Co,
60Co, 152Ey, 22Na, and 65Zn). Basic data were obtained with this detector system for later studies.

1 Introduction

Gamma-ray spectrometry with the germanium detectors is a non-destructive technique widely used to determine the activity con-
centrations of natural and artificial radionuclides in the environment [1-3]. The most important step in measurements made using a
gamma-ray spectrometer is to determine the number of photons released from the source and absorbed by the detector. The detector
efficiency refers to the ability of a detector to accurately and reliably detect and measure gamma radiation emitted by a radioactive
source. The ability to precisely detect and measure gamma-ray radiation released from radioactive sources is dependent on a variety
of efficiency types, including intrinsic, photopeak, relative, and absolute efficiencies [4].

The quality of the results measured by gamma-ray spectrometry directly depends on the accuracy of the detection efficiency
of the detector under certain measurement conditions, and the energy resolution is also one of the important parameters to be
determined [5, 6]. The efficiency of a detector system largely depends on parameters such as the energy of gamma-rays, detector
dimensions, source dimensions, the geometric layout of the detector and source, and the density of the sample. Therefore, the
efficiency calibration performed for one detector may not be applicable for another detector [7]. The most reliable method is to use
experimental techniques in the relevant field to calculate the efficiency calibration for each detector system. The efficiency depends
on the gamma energy, the detector and the measurement geometry [8].

Eight standard gamma point sources (133Ba, 199¢Cd, 137Cs, 37Co, 99Co, 132Eu, 22Na and ®°Zn) were used to characterize the gamma-
ray spectrometer with an HPGe detector at the Environmental Radioactivity Measurement and Research Laboratory, Department of
Physics, Istanbul University, at various source—detector distances. The photopeak efficiency values of the detector were calculated,
and calibration curves were created from these obtained data. The detector resolution values were also determined and compared
with the values in the detector specifications.

2 Materials and methods

Gamma-ray point sources of different energies were used to characterize the gamma-ray spectroscopy system with HPGe detector
at the Environmental Radioactivity and Measurement Laboratory of Istanbul University.

This system includes a p-type HPGe gamma-ray detector (ORTEC) with 35% of efficiency relative to Nal and an energy resolution
of 1.85 keV at the 1.33 MeV energy of the gamma line in ®°Co decay, a multi-channel analyzer (DSPEC jr 2.0), and a mechanical
cooler (X-COOLER III) (Fig. 1). This detector can measure gamma-ray energies between 40 keV and 10 MeV [9] (Fig. 2).

The HPGe detector configurations and characteristics as specified by the manufacturer are given in Table 1.
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Fig. 1 Schematic illustration of the gamma-ray spectroscopy system as an example

1.0e8
1.0e7
3
106 o 2
2 o s =
s |2 za S e
A 3= s 33
Sk g1 328 an
-k Al £ a S g
s|C = ( " T 8 8
zZf 2 2 = 8 T 8
1.0e5 1 ~ s S g Z2 8
= g 2 5 iy %
S 3 -
\ o 2 8
q 2 g
5 ¥ L\l 4 K
© 1.0e4 l
L"“ ‘
. o
Lv-‘ 3
i
1.0e3 \U%ML
1.0e2
1.0e1
1.0e0 - - T : - - T - T T - -
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Energy (keV)

Fig. 2 An example of the HPGe gamma-ray spectrum from the certified standard sources. This spectrum was recorded at a detector—source distance of 0
mm and was used to determine the efficiency and energy resolution of the gamma spectroscopy system at that setting
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Table 1 HPGe detector’s Description HPGe detector
specifications and performance
data Detector model GEM35P4-70
Relative efficiency (%) 35
Energy resolution (FWHM)? (keV) 1.85
Detector material p—type Ge
Crystal diameter (mm) 57.6
Crystal length (mm) 65.8
. 60 Window material and thickness (mm) Al 1l
4FWHM at 1.33 MeV of ®’Co
Table 2 Information data of the Radionuclide Energy (keV) Intensity, Iy (%) Activity (uCi) Uncertainty (%) Half-life
radionuclides used for the
determination of the HPGe 133Ba 81 34.1 1.0 35 10.51 years
detector efficiency with the point 276.4 )
source geometry [10] 76. 7.
302.9 18.3
356 62
383.9 8.94
109¢g 88 3.64 1.0 5 461.9 days
137¢s 661.7 85.1 0.1 5 30.08 years
57co 136.5 10.68 1.0 5 271.74 days
60¢co 1173.2 99.85 1.0 5 5.27 years
1332.5 99.98
152y 964.1 14.51 0.5 5 13,517 years
1408 20.87
22Na 1274.5 99.94 1.0 5 2.601 years
657n 11155 50.04 1.0 5 243.93 days

All measurements for the energy and efficiency calibration of the gamma spectrometer system were measured with eight different
standard gamma sources of 133Ba, 109¢q, 137Cs, 37Co, 90Co, 152Eu, 22Na, ©Zn with point source geometry. These measurements
were performed at six different detector—source distances of 0, 3, 6, 9, 12 and 15 cm for each radionuclide for 900 s. The energies
of these point sources are between 81 and 1408 keV.

The information of the sources with point source geometry used in the measurements for the characterization of the HPGe detector
is given in Table 2. The radionuclides activities and uncertainties in these table are the values reported by the source manufacturer.
GammaVision 6.2 (ORTEC) software was used for the acquisition and analysis of the spectra [9]. The statistical errors were taken
into consideration in calculating the uncertainties in the measurements.

The photopeak efficiency of the HPGe detector was determined from the measured spectra by dividing the counts per second
under the relevant peak area for each detector—source distance by the known radionuclide activity and gamma decay rate.

N
Efficiency = v (@))]
Y

where N is the net counts under the photopeak at energy E, which are obtained by subtracting the counts associated with the
underlying continuum from the total counts, A is the activity concentration of the radionuclide, /,, is the gamma-ray intensity, and t
is the measurement time.

The resolution provides separation for two adjacent energy peaks, which leads to the identification of different radionuclides in
the spectrum. It can be defined as the power to separate the energy peaks in the spectrum. The energy resolution of the detector was
determined by calculating the full width at half-maximum (FWHM) of the peaks.

FWHM
R=——" x100 2)

o

R is the energy resolution of the detector, and E, is the energy of the peak center of the related radionuclide.
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Fig. 3 The energy calibration 1600 —
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3 Results and discussion
3.1 The determination of HPGe detector resolution

First of all, the energy calibration of the system was performed with radioactive sources in order to convert the channel number to
the energy scale before using it in the detection of radiation in various samples with gamma-ray spectrometry.

The channel numbers corresponding to the photopeaks created by the radionuclides in the spectrum obtained at a 0 mm detec-
tor—source distance were determined for the energy calibration of the system. Subsequently, the energy values of these photopeaks
were fitted to a function, and the equation of the calibration curve was obtained. A linear fit was applied to the energy calibration
graph. The parameters obtained as a result of this fitting are @ = 0.38309 +0.06784 and b = 0.34496 -2.79176E-5. Thus, the energy
calibration equation for the gamma spectroscopy system is below;

E(keV) = (0.38309 £ 0.06784) + (0.34496 & 2.79176 E — 5) x Channel

The energy calibration graph for the gamma spectroscopy system with the HPGe detector is shown in Fig. 3.

The measured energy resolution of the HPGe detector for each detector—source distance is shown in Fig. 4 as a function of
gamma-ray energy. According to this graph in Fig. 4, it is seen that the energy resolution of the HPGe detector decreases with the
increase of gamma-ray energy. This result is also confirmed by the results found in the literature [11, 12]. At low energies around
300 keV, the energy resolution varies by more than 30%. It appears stable at energies above 300 keV. This may be due to the physical
characteristics of the detector.

The full width at the half-maximum (FWHM) values for all gamma-ray energies at six different detector-source distances is
shown in Fig. 5. The resolution (FWHM) fitting curve is described, by a second-order polynomial function as follows [11];

FWHM (keV) = ag + a; x+azx>

where x is the radionuclide energy, and ag, a; and a; are the fitting coefficients. Figure 5 illustrates that the FWHM fitting curve,
exhibiting the best match with experimental points (R> = 0.91), was derived for the detector—source distance » = 0 cm. The fitting
coefficients for this curve were determined to be ag = 0.872+0.108, a; = 8.461E-4 £4.247E-4, a, = 5.702E-8 +2.857E-7. The
quality of the fit between the experimental points and the fitting curve diminishes with an increase in the detector-to-source distance.
The average uncertainties in FWHM measurement results were approximated to be about five percent.

These results are consistent with the energy resolution (FWHM) value of 1.85 keV for 1.33 MeV gamma-ray energy of %0Co in
the detector specifications specified by the manufacturer.
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3.2 The determination of HPGe detector efficiency

Energy calibration and detector resolution depend only on the energy of the gamma-rays, but efficiency calibration depends on a
number of variables, including the source’s position in relation to the detector and its geometry, indicating that efficiency is not
solely a detector attribute [13].

The photopeak efficiency values of the HPGe detector used in the measurements have been obtained experimentally for about
14 different gamma-ray energies at six different detector—source distances. The results obtained from the calculation of the energy-
dependent variation of the p-type HPGe detector efficiency at various detector—source distances are shown in Fig. 6. The polynomial
curves fitted to the experimental points for different detector—source distances are also shown.

The photopeak efficiency fitting curve is defined by a 6-term polynomial function to fit the natural logarithm of efficiency to
energy [14];
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Fig. 6 The measured photopeak ]
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5
In(g;) = Z a,'xi
i=0

where ¢ is the efficiency at radionuclide energy, x is the radionuclide energy and a;’s (i = 0, 1, 2, 3, 4, 5) are the fitting coefficients.

As can be seen in Fig. 6, the efficiency fitting curve with the best fit with the experimental points (R? = 0.99) was obtained for
the detector—source distance r = 0 cm. The fitting coefficients for this curve were determined to be ag = 4.594E-8 £7.430E-9, a| =
1.765E-10£ 1.073E-10, ap = — 2.253E-13 +4.549E-13, a3 = — 2.196E-16 £ 7.761E-16, a4 = 3.647E-19£5.737E-19 and a5s = —
1.175E-22 4+ 1.533E-22. The fit between the experimental efficiency points and the fitting curve is poorer as the detector-to-source
distance increases.

All efficiency values (measured and calculated from the fitting curve) are calculated in cps/Bq.

The fitting curve efficiency values were calculated for different energies at the detector—source distance (at r = 0) where the best
fitting curve in the photopeak efficiency graph (Fig. 6) was obtained. Measured efficiencies and calculated efficiency values from
the fitting curve are listed in Table 3. In addition, the photopeak efficiency was also calculated as a percentage at a distance where
the detector—source distance was r = 0 (Table 3). The percentage efficiencies were calculated as the ratio of the number of counted
events at a specific energy range to the number of expected events, and the results were expressed as a percentage. According to
Table 3, the calculated percentage efficiency values for the two °°Co peaks are greater than the measured and fitted efficiency values.
This may be due to the absorption of high-energy gammas emitted from ®*Co in the Al entrance window of the detector. The average
uncertainties in efficiency measurement results were less than five percent.

According to the values obtained in Table 3, the differences between the measured efficiency values and the calculated fitting
curve efficiency values were determined and are shown in Fig. 7 with the error margins. The maximum difference between the
measured photopeak efficiency and calculated photopeak efficiency was found + 9.8% at the 1173.2 keV point. In general, it seems
that all experimental points are consistent with the fitting curve.

The variation of detector efficiency values according to the detector-to-source distances is presented in Fig. 8.

As can be seen from Figs. 6 and 8, it is observed that the efficiencies decrease exponentially as the source moves away from the
detector surface, this result is consistent with the results presented in previous studies [4, 11].

If the results obtained from this study are compared with the results of other studies, the differences observed in parameters such
as detector and source dimensions and detector and source geometric arrangement are effective on the detector efficiency.
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Table 3 Comparison of the Nuclide Energy (keV) Efficiency (measurement) Efficiency (fitting curve) Efficiency (%)
photopeak efficiencies obtained (cps/Bq) (cps/Bq)
from measurements and
photopeak efficiencies calculated 133, 81 5.86E-08 5.82E-08 5.58
on the fitting curve 276.4 7.59E-08 7.54E-08 727
302.9 7.67E-08 7.57E-08 7.29
356 7.62E-08 7.53E-08 7.16
383.9 7.54E-08 7.45E-08 7.18
109cq g8 6.34E-08 5.93E-08 4.61
37cs 6617 5.33E-08 5.47E-08 4.40
57Co 136.5 5.94E-08 6.61E-08 5.77
60Co 1173.2 1.98E-08 1.79E-08 2.12
13325 1.75E-08 1.70E-08 1.88
2By 964.1 2.87E-08 2.81E-08 2.60
1408 1.85E-08 1.87E-08 1.66
22Na 12745 1.58E-08 1.66E-08 1.40
65Zn 1115.5 1.82E-08 1.97E-08 1.38
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4 Conclusions

The quality of the measurements performed with gamma-ray spectrometry directly depends on the detection efficiency information
and the geometric conditions of the source—detector layout. The current study presents the results of the characterization of a gamma-
ray spectrometer with an HPGe detector. Measurements were made with eight standard radioactive sources positioned at distances
of 0,3, 6,9, 12 and 15 cm to the detector for the energy calibration, the detector resolution and the photopeak efficiency calculations.
The experimental results obtained at a detector-to-source distance of r = 0 cm were give the best efficiency fit curve (R? = 0.99).
The FWHM values obtained from the measurements are consistent with the values specified in the detector’s specifications. These
parameters determine the experimental set-up performance. The variation of the detector efficiency with gamma-ray energy and the
detection distance has also been determined. This study carried out with the gamma spectrometer system provides important and
basic data for future studies with this system.
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Fig. 8 The photopeak efficiencies based on measurements with the standard gamma point sources is shown as a function of detector-source distances
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