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a b s t r a c t

Efficiency calibration is a fundamental procedure in gamma spectrometric measurement. Experimental
technique for efficiency calibration transfer in gamma spectrometer along different geometries and
volumes has been developed and validated in this work. The developed technique offers simple and easy
procedures to overcome several problems encountered in efficiency calibration of gamma spectrometer
such as rate-related correction and different sample volumes. The validation shows that application of
the developed technique has a precision of 95%.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Efficiency calibration (EFFCAL) is a fundamental procedure in
gamma spectrometric measurement (GSM). EFFCAL is performed
using standard point source (SPS), standard volume sources (SVS)
for GSM of point (PS) and volume (VS) samples respectively. In
environmental fields, the range of PS and VS activities is very wide.
For example, the activity of Naturally Occurring Radioactive Ma-
terial (NORM) samples ranges from few Bq in ordinary soil sample
to thousands Bq in petrol pipes scale. Therefore, EFFCAL is required
for various PS and VS at various detector - sample spacing (d).
Moreover, it is required for different sample shapes and volumes.
Therefore, developing a technique for EFFCAL transfer from specific
experimental setup to another is inevitable. Computational tech-
niques were used for EFFCAL transfer in various conditions and
cases [1]. Many softwares were used such as Monte Carlo GES-
PECOR, MEFFTRAN and ANGLE. The computation results were
validated experimentally [2e6]. However, experimental validation
has the decisive role. Experimental techniques have been devel-
oped for EFFCAL transfer in this work. The EFFCAL obtained by
using SPS has been transferred to EFFCAL for VS at different
d values. The obtained results were validated using SVS.
d).
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2. Materials and methods

The measurements were performed using laboratory gamma
spectrometer, which consists of: P Type HPGe detector (Bruker
Baltic) with high resolution (1.85 keV at 1.33 MeV), relative effi-
ciency of 100% and low background shield; INTERWINNER 0.4:
spectroscopy software.

Three SPS (152Eu, 137Cs and 60Co) were measured. They are
described in Table 1. Mixed nuclide standard solution RO8 pro-
duced by National Physical Laboratory, UK, was measured as liquid
SVS. The RGU, RGTH and RGK standard radioactive materials, pro-
duced by IAEA [7e9] were measured as powder SVS. The measured
SVS are described [10,11] in Table 2.
2.1. Calibration

The activity of radionuclide (i) in a cylindrical volume sample,
measured at a position (d) along the detector axis is determined
using the acquainted count rate of its gamma line (j) by
Ref. [12e14]:

Aijd ¼
FrlijdFaij
εjdBij

cpsijd (1)

Where: εjd etotal efficiency for j-th gamma line at (d); Frlijd and Faij
- are rate-related and self-attenuation corrections factors for j-th
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Table 1
The standard point sources used in this work and their activities (uncertainty < 1%).

Source 152Eu 137Cs 60Co

A, Bq 64,211 20,274 743

Table 2
The standard volume sources used in this work and their description.
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gamma line respectively; Bij- branching ratio; cpsijd ej-th measured
count rate.

This equation gives the Aijd value in the general case. The Frlijd
factor includes all rate related corrections, i.e., random and true
coincidence corrections. The total efficiency for j-th gamma line at
the position (d) εjd for cylindrical volume sample is expressed as a
product of three factors [15]:

εjd ¼ εintjεdεvd (2)

Where: εintj - detection unit (detector and its housing) intrinsic
efficiency for the j-th gamma line; εd- geometric efficiency factor
for standard PS at the position d; εvd - volume efficiency factor for
volume cylindrical samples.

The εintj is the probability that a gamma ray that enters the
detector unit will interact and give a pulse in the full-energy peak.
The εd is the fraction of emitted photons emitted by PS that are
intercepted by the detector. Therefore, εd depends on (d). The εvd
value accounts for the differences between VS and PS.

Each standard source of a specified radionuclide (i) gives a
specified total count rate value (CRid) when measured at (d). The
Frlijd value for a specified detector depends on j, d and i. Therefore,
Frlijd can be expressed by a function as:

Frlijd ¼ f ðCRijdÞ (3)

As the CRijd value decreases the Frl ijd value decreases. However,
when CRijd decreases to a threshold value (CRijt) and lower, Frl ijd
tends to unity, i.e.:

CRijd �CRijt 0 Frlijd ¼ 1 (4)

This equation defines the condition for free-rate related
correction position. Therefore, the index “t” indicates the position,
which satisfy Eq. (4).

The εvd value depends on d only for constant sample volume.
The PS has neither volume nor attenuation, therefore, (εv ¼ 1,
Faj ¼ 1Þ for PS and consequently, Eq. (2) becomes:

εpjd ¼ εintjεd (5)

Substituting Eq. (5) in Eq. (1) gives the PS activity by:

Apijd ¼
Fprljd
εpjdBij

cpspjd (6)

Where: the index p e indicate the point sample.
2.2. PS efficiency transfer for different geometries

A point standard source (i ref) is selected to satisfy Eq. (4)
regardless of j and d, i.e.:

Frliref ¼1 (7)

The source (i ref) is measured in the positions (d) and (t). The
measured activities in both positions must be equal. Therefore,
applying Eq. (4) gives:

Ap iref jd ¼Ap iref jt (8)

Substituting Eq. (6) in Eq. (8) and rearranging gives

εd ¼
cpspjd
cpspjt

εt (9)

This equation gives εd as a function of εt experimentally using
(iref) source. This means that this equation transfer εd value from
position (t) to position (d). The transfer factor is defined by:

Td¼
cpspjd
cpspjt

(10)

Substituting this equation in Eq. (9) gives εd transfer equation
as:

εd ¼ Td εt (11)

EFFCAL at position (t) using (iref) source is performed by
applying Eq. (6) and rearranging to get:

εpjt ¼
cpspjt
ApijBij

(12)

Noting Eq. (5) gives the efficiency value at the position (t) by:

εpjt ¼ εintjεt (13)

Noting Eq. (11)and Eq. (5) gives the efficiency value at the po-
sition d by:

εpjd ¼ εintjεd (14)

Substituting Eq. (11) in Eq. (14) and reducing equal terms, gives:

εpjd ¼ εintj εtTd (15)

This equation allows transferring GS EFFCAL from position (t) to
any position (d) for PS.
2.3. εvd determination

To validate the obtained results of PS EFFCAL transfer for VS, the
activities of the above-described SVS of the same shape and volume
weremeasured using the obtained εjd values. The volume efficiency
factor for volume cylindrical samples εvd value is determined to get
εjd as follows. Substituting Eq. (14) in Eq. (2), gives:

εjd ¼ εpjdεvd (16)

Rearranging this equation gives

εvd¼ εjd

.
εpjd (17)

This equation is used to get εvd experimentally.



Fig. 1. The obtained efficiency calibration curves of 152Eu and points of 137Cs and
60Co at different d values (uncertainty values < 1%).
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3. Results and discussion

3.1. CRijt Determination

The first experimental step is to define CRijt for the used GS. This
step were performed by GS EFFCAL at different (d) values using the
above-described SPS (152Eu, 137Cs and 60Co). The 152Eu rich
spectrum cover wide range of gamma lines. This is a great advan-
tage of this source. However, its activity is high and it cannot be
used for GS EFFCAL in a close geometry. Because the count rate
would be too high andwould raise Frl to too high value. However in
the position (t), which satisfies Eq. (4) these sources can be used for
EFFCAL. EFFCAL were performed using the three standard sources
at different positions correspond to d ¼ 0, 5, 10, 15, 20 cm. The
obtained EFFCAL curves at these positions were plotted for the
sources (Fig. 1). The position (t), which correspond to CRijt , was
defined as the position at which the calibration curve of 152Eu pass
the calibration points of 137Cs and 60Co sources.

Analyzing this figure shows the following:

� Calibration points of 137Cs and 60Co deflect clearly at calibra-
tion curve of 152Eu in the positions correspond to d ¼ 0, 5, 10,
15 cm. The worst deflection appears at d ¼ 0 cm due to the
highest CR value;

� Calibration curve of 152Eu passes the calibration points of 137Cs
and 60Co in the positions correspond to d ¼ 20 cm. This means
that, the position d ¼ 20 is the free-rate related correction po-
sition (t);

� The corresponding CRijt value was 814 cps of 152Eu source.
Therefore, 152Eu rich spectrum can be used to calibrate effi-
ciency along wide range of gamma lines in this position the.
3.2. Efficiency transfer for PS

The possibility of EFFCAL transfer for PS from the position (t) to
Table 3
The reference, measured activities values of 137Cs, 60Co standard sources at different d

Point Source A, Bq; Deviation %

Ref. Value d, cm

0 5

137Cs 20,274 a 21,342 5
60Co 743 700 6 715 4

a - (CR > CRt).
closer positions (d < 20 cm) was investigated experimentally. The
methodology described in section 2.1 was applied. The 60Co PS
described in Table 1 was selected as (i ref) source. Because its count
rate satisfy Eq. (4) in close geometry positions. The εd values for
close positions (d < 20 cm) were obtained using Eq. (9). Then, the
εpjdvalues were obtained using Eq. (14). Thus, the obtained EFFCAL
at the position (t) was transferred to the EFFCAL at position (d). The
obtained εpjd values were used to measure the activities of 137Cs
and 60Co SPS at different (d) values. The obtained values were
compared to the SPS reference values corrected to the measure-
ment date (Table 3).

Analyzing Table 3 shows that the measured values agree with
the reference one in all cases, which satisfies Eq. (4). The difference
does not exceeds 5%. These values should be converged to the
nominal value at the position “t”. However, the standard deviation
of the obtained values is less than the measurement uncertainty;
therefore, the converging is not visible. Therefore, the applied
methodology for efficiency transfer for PS has succeeded. The CR
value for 137Cs at d ¼ 0 was about 4500 cps, which is much higher
than CRijt , therefore, the corresponding measurement was
excluded.

3.3. Efficiency transfer for volume source

The CR values of standard RO8 volume samples satisfy Eq. (4) for
all positions. The Faij values in these samples are unity because they
are aqueous solutions, where the self-attenuation is negligible for
the considered gamma emissions. Therefore, Eq. (1) is simplified to:

Aijd ¼
cpsijd
εjdBij

(18)

Rearranging this equation gives εjd as:

εjd ¼
cpsijd
BijAijd

(19)

The obtained results were used to calculate εvd using Eq. (17).
The obtained results were plotted versus d in Fig. 2.

� The εvd values increases as (d) increases. It attains it maximum
value (εv ¼ 1) at (d ¼ 20 cm) for this specific sample geometry,
because εvd depends generally on sample volume and measure-
ment geometry. This means that at this position the used VS can be
considered as PS. Therefore at this position PS EFFCAL can be used
for VS;

� The εvd ¼ f ðdÞ curve accept fitting of the form:

εvd ¼ � 0:0007 d2 þ 0:041 d þ 0:4413; R2 ¼ 0:9963 (20)
� The obtained εvd values allow getting εjd for VS using Eq. (2).
Therefore, the PS EFFCAL has been transferred to VS.

The activities of the above-described SVS were measured using
the obtained εjd values. The 1001, 911and 1460 gamma lines were
values and the deviation between the nominal and the measured values.

10 15 20

19,288 5 21,267 5 21,290 5
714 4 705 5 709 5



Fig. 2. The volume efficiency factor for volume cylindrical samples (εvd) value varia-
tion versus detector - sample spacing (d) values (uncertainty values < 1%).

Table 4
The measured activities of standard volume samples using the developed efficiency
transfer technique and their difference from the reference values.
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used to get the activities of 238U, 232Th and 40K respectively. The
1001 keV, 911 keV gamma lines are related to 234 mPa (238U
daughter) and 228Ac (232Th daughter) respectively. The daughter
gamma line was used to measure the activity of the parent nuclide,
because the parent nuclide and its daughter are in secular equi-
librium in both 238U and 232Th cases. The 911 keV (26.2%) was
used to determine the activity, because it has no coincidence
summing practically (less than 3%). These gamma lines have high
energies; therefore, the Faij value for each of them is practically
unity. Moreover, the CR values for them satisfy Eq. (4). So, Eq. (18)
was used to get their activities. Table 4 lists the obtained activities
along with difference from the reference values. Analyzing this
table shows that the difference does not exceed 7%. This means that
the PS EFFCAL to VS EFFCAL has succeeded.

4. Conclusions

Experimental technique for efficiency calibration transfer in
gamma spectrometry along different geometries and volumes has
been developed and validated in this work. The developed
technique offers simple and easy procedures to overcome several
problems encountered in efficiency calibration of gamma spec-
trometry such as rate-related correction and different sample vol-
umes. The validation shows that application of the developed
technique has a precision of 95%.
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