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The accuracy of gamma-spectrometric measurements in the isotopic analysis of shielded nuclear materials
depends on the accuracy of the detector calibration in terms of energy efficiency, which should take into account
corrections related to the measurement geometry and the absorption of y-radiation by the shield material. The results
of experimental studies of the energy efficiency of the HPGe-detector measured at fixed distances between the
calibration source and the detector (50 and 100 mm) in the presence and absence of an absorbing shield made of
stainless steel 12X18H10T (thickness — 9.6 mm) are presented. On the basis of experimental data, an empirical
description of the efficiency dependence for fixed distances between the gamma radiation source and the detector in
the presence of a stainless steel absorbing shield was obtained.

PACS: 24.75.+1, 25.85.-w, 25.85.Ec, 25.85. Ca

INTRODUCTION

Knowledge of the qualitative (isotopic) and
quantitative characteristics of fertile and fissile nuclear
materials is necessary to solve a number of applied
problems in nuclear engineering (for example, the issues
of their safe use, control and non-proliferation [1]. As a
rule, such nuclear materials are stored in sealed
containers. One of the main methods for analyzing the
isotopic and quantitative composition of shielded
nuclear materials is based on gamma-ray spectrometric
measurements of their characteristic [2] or stimulated
gamma radiation [3]. In addition, during the analysis,
there is a need for gamma-spectrometric measurements
of high-intensity y-radiation fluxes from high-level
nuclear materials. Therefore, there is a need to attenuate
the intensity of y-radiation to reduce miscalculations
associated with detector loading (its dead time) and,
accordingly, corrections for cascade summation [4].

To attenuate the intensity of y-radiation during
spectrometric measurements, the distance between the
sample and the detector working surface is reduced (this
leads to a weakening of the effect of cascade summation
of y-quanta due to a decrease in the geometric efficiency
of the detector [5]), or use filters (absorbing screens)
that are inserted between the sample and the working
surface of the detector (this also reduces the intensity
due to the absorption and scattering of gamma-radiation
by the material (or materials) from which the filter is
made [6]).

The accuracy of spectrometric measurements
depends on the accuracy of the detector calibration for
energy efficiency, which should take into account
corrections related to the measurement geometry and
the absorption of y-radiation by the shield material.

Experimental studies of the efficiency of
measurements with absorbing screens are rather limited
[7-9]. When performing theoretical calculations of the
efficiency-energy dependence for specific types of
detectors and measurement schemes, difficulties arise
due to the uncertainty of the detector dead layer
thickness, which can lead to inaccurate final simulation
results [10].

The aim of the present work is to obtain an empirical
description of the dependence of the efficiency of the
HPGe detector for fixed distances between the gamma
radiation source and the detector in the presence of a
stainless steel absorbing shield.

To accomplish this task, the following were done:

- experimental studies were conducted to determine
the energy efficiency at fixed distances: y-radiation
source — detector in the presence and absence of an
absorbing screen;

- refinement of the previously obtained empirical
formula for the dependence of the energy efficiency of
the detector on the distance [5] by adding parameters
that take into account the presence of an absorbing
screen between the y-ray sources and the detector.

1. THEORETICAL BACKGROUND

The absolute efficiency of the detector is determined
by measuring vy-radiation from standard sources
containing radionuclides with known activity. The total
absolute (peak) efficiency is defined as

e(B) =, )
where N, — is the number of pulses measured in the
peak areas from y-ray sources with used energies
E, [11].

The number of photons Ng during the measurement
time t from a radionuclide with known activity A is
given by the relation:

Ng = Al t, 2)
where I, —is the intensity of the y-line with energy E,.

Then

e(Ey) =15 ®)

ALt

If an absorbing screen is placed between the detector
and the y-ray source (e.g., to absorb X-rays to reduce
the count rate in y-peaks (or detector dead time) and in
some cases to eliminate summing corrections), the
absorption process must be taken into account.

For an absorbing screen of thickness x, the basic
Beer-Lambert law provides a simplified correction for
absorption, since this law is valid only for the “good
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geometrical arrangement” (for a narrow beam of y-
quanta) of the absorption coefficients measurements [6]:

CAtt(Ey) = exp(—y(Ey)x) = exp (—@px), 4)
where u(E,) and u(E,)/p — are respectively the linear
and mass absorption coefficients of the material from
which the screen is made; p — is the density of the
material. These values can be calculated by the codes
XCOM [12], EPICOM [13], etc. only for the “good
geometrical arrangement”. However, it should be noted
that this is true only for monochromatic photons
incident at a normal angle on the absorbing layer or for
the “good geometrical arrangement” of absorption
coefficient measurements.

During the procedure of calibration of detectors by
absolute (peak) efficiency, usually, the measurement
mode for the “good geometrical arrangement” is not
performed (used), i.e. measurements are performed in
the “bad geometrical arrangement” mode (for a broad
beam of y-quanta). In this case, y-radiation passing
through the absorbing screen generates two radiation
components inside or outside the screen, namely,
colliding and non-colliding y-quanta. Therefore, it is
necessary to introduce a correction for the build up
factor, which takes into account this process and
significantly depends on the energy of y-radiation and
the absorption properties of the material from which the
screen is made [14].

As a rule, empirical formulas for describing the
absolute efficiency of detectors for cases of different
geometric conditions of measurements with and without
absorbing screens, obtained from the experimental data
sets on these detectors, take into account geometric
corrections and corrections related to the transmission
of y-radiation by absorbing screens [15].

2. EXPERIMENTAL RESEARCH

To study (measure) the energy efficiency of the
detector at fixed values of the distance from the y-
radiation source to the detector surface in the presence
and absence of an absorbing screen, an installation
based on a certified semiconductor HPGe detector from
ORTEC was used, the characteristics of which are
presented in Table 1 [5, 16].

Table 1
Technical characteristics of the HPGe detector by
ORTEC
Model. Gem 40195
Serial No. 27 P1892A
Manufacturer Ortec, USA
Crystal volume, cm® 150
Crystal radius, mm 31.4
Distance cover — surface of the | 3.0
detector crystal, mm
Detector cover thickness, mm 1.0

The efficiency of the detector was determined using
7 certified standard point sources of y-radiation: “Na,
*'Co, “Co, *Ba, Cs, ®Eu, and **Am, which
allowed covering a wide energy range from 59.5 to
1408 keV.

The experimental studies were conducted using y-
radiation sources manufactured by the Institute of

Metrology (St. Petersburg, Russia) and Eckert & Ziegler
Isotope Products GmbH (California, USA).

The y-source of > Am was not used in the efficiency
measurements with the absorbing screen due to its
relatively low activity at the time of the measurements.

A schematic diagram and a photograph of the
spectrometry setup are shown in Figs.1 and 2,
respectively.

0-100 mm

Fig. 1. Calibration scheme of HPGe-detector by
absolute efficiency:

1 — certified point source of y-radiation; 2 — absorbing
screen made of stainless steel; 3 — fixation of the
y-radiation source; 4 — active volume of the HPGe-
detector; 5 — cadmium sheet [0.1 cm]; 6 — tube holder —
tube fixation (material - plexiglass); 7 — tube for fixing
the position of the point source (material — plexiglass);
8 — passive lead protection (thickness — 100 mm)

A custom holder made of plexiglas was used to
measure y-radiation from sources for two different axial
distances in the right direction — 50 and 100 mm from
the detector surface in the presence and absence of an
absorbing shield. The holder was mounted directly on
the detector surface.

The choice of the initial distance between the source
and the detector, 50 mm, was due to the need to exclude
the effect of summing corrections of registered photons
from y-radiation sources with a complex decay scheme
(for example, ®°Co, *°Eu) on the final measurement
results [17, 18]. At distances of more than 100 mm, the
statistical error of measurements increased due to
insufficient activity of the calibration y-ray sources.

e

Fig. 2. Photograph of the HPGe-detector with the
calibration y-sources fixation
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A disk (diameter — 34 mm, thickness — 9.6 mm)
made of stainless steel grade 12X18H10T [19] was used
as an absorbing screen. The choice of this material was
due to the fact that stainless steel of this brand and its
foreign analogues are widely used in nuclear
engineering as a structural material in the manufacture
of sealed containers for packaging and storage of
radioactive substances [2].

The amplitude analysis was performed using a
multichannel analyzer from ORTEC (model: N5608X3,
serial number 387 1069) connected to a HEWLETT
PACKARD computer interface.

The resolution of the spectrometer was — 2.6 keV for
the y-line of ®Co — 1332.5 keV (Fig. 3).
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Fig. 3. Fragment of the y-spectrum of ®Co.
Inset — the result of the mathematical description of the
experimental points (circles) by the Gaussian function
(solid line)

During the measurements, the drift of the energy
scale and the spectrometer resolution was constantly
monitored using point standard y-sources >'Co and ®°Co.
The drift of these parameters did not exceed 1%.

At each fixed position of the y-sources with and
without the absorbing screen, three series of
measurements were performed.

The measured y-ray spectra were processed using
the WINSPECTRUM program package [20].

The values of nuclear spectroscopic data from the
NNDC library (USA) [21] were used in the efficiency
calculations. Their values were: ?Na: 1274.54 (99.94);
Co: 122.06 (85.6), 136.47 (10.68); *°Co: 1332.49
(99.98); *Ba: 80.99 (32.9), 276.49 (7.16), 302.85
(18.34), 356.01 (62.05), 383.84 (8.94); **'Cs: 661.66
(85.1); ™'Eu: 121.78 (28.53), 778.90 (12.93), 964.06
(14.51), 1112.08 (13.67); *Am: 59.54 (35.9). The
energies of the y-ray lines are given in keV, with their
intensities in percent (%) in parentheses.

Fig. 4 shows the experimental efficiency values
averaged over three independent measurements for
fixed distances of 50 and 100 mm without an absorbing
screen (dark squares and triangles) and with an
absorbing screen (light squares and triangles).

The statistical error of the efficiency measurements
did not exceed 3...5% for the entire energy range.

3. PARAMETRIC DESCRIPTION
OF DETECTOR EFFICIENCY

Experimentally, the efficiency of the detector is
determined by measuring standard point y-sources
containing different radionuclides with a certain
activity. Given the limited number of experimental
points, a relatively small number of parameters should
be selected, sufficient for a qualitative description of the
efficiency curve.
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Fig. 4. Detector efficiency at fixed distances point
source — detector surface with and without absorbing
screen

Therefore, we used an acceptable empirical
efficiency formula for fixed distances detector surface -
y-ray source without an absorbing shield (5), obtained in
[5], modified by a function with a minimum number of
parameters.

The empirical formula for efficiency without an
absorbing screen is as follows:

E.
ne(E,) = —go(x) + g1(x) In (E_Z) -
_ 2 (B 3 (Er) _ 5
g2(x)In (Eo) +4gsIn (EO) 9alEy
The coefficients reflect the dependence on the
distance between the calibration point y-source and the

detector:

®)

g1(x) = a; + by Inx; (6)

9o(x) = ag + boVx; (7

92(x) = a; + byx. 8)

The presented formula well describes the

experimental numerical values of efficiency (see Fig. 4,
solid curves) measured at fixed distances (x = 50 and
100 mm) without an absorbing screen for a given
energy calibration range.

The best parameters for formulas (6) through (8) are
presented in Table 2.
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Table 2
The most fitting efficiency

parameters

Parameter Value
ag 10.40
bo 1.398
a; 5.459
b, 0.04589
a» 0.962
b, -0.455E-3
O3 0.04845
04 3.8E5
1) 3.0

To find the efficiency of the detector in the presence
of an absorbing screen, we will process the
parameterization (5) with fixed values of the parameters
from Table 2.

Given the limited number of experimental points, a
relatively small number of parameters should be
selected, sufficient for a good description of the curve.
Therefore, we chose the efficiency formula as

S(Ey) = . .
f(E exp|=go(0) + g1 () g2 n () + ()
g31n3 (E_Z) - 94/E)§]
with an additional coefficient f(E,) that takes into
account the absorption process

f(Ey) = gs + g¢In (‘Z—Z) + g,1n? (i—:) (10)
This approximation with at least three additional
parameters (Table 3) allows us to successfully (within
the experimental errors) describe the efficiency of the
detector with the presence of an absorbing screen, as
shown in Fig. 4 (dashed lines).
Table 3
Best values for the efficiency description
parameters with an absorbing screen

Parameter Value Error
Os -2.408 0.0804
Os 0.7636 0.0306
07 -0.04871 0.0028

x?/dof 0.94

The parameters presented in Table 3 were obtained
by simultaneously fitting the experimental points at
fixed distances of 50 and 100 mm with an absorbing
screen.

To approximate the experimental values of
efficiency, the CERN MINUIT program [22] of the
least squares method was used.

CONCLUSIONS

A universal empirical formula for describing the
dependence of detector efficiency on y-radiation energy
at fixed distances between point calibration y-sources
and the detector surface in the presence of an absorbing
screen made of 12X18H10T stainless steel is proposed,
obtained on the basis of experimental data.

The resulting parameterization allows us to obtain
numerical values of efficiency for a wide range of
energies up to 3000 keV (i.e., for energies that are

higher than those provided by the use of standard
calibration sources — up to 1408 keV).

The results of the presented studies are necessary to
ensure technical regulations for conducting -
spectrometric measurements of high—level samples of
fertile and fissile nuclear materials stored in sealed
stainless steel containers when analyzing their isotopic
composition.
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EMITIPUYHA ®OPMVYJIA 3AJIEXKHOCTI EOFEKTUBHOCTI HPGe-IETEKTOPA BIJI EHEPT'TI
TA BIACTAHI 1JIs1 EKPAHOBAHUX JI?KEPEJI TAMMA-BUITPOMIHIOBAHHS

LB. Hununuuneys, O.1. JIenoen, O.0. llapnaz, €.B. Oneinikos

TouHicTP TaMMa-CIEKTPOMETPHYHUX BHMIPIB TPH 130TOIMMHOMY aHANi3l E€KpaHOBAaHUX SACPHHUX MaTepiaiiB
3aJIKUTh Bl TOYHOCTI KaJdiOpyBaHHS AETEKTOpa 3a E€HEPreTHYHOI0 €()EeKTHBHICTIO, IO MOBHHHA BPAaXOBYBATH
TIONPaBKH, MOB'S3aHI 3 TEOMETPI€l0 BHUMIPIOBAaHb, Ta MOIVIMHAHHAM Y-BUIPOMIHIOBaHHS MaTepiajloM eKpaHa.
[IpencraBneHO pe3ysibTaTH €KCHEPUMEHTAIBHUX JOCIHiIKeHb eHepreTnyHoi epextuBHOCTI HPGe-nerexropa, sika
BUMIpsHA TIpH (DiKCOBaHHMX BINCTaHAX KaniOpyBanbpHe mkepeno — aerektop (50 i 100 MM) mpu HasBHOCTI Ta
BiJICYTHOCTI TMOTJIMHAIOYOTO €KpaHy i3 HepkaBirouoi ctami mapku 12X18H10T (toBmmHa — 9,6 MMm). Ha ocHoOBi
EKCIIEPUMEHTANIBHUX JTAHUX OTPHUMAHO eMITipUYHE ONMUCAHHS 3aJeKHOCTI ePEeKTUBHOCTI ISl (hiKCOBAHMX BiJICTaHEH
MDK JDKEpeJIOM raMMa-BHIPOMIHIOBAHHS 1 JIETEKTOPOM IIPH HAasBHOCTI MOTJIMHAIOYOIO €KpaHa i3 Hep»kKaBilodol

cTa.
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