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Abstract— This paper presents a non-destructive methodology
for the radiological characterization of the legacy neutron source
containing ??®Ra-Be, enclosed in a container of unknown material
composition. Since there was no initial information on the source
activity, neutron emission rate or shielding properties, the
proposed methodology combined experimental data from
dosimetry measurements with Monte Carlo MCNP6.3 simulations.
Gamma-ray spectrometry was performed to confirm the presence
of 26Ra through its progeny 2*Pb and #“Bi. The neutron ambient
dose equivalent rate measurements, combined with the observation
of prompt gamma radiation at an energy of 853.6 keV from
neutron capture reactions on beryllium, demonstrated that the
source was of the ?Ra-Be neutron source type. An iterative
procedure which included variation of the assumed material
composition of the container was conducted until activities of 24Pb
and 2“Bi showed identical or very closely matching values and the
neutron emission rate fell within the expected range. Information
about the material composition of the container, combined with the
Monte Carlo MCNP6.3 simulations of the initial neutron spectrum
and a detailed model of the neutron source in the Monte Carlo
MCNP6.3 simulations, together with neutron flux density
measurements by irradiation of gold foils, enabled the
determination of the ??Ra-Be activity and the neutron emission
rate without any prior information.
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A fundamental requirement in the radiological characterization
of neutron sources is the accurate determination of radionuclide
composition of the investigated source, neutron emission rate,
and source activity. In many practical situations, especially
when dealing with legacy sources or irradiation setups,
characterization must be performed under conditions of
incomplete data. In such cases, methodologies based only on
direct spectrometric measurements are often insufficient and
indirect approaches that combine experimental data from
dosimetry measurements with Monte Carlo MCNP6.3
simulations are the best option. One of the most reliable
methodologies for neutron field characterization is based on
measurements of neutron flux density by irradiation of gold foils
[1]. By measuring the induced activity in foils made of well-
characterized materials, most commonly gold, zirconium and
copper, it is possible to experimentally determine the neutron
flux density. Using the experimental results of the neutron flux
density, it is possible to determine neutron ambient dose
equivalent rate in three key steps [2]. First, neutron flux density
is experimentally determined at the irradiation position by
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measuring the induced activity in foils. In practice, activation
foil measurements provide information about neutron flux in a
single-group or multigroup representation. Using activation
with multiple activation nuclides enables a multigroup
representation of the neutron flux. This improves spectral
resolution and reduces uncertainty in ambient dose equivalent
rate calculations. Second step includes the neutron energy
spectrum reconstruction at the irradiation position. Modern
Monte Carlo radiation transport codes, supported by up-to-date
nuclear data libraries, enable precise modeling of radiation
processes. When these calculations are combined with
experimentally determined flux values, it is possible to construct
a semi-empirical neutron spectrum. Finally, neutron ambient
dose equivalent rate is calculated using energy-dependent
fluence-to-dose conversion, followed by integration over the
entire energy range [3]. The accuracy of this approach critically
depends on the precise calculation of spectrum-averaged
neutron absorption cross sections and the neutron energy
spectrum at the irradiation position.

In this paper the application of the methodology for neutron flux
density measurements by gold foil irradiation is extended to the
radiological characterization of a 2?Ra-Be neutron source
enclosed in a container of unknown composition. This
methodology is not used solely for measurements of neutron
flux density or ambient dose equivalent rate, but as part of an
iterative framework that combines experimental measurements
and Monte Carlo MCNP6.3 simulations [4].

Il. METHODOLOGY

Since there was no historical data on the source, which included
information on source type, activity and container material or
thickness, a methodological approach derived from the
measurement methodology presented in the theoretical
framework was used for radiological characterization of the
investigated source. This methodology combines gamma-ray
spectrometry analysis, dosimetry measurements and Monte
Carlo MCNP6.3 simulations into a single coherent workflow.
The procedure began with non-destructive identification of the
radionuclide isotopes in the source. Gamma ray spectrometry
measurements were performed with the Nal 2x2” model M802
(Canberra) detector, at the surface of the container, and the
recorded spectrum was analyzed to identify characteristic
gamma emission lines (Fig.1.). Analyzed spectrum revealed the
presence of the characteristic gamma lines from 24Pb and 2*Bi,
confirming that the source contained ??°Ra. Simultaneously,
measurements of neutron dose rate revealed that the source was
emitting neutrons. Based on these results, it was concluded that
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the investigated source is a radium-based neutron source.
Finally, detection of prompt gamma radiation at an energy of
853.6 keV from neutron capture reactions (n,y) on beryllium,
showed that the source was of the 2?6Ra-Be neutron source type.

Fig. 1. Position of ?*Ra-Be neutron source, Nal 2x2” model M802
(Canberra) detector, gamma ray and neutron dosimeter

After identification of the radionuclide, the methodology
involved an iterative procedure in which the assumed container
material composition was varied until two conditions were
simultaneously satisfied:

1) The measured activities of 2“Pb (351.93 keV) and 2“Bi
(609.32 keV and 1764.49 keV) showed identical or very
closely matching values

2) The neutron emission rate obtained from activation foil
measurements fell within the expected range of 10x10° to
20x10° n/s for a *Ra activity of 37 GBq (1 Ci).

Using this iterative procedure, it is possible to determine the
activity of 2?Ra, the neutron emission rate of the ?*Ra-Be
source and the container material composition. Then, for the
purpose of determination of neutron emission rate, neutron flux
density was experimentally determined by using high-purity
gold foil due to the **”Au(n,y)**Au reaction. The foils were
irradiated in a defined geometry made of the moderator
material. In this case moderator was made of polyethylene.
Moderator enhances thermalization of neutrons, which
increases activation sensitivity. After irradiation, induced
activity was measured using the numerically calibrated HPGe
model GX5020 (Canberra) detector. The neutron flux density at
the irradiation position of the gold foil (®™¢%), irradiated
during the time interval t, is determined from the measured
activity of the gold foil using the equation (1):
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where t;, is the cooling time, t,, is the counting time used for
activity measurement, m is the foil mass, N, is Avogadro’s
number, A,, is the atomic mass of the target nuclide, A is the
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decay constant of the activation product and & is the averaged
neutron capture cross section at the irradiation position. The
average neutron capture cross section depends on the neutron
energy distribution based on the equation (2):
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where ¢, (E) is the energy spectrum of neutron flux density at
the irradiation position of the foil. For this purpose, detailed
Monte Carlo MCNP6.3 model of the experimental setup was
developed. This model included the source, container,
moderator and gold foil geometry with the determined initial
neutron energy spectrum. (Fig.2.).

226Ra-Be neutron source Polyethylene

Gold foil

Stainless steel container

Fig.2. Geometrical model of the ?°Ra-Be neutron source during irradiation
of a gold foil inside a polyethylene cylinder

Accuracy of this Monte Carlo MCNP6.3 simulation depends on
the precise determination of the initial (unperturbed) neutron
energy spectrum from a ??Ra-Be neutron source. Neutrons in
226Ra-Be neutron source are produced via the reaction °Be(a, n)
2C, where « particles originate from the decay chain of ??°Ra.
Neutron moderation and scattering effects in the source are not
negligible if the measured spectrum on the source surface is
used. Therefore, precise determination of the initial spectrum
requires numerical reconstruction rather than direct
measurements. To obtain this initial neutron spectrum, a
microscopic source model is constructed. A representative
spherical source cell was defined whose radius equals the
maximum range of a particles in the source. This ensures that «
particles deposit all their energy inside the cell, while neutron
moderation and scattering effects remain negligible. Inside this
cell the active material is modeled as a homogenous mixture of
radium and beryllium in a mass ratio of 1:5, with a mixture
density 2.05 g/cm? [1]. This Monte Carlo MCNP6.3 simulation
of the experimental setup provides average neutron capture
cross section at the foil position, which enables calculation of
neutron flux density at the irradiation position. Finally, using the
Monte Carlo MCNP6.3 code a relationship was established
between the measured neutron flux density at the irradiation
position of the gold foil and the neutron emission rate of the
source. In addition, the ambient dose equivalent rates H*(10) for
both photon and neutron radiation were measured using
calibrated instruments and numerically calculated using Monte
Carlo MCNP6.3 code.



I1l. RESULTS

The presented methodology was used for the characterization of
a legacy source, which was found at the nuclear reactor RA. As
mentioned, gamma-ray spectrometry analysis revealed that the
source emitted characteristic gamma lines from 2*Pb and 2Bi.
Simultaneous detection of neutrons and prompt gamma
radiation at an energy of 853.6 keV provided evidence that the
source was of a ?2°Ra-Be neutron source type.

For the purpose of determining the initial neutron energy
spectrum, an MCNP6.3 model was developed. The radius of the
representative spherical source cell for neutron energy spectrum
calculation was 120 um (maximum range of « particles from
the decay chain of 2Ra in beryllium). When the initial neutron
energy spectrum was calculated, a detailed model for the
experimental setup was developed. The source has a diameter
of 0.38 cm, a height of 0.38 cm and is encapsulated in a 0.2 cm
thick stainless steel (SS304) shell, while the outer radius of the
shielding was 8 cm. [5]. For the purpose of determining the
shield material and its thickness for the input parameters of the
MCNP6.3 model, the gamma spectrum obtained with the
Nal 2x2" model M802 (Canberra) detector was analyzed. The
spectrum was analyzed using the software package InterSpec
[6]. Within the analysis, a gamma line of interest was selected
and then, with the energy efficiency of the Nal 2x2” model
M802 (Canberra) detector, obtained using a model prepared
with MCNP6.3 code, taken into account, the shielding material
that best matched the given conditions was determined. As it is
a ??°Ra-Be neutron source, the fact that the activities of
radionuclides 2*4Pb and #“Bi are in secular equilibrium was used
in the analysis. For that reason, gamma lines with the highest
contribution of the radionuclides mentioned were chosen, where
the analysis requirement was that activities determined from
their characteristic lines were approximately equal. Energy
efficiency of the Nal 2x2"” model M802 (Canberra) detector was
obtained using a model prepared with MCNP6.3 code for
numerical calibration conducted on the basis of the existing
accredited procedure within the Sector for development and
application of nuclear technologies in Nuclear Facilities of
Serbia [7].

Analyzed materials were lead, polyethylene, stainless steel, and
different combinations of those. Each of the selected materials,
together with the dimensions provided by InterSpec, was used
as input for the MCNP6.3 model shown in Fig.2. for the
calculation of source activity and neutron emission rate.

In each step of the iterative process, the shielding material was
changed, while the Nal 2x2" model M802 (Canberra) detector
energy efficiency and the average neutron capture cross section
at the irradiation position were calculated using MCNP6.3 code.
The average neutron capture cross section at the irradiation
position was calculated using equation (2), while the neutron
flux at the irradiation position was calculated using the F4 tally
in the MCNP6.3 code. When the average neutron capture cross
section at the irradiation position was calculated, the measured
neutron flux was determined using equation (1). Using the
iterative procedure that combined experimental measurements
and the Monte Carlo MCNP6.3 code, the activity of 2?°Ra in the
source and neutron emission rate were determined. Both
conditions of the iterative procedure were simultaneously
satisfied only when the shielding container was assumed to be
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made of stainless steel. It was estimated that the container wall
thickness is approximately 7 cm and the inner cavity diameter
is 1 cm, with a peak matching agreement of 0.2 %.

The measured activity of 2Ra was obtained through analysis of
the gamma spectrum measured with the Nal 2x2"” model M802
(Canberra) detector and amounted to A= (184.7 £ 7.5) MBaq.
The uncertainty budget included a detector calibration
uncertainty of 4 % and a statistical uncertainty of 0.54 %. The
irradiated gold foil was measured using the HPGe model
GX5020 (Canberra) detector. The HPGe model GX5020
(Canberra) detector was numerically calibrated using the
software package LabSOCS [8]. The mass of the gold foil used
for measurements was m=0.0717 g, while the time of
irradiation was to= 10 days. The cooling time, defined as the
time interval between the end of irradiation and the beginning
of measurement was t,= 10 min. The spectrum of the irradiated
foil was recorded during the time interval of ¢,,= 60000 s. The
characteristic gamma line at the energy of 411.8 keV which
originates from radionuclide **®Au, caused by neutron activation
of gold via the (n,y) reaction was observed in the analysis.
Based on the activity measurement of the gold foil, which
amounted to A= (0.3986 £ 0.0181) Bq, the neutron flux was
determined ®™¢% = (48.9123 + 2.4316) n/cm?/s . For the same
experimental setup, the corresponding model in MCNP6.3 code
has been developed. A neutron emission rate of Ny
=92500 n/s was used in the simulation, where the average
neutron capture cross section at the irradiation position was
obtained & = 40.254 barn while the calculated neutron flux at
the irradiation position was ®°#= 470024 n/cm?s. By knowing
the value of measured flux and the value of flux simulated using
MCNP6.3 code, it is possible to determine the neutron emission
rate by using equation (3).

cbmea
Niea = Neay “peal (3)
where N,,., is the measured neutron emission rate, N, is the
neutron emission rate used as input in MCNP6.3, ®™¢“ is the
measured neutron flux at the irradiation position and ®°® is the
simulated neutron flux at the irradiation position in MCNP6.3
code.
From that, the neutron emission rate of 22Ra-Be neutron source
was determined to be N, =(96254.6 + 4785.2) n/s. The
uncertainty budget includes the cross-section uncertainty
associated with the MCNP6.3 cross-section libraries of 1.5 %,
the statistical uncertainty of 3.6 %, and the HPGe model
GX5020 (Canberra) detector calibration uncertainty of 3 %.
Configurations that included lead and polyethylene and were
considered in this iterative process met the condition of secular
equilibrium of the activity of radionuclides 2“Pb and 2*Bi, but
it was not possible to meet the condition that neutron emission
rate fell within the expected range. In this case, the reason for
this is that neutrons are thermalized in polyethylene, which
leads to a decrease in activity and increase in the average
neutron capture cross section at the irradiation position for
(n,y) reaction on gold. This leads to a decrease in the measured
neutron flux at the irradiation position. The measured flux
directly depends on the neutron emission rate, a lower measured
flux results in a lower neutron emission rate as well. The result



obtained in that case does not fall within the expected range
which represents the second condition of this analysis.

For radiation safety purposes, experimental measurements of
ambient dose equivalent rate from neutrons and photons were
performed at a defined measurement position. The obtained
experimental measurements were compared with the values
calculated using MCNP6.3 code. The measured ambient dose
equivalent rate H* (10) for photons was obtained using the
minlON ionization chamber with detector calibration
uncertainty of 10 %, and for neutrons measurements were
obtained using the Wendi-2 neutron dosimeter with detector
calibration uncertainty for fast neutrons of 10 %. Ambient dose
equivalent rate H*(10) for neutrons and photons were calculated
with MCNP6.3 code and showed the expected decrease with
increasing distance from the source. For neutron radiation, the
ambient dose equivalent rate H*(10) calculated using MCNP6.3
code decreased from about 101 uSv/h at 10cm to
approximately 1.2 uSv/h at 100 cm, while the photon ambient
dose equivalent rate H*(10) decreased from about 672 uSv/h at
10 cm to approximately 6.8 uSv/h at 100 cm (Fig.3.).
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Fig.3. Results of numerical calculated and measured values of ambient
dose equivalent rate H*(10) for photons and neutrons as a function
of distance from the center of the ??°Ra-Be neutron source

Independent experimental measurements agreed with results
obtained by using MCNP6.3 code within stated uncertainties,
confirming the accuracy of the reconstructed source model
(Tab.1.).

TABLE I. RESULTS OF NUMERICAL CALCULATIONS OF AMBIENT DOSE
EQUIVALENT RATE H*(10) OBTAINED USING THE MCNP6.3 CODE ACCORDING
TO THE ICRP-74 AND ANSI/ANS-6.1.1-1977 STANDARDS AND MEASURED
VALUES OF AMBIENT DOSE EQUIVALENT RATE H*(10)

Type 'of Ditsr,:sr;gi :E‘;m Ambient dose e[?llgl\\lllz-lhl]ent rate H*(10)
radiation | ontrim [om] Calculation Measurements
43.0 33.5+0.05%" 35.0+1.0"
Photons 53.0 22.8+0.05% 23010
63.0 16.7 + 0.05% 16.0+1.0
21.0 23.1+0.05% 235+10
Neutrons 25.0 15.9+0.05% 16.6 0.7
315 8.9+0.05% 9.0+05

* Statistical uncertainty of results obtained using the MCNP6.3 code
** Statistical uncertainty of 15 measurements values
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The energy distribution of the neutron current on the outer
surface of a stainless-steel container with a 22Ra-Be neutron
source, showing that the neutrons emerging from the outer
surface of the container have relatively high energies, higher
than the energies of neutrons emitted in the fission of uranium
(%3U) or plutonium (?**Pu) nuclei (Fig.4.).
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Fig.4. Neutron flux at outer surface of the metal container with ?°Ra-Be
neutron source

IV. CONCLUSION

The results show that the proposed methodology can be applied
to the comprehensive radiological characterization of the
investigated neutron source. The combination of experimental
measurements and MCNP6.3 simulations enabled the
determination of source activity, neutron emission rate, and
container material composition based on an iterative approach
with a maximum uncertainty of 5%.

This approach includes directly measured quantities such as
gamma-ray spectra, from which preliminary estimates of source
activity and material composition were obtained, as well as the
induced activity of the gold foil. These results were
subsequently verified using MCNP6.3 simulations. In parallel,
the neutron emission rate was determined using a semi-

empirical  formula, which  combined  experimental
measurements and MCNP6.3 simulations in one coherent
framework.

Experimental measurements of ambient dose equivalent rates
for photons and neutrons showed good agreement with values
calculated using Monte Carlo MCNP6.3 code. These calculated
values represent full distance dependence of ambient dose
equivalent rates and can be used for radiation safety analysis.
Overall, the results indicate that this methodology provides a
reliable way to determine all relevant radiological properties
and the container material composition of legacy neutron
sources, which may be used in future operations at the
“Nuklearni objekti Srbije”, LLC.
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