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Abstract

The paper presents the results of experimental determination of the induced activity in copper-/aluminum-based acti-
vation detectors when irradiated with neutrons with energies of about 14 MeV. The activation detectors were square-
shaped metal plates with a thickness from 1.0 to 1.5 mm and a side size about 5.0 cm. These dimensions significantly
exceed those of the detectors that are used in the research of high-intensity neutron fluxes. The detectors described in
this work can be used for studying low-intensity neutron fluxes (with a flux density of up to 10° n/cm?*s). It is shown
that, when working with such detectors, it is possible to apply the usual methods for calculating the induced activity in
thin activation detectors, with corrections that take into account the emerging features of the ‘neutron source - activa-
tion detector’ and ‘activation detector - secondary radiation detector’ geometries. The effects of absorption of primary
and secondary radiation by the detector substance are also revealed.

The Geant4 tools were used for calculating the geometric factors and theoretical induced activity. The study confirms
the applicability of such activation detectors for solving the problem of determining the yield of neutrons with energies
of about 14 MeV from a neutron generator target. The results of the experiments coincide, within the margin of error,
with the results of simulations performed using the Geant4 tools.
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Activation detectors exposed to neutron irradiation predo-
minantly become emitters of gamma quanta or beta parti-
cles (electrons or positrons). The best studied neutron-de-
tecting methods based on activation detectors are used in
applications for analyzing the neutron field characteristics
in the core of reactors or other nuclear facilities providing
comparable values of neutron fluence (Andrukhovich et
al. 2010, Jungmin 2018, Uddin et al. 2013). At the same
time, for these methods of studying neutrons, it is suffi-
cient to use small detectors (up to several millimeters in
diameter and a fraction of a millimeter thick). Due to this
feature, it becomes possible, in the subsequent analysis of
the induced activity, to consider these detectors ‘point-ty-
pe’ ones and neglect the corrections for self-absorption of
gamma quanta or beta particles in their substance as well
as ignore the sample thickness in terms of the probability
of neutrons flying through the detector without interaction
(Pierre et al. 2016, Noba 2019).

Activation detectors can also be used for studying
low-intensity neutron fields, but this requires a significant
increase in their thickness and area. The task of determin-
ing the activity in this case becomes much more compli-
cated, since it is necessary to take into account the correc-
tion to the geometric detection efficiency of the gamma
detector, the correction for the self-absorption of gamma
quanta in the activation detector, and the effect of the
detector thickness on the concentration of new isotopes
formed in the material under the action of neutron radia-
tion (Medkour Ishak-Boushaki 2012, Lebaron-Jacobs et
al. 2008).

Low-intensity neutron sources include electrophysical
devices (pulse- and continuous-type neutron generators),
radioisotope sources and research pulsed facilities. In this
case, the key advantages of activation detectors are the
relatively small size of the activated samples (they do not
introduce significant distortions in the neutron field), the
key possibility of obtaining information on the integral
neutron yield even in a very short pulse as well as the lack
of sensitivity to accompanying gamma radiation (Vage-
na 2018). In addition to the direct benefits from studying
the operating features of such neutron sources, acquiring
the practical skills in examining the parameters of the
above-mentioned neutron fields is a very important task
in terms of preserving knowledge and implementing the
possibility of high-quality training of young specialists
for the nuclear industry.

This paper presents the results of the experimental
determination of the induced activity in various sam-
ples of activation detectors, a description of the meth-
ods by which the calculations were made, and a com-
parison of the results of experimental measurements
with the calculated values. The results of experimental
measurements of the neutron yield from the neutron
generator target are also shown. Activation detectors
are metal plates (Al, Cu) with a natural isotopic com-
position, 1 to 1.5 mm thick, rectangular and square with
sides from 3 to 5 cm. As a neutron source, a portable
neutron generator ING-07T manufactured by the FSUE
Dukhov Automatics Research Institute (VNIIA) was

used (Neutron Generators 2020) (Fig. 1). Each detec-
tor was irradiated in the field of neutrons with ener-
gies of about 14 MeV, after which the induced activity
was recorded. The induced activity in these detectors
was measured by analyzing the recorded pulse height
spectrum of gamma radiation from these samples after
their irradiation with a neutron flux. Secondary gam-
ma quanta were detected using a coaxial detector made
of highly pure germanium (HPGe), model Gem10P4,
manufactured by ORTEC (Fig. 2).

Let us consider the problem of determining the in-
duced activity using a sample of natural copper irradi-
ated with neutrons with energies of about 14 MeV. This
sample consists of 70% of “Cu and 30% of “Cu. On
these isotopes, (n,2n) reactions mainly proceed to form
02Cuand *“Cu with half-lives of about 10 minutes and 13
hours, respectively. Both isotopes undergo positron de-
cay, leading to the appearance of a 511 keV line in the
gamma spectrum. At the point, where the sample is locat-
ed during irradiation, in addition to fast neutrons, there
are scattered and moderated neutrons. This leads to the
appearance of a small number of competing nuclear re-
actions, for example, the (n,y) reaction on “Cu, which
also leads to the appearance of “*Cu. When the spectrum
of the induced activity is recorded in the first 10-20 min-
utes, the contribution to the 511 keV peak from *Cu can
be neglected due to its long half-life as well as the small
number of side (n, y) reactions.

Figure 3 shows the calculated energy spectra of neu-
trons at the location of the activation detector at the mo-
ment of irradiation. The calculations were carried out
using the tools of the Geant4 software package (Allison
2016); a ready-made set of physics QGSP _BERT HP
was used as a physical list, allowing more accurate mod-
eling of the behavior of neutrons with energies ranging
from thermal ones to 20 MeV in various substances. Two
possible configurations were calculated: the presence and
absence of biological protection in the form of 50 cm of
borated polyethylene around the neutron generator. Fig-
ure 2 shows the visualization of the experimental model
for irradiating the activation detectors with neutrons and
recording the spectra of secondary gamma radiation with
the HPGe detector.

The number of thermal neutrons appearing at the loca-
tion of the activation detector is very small compared to
the number of primary neutrons with energy of 14 MeV
(see Fig. 3). That is why it is possible to neglect both the
reaction of capturing thermal neutrons by “Cu and the
burnup of resulting “*Cu. Thus, the problem of determin-
ing the induced activity in a copper sample in this case
is reduced to determining the activity of *Cu by the ab-
solute method according to the number of detected anni-
hilation gamma quanta. As a practical application of the
described technique for calculating the induced activity
in large activation detectors, the paper presents the result
of measuring the neutron yield from the neutron genera-
tor target. The results of this experiment demonstrate the
applicability of such detectors for studying low-intensity
fields of neutron radiation.
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Figure 1. Appearance of the sample in the position for irradi-
ation (in front of the end of the neutron generator, on the left),
the detector in the protective house (open in the photo) and the
workplace where the spectra were recorded.

Sample activation detector

Figure 2. Visualizing the model of the experiment on irradiation

(top) and recording the induced activity (calculating the geo-
metric factor).

The activity of a point source of gamma radiation, the
half-life of which is significantly longer than the activity
measurement time, is described by the expression

N det

A= ; (1

gabs It

where N is the number of detected gamma quanta (inte-
gral number of pulses at the total absorption peak); / is the
quantum yield of the investigated line of gamma radiation
in relative units; ¢ is the spectrum recording time; € , s the
absolute detection efficiency determined in relative units
by the expression

gabs = ]]VVdEI ’ (2)
emit

where N is the number of gamma quanta of a given
energy emitted by the source into the full solid angle
during the measurement of the activity. The dependence
of the absolute efficiency on the energy of gamma quan-
ta is determined by both the detector features and the
measurement geometry (as the source approaches the
detector, the number of detected particles will increase,
while the number of emitted particles will remain the
same). The spectrometer with the HPGe detector was
calibrated according to the detection efficiency using the
set of reference spectrometric gamma-sources, which in-
cluded the following isotopes: ®Co, '33Ba, ¥’Cs, ' Am,
and 2*Na. In view of the above, we can conclude that it
is possible to calculate the activity of any isotope by the
absolute method (according to the number of detected
quanta), only knowing the value of the absolute detector
efficiency for quanta of a given energy. However, if the
sample under study differs geometrically from the ref-
erence one, the activity cannot be calculated in this way
(the absolute efficiency of the plate and the point source
will differ). In this regard, in gamma radiation spectrom-
etry, the concept of geometric efficiency is introduced
(Bushuev et al. 2016) as the ratio of the number of de-
tected particles to the number that fell into the volume
of the detector N, :

_ Ny, 3)

geom
Nhit

This parameter determines only the property of the de-
tector substance itself to detect gamma quanta of certain
energy and is related to the absolute efficiency by the fol-
lowing expression:

& — Ndet — Ndet — gabs 5 (4)
geom .
N hit Gg N emit Gg

where G, is the geometric factor, which is a part of the
solid angle at which the detector is seen from the point of
the source location. In view of the above, the activity of a
sample, the geometry of which differs from the reference
one, and the half-life of the target isotope is significantly
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Figure 3. The neutron spectrum obtained using Geant4 at the location of the activation detectors from a monoenergetic point iso-

tropic source of 14 MeV neutrons — the generator target: 1 — with biological protection made of borated polyethylene 50 cm thick;

2 — without protection.

longer than the measurement time #, can be calculated us-
ing the following formula:
N,

A=——"%—, ®)

G, Eeom L't

If the half-life of the isotope under consideration is

comparable in magnitude with the measurement time ¢,
formula (5) takes the form

_ ANy , 6)
1G, € (1-€7*)

start meas.

where 4, the activity of the target isotope at the start
of the recording of the gamma radiation spectrum; A is the
decay constant of the target isotope. At the same time, the
activity at the beginning of the measurement is related to
the activity at the end of the irradiation 4 ot e through
the law of radioactive decay, taking into account the time
elapsed between the end of irradiation and the beginning

of measurement of ¢ ol
elay

Aﬁnish exp. = A:mrt meas. Xexp(}\)( tdelay)' (7)

This value can be linked to the number of neutrons ®
of a certain energy emitted from the source (the neutron
generator target) per unit time:

st e, ~PXG X[1= exp(—pxN, xoxexdIM)X[1 - exp(-hxt,, )] (8)

In this expression, N, is the Avogadro constant; G, is
the geometric factor ‘neutron source — activation detec-
tor’, which, multiplied by the value of the neutron yield
from the source @ (neutron/s), gives the number of neu-
trons hitting the sample; p is the sample density, g/cm?;
o is the microscopic section of the considered reaction,
cm?; ¢ is the concentration of the considered isotope in the
sample, rel. units.; d is the sample thickness, cm; ¢, is the

irradiation time; M is the mole weight, g/mole. The value
in the first square brackets takes into account the fact that
the sample has a certain finite thickness and, in our case,
is not thin. In most applications that use activation detec-
tors, work is carried out in intense neutron fields, where
thin foils are sufficient to obtain the required activity in
the sample. In this case, expression (7) is simplified (in-
stead of the first parentheses, the factor remains, which is
a positive exponent). Note that the accuracy of G is de-
termined by the details of the information on the structure
of the target unit of the neutron generator tube, and in this
work, the G, parameter could be determined only with a
significant error, since the characteristics of the generator
design are a commercial secret of the manufacturer.
Combining (6)—(8), we obtain an expression for deter-
mining the neutron yield from the neutron generator target

AN,,e"" delay
_pN,ocd Py (9)
1G, ¢, (1-¢*)G, {1 —e M J(l —e i)

D=

g

Geometric factors are the only quantities that can be
difficult to calculate. Their values can be calculated in
various ways. For example, in the case of point geometry,
the ‘activation detector — secondary radiation detector’,
G, can be calculated by the following expression:

G, :%J.:zsingdezé(l—cosez): =i r) (10)

2

Figure 4 explains the values given in expression (10).

The shaded area in the figure represents the sensitive
volume of the detector made in the form of a cylinder with
height d and radius ». The distance between the top end
of the detector and the point where the source is located
is h. Expression (10) is valid when the geometric factor is
calculated for point sources (sources can be considered as
such if their linear dimensions are more than several times
smaller than the characteristic dimensions of the detector



Nuclear Energy and Technology 6(3): 149-154

153

Figure 4. Drawing for determining the value of the geometric

factor Gg in point geometry.

and the distance to it). The geometrical factor calculated in
this way for the configuration of the experiment with refer-
ence spectrometric gamma-sources was (1.07 + 0.02)-107.

In addition to this analytical method, the Monte Carlo
method can also be used for calculating the geometric fac-
tor, i.e., randomly playing the directions of rays emitted
from each point of the source and fixing the number of
their hits on the detector surface. The value of Gg, cal-
culated using Geant4, where modeling is based on the
Monte Carlo method, turned out to be (1.06 = 0.01)-107.
Modern means of modeling interactions between ionizing
radiation and matter make it possible not only to calculate
the geometric factors G, and G, but also to do it, taking
into account the possible absorption or other attenuation
of both gamma and neutron radiation in structural materi-
als (the housing of the detector or neutron generator, the
activation detector substance itself, etc.). For this, it is
necessary to specify the composition of materials as ac-
curately as possible. In this regard, in equations (7) and
(9), there are no correction factors that should take these
processes into account. In addition, using Geant4, it is
possible to calculate the theoretical value of the activity
of the irradiated sample (or the rate of production of the
target isotope) based on the available information on the
parameters of the experiment on irradiation of the sam-
ples with neutrons.

Since the studied activation detectors are geometrical-
ly very different from the point reference sources, which
were used for calibrating the gamma radiation spectrom-
eter in terms of efficiency, it was necessary to pass from
absolute to geometric efficiency. The transition was car-
ried out according to formula (4) using the values of G,
calculated by means of the Geant4 tools.

It is necessary to note the point on the obtained depend-
ence (Fig. 5), which is associated with the detected line of
gamma quanta with energies of 511 keV emitted by **Na.
These gamma quanta are formed as a result of acts of pos-
itron annihilation, the source of which is this isotope. In
its usual form, the source of reference spectrometric gam-
ma-sources, being an active substance enclosed between
two thin polyamide films, does not prevent the emission

Geometric efficiency, %

0 200 400 600 800
Energy, keV

1000 1200 1400 1600
Figure 5. Dependence of the geometric efficiency of detecting
gamma quanta on their energy for the HPGe detector (from the

experimental facility).

of positrons, which annihilate only at a certain distance
from the active substance. Thus, this source can no longer
be considered a point source. We can assume that gam-
ma quanta are emitted from a certain sphere with a radius
equal to the most probable range of positrons in air. For
the source to be considered as a point source, when gam-
ma quanta with energies of 511 keV are detected, it is nec-
essary to place a thin layer of metal foil under and above
the source, in which annihilation will occur.

The neutron irradiation of the Al and Cu samples was
carried out for 20 and 10 min, respectively. Control data
on the neutron yield from the generator target during ir-
radiation were taken from the ING-07T control program.
Each sample was irradiated at the control yield value of
®_  =1,510°n/s, which, taking into account the geome-
try of the experiment, formed the flux density of fast neu-
trons at the point of location of the activation detectors of
the order of 10° n/cm?s, which is a small value compared
to flux density values in most experiments with activation
detectors. As a result of processing the gamma-radiation
spectra, after irradiation of the investigated detectors, the
values of the activity of accumulated nuclides at the time
of the beginning of the gamma-spectrum recording were
obtained. Geant4 was also used for calculating the theo-
retical activity value for the described experimental pa-
rameters. Table | summarizes the results obtained.

The values of the neutron yield from the source can be
obtained from the activity values. To calculate the value
of the neutron yield from the generator target, it is neces-
sary to make the assumption that we know the most prob-
able energy of the detected neutrons. Taking into account
the value of the accelerating voltage set on the neutron
generator during the experiment on the irradiation of the
sample, it can be assumed that the most probable energy
of neutrons emitted from the target was about 14 MeV.
Note that, in this case, the scatter of possible values of
the cross-section of the mentioned reaction is from 450
to 500 mb. Table 2 summarizes the results of determining
the neutron yield from the ING-07T target using various
activation detectors, with errors accounted for. The main
contribution to the error in the neutron yield calculated
using formula (9) is made by the following parameters
(the relative contribution of each parameter to the final
relative error is indicated in parentheses):
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Table 1. Values of Gg and G, found using Geant4 and comparison of the values of the induced activity obtained in the experiment

A , and calculated in the model A

ex model”

Sample G, rel. units G , rel. units A ,Bq A . Bq
Cu (1.21£0.02)-102 (0.221+0,011)-10 (5.1£0,1)-10? (54+0.1)-10%
Al (1.15£0.02) 10 (0.267 +0,014)-10 (1.2+0,2)-10% (1.4+0.3) 102

Table 2. Neutron yield measurements.

Detector Reaction Experimental Yield according
yield, n/s to program
indications, n/s
Cu %Cu (n, 2n) ®Cu  (1.45+0.15)-10% 1.5-10%
Al YAl (n,p) Mg (1.33+0.13)-10°

* the cross-section of the considered reaction for neu-
trons of a given energy (~ 50%);

* the geometric factor ‘neutron source - activation de-
tector’ (~ 20%);

» the number of counts at the peak of the total absorp-
tion of the gamma line of the isotope formed under
the influence of neutrons in the considered activa-
tion detector (~ 15%); and

» the detection efficiency of the considered line of
gamma radiation (~ 15%).

The rest of the values have small errors, since they are
either tabular or measured with good accuracy during the
experiment (half-life, molar mass, isotope content in the
sample, sample size, etc.).

We consider it necessary to note once again that the
results obtained were close to each other and to the data
of the ING control program only due to the assumption
of the energy spectrum at the generator outlet. If at least
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