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ABSTRACT

Lead and tungsten are potential alternative materials for shielding reactor ex-core components with high
16N activity when available space limits application of concrete. Since the two materials are vulnerable to
photonuclear reactions, the nature and intensity of the secondary radiation resulting from (y,n) and (n,y)
reactions when 15N decay radiation interact with these materials need to be well known for effective
shielding design. In this study the MCNP code was used to calculate the photoneutron and capture
gamma-ray spectra in the two materials when irradiated by '®N decay radiation. It was observed that
some of the photoneutrons generated in the two materials lie in the low-energy range which is consid-
ered optimum for (n,y) reactions. Lead is more transparent to the photoneutrons when compared to
tungsten. The calculations also revealed that the bremsstrahlung generated by the beta spectrum was
not sufficient to trigger any additional photoneutrons. Both energetic and less energetic capture
gamma-rays are observed when photoneutrons interact with nuclei of the two materials. Depending
on the strength of the N source term, the secondary radiation could affect the effectiveness of the shield

and need to be considered during design.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Neutron activation of '°0 in commercial or research reactors
employing pure water or carbon dioxide as a coolant generate large
quantities of '®N, a short-lived radioactive isotope that emits ener-
getic gamma-rays during decay. This isotope is transported to
components located outside the core raising dose levels around
them during reactor operation. Some of the reactors whose
ex-core components would contain high levels of '°N include boil-
ing water reactors (BWR) [1], gas cooled reactors, pool in tank
research reactors [2] and the proposed supercritical water cooled
reactors (SCWR) [3]. It is a requirement that ex-core components
with large quantities of this isotope should be entombed in a heavy
shield to protect personnel during reactor operation [2,4,5].
Sometimes a concrete shield of up to 1 m in thickness is imposed
around these components to ensure the area is accessible [5].
However as smaller modular reactors are being developed [6,7],
space for constructing an enormous shield might be limited hence
the need for lean but effective shielding around ex-core compo-
nents. Lead and tungsten could be the alternative materials for
shielding '®N gamma rays when space is premium considering
their high atomic numbers and mass densities. However the
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photoneutron threshold energies of some isotopes of these two
elements [8] are lower than the energy of some '°N decay photons
which implies vulnerability to photoneutron production.
Furthermore, the energy spectrum of '®N beta particles that spans
up to 10.4 MeV could also generate a bremsstrahlung spectrum
capable of triggering photonuclear reactions. The additional dose
created by these photoneutrons and the capture gamma-rays from
(n,y) reactions should be taken into account during shielding
design for an effective shield. Therefore the nature and character-
istics of these secondary radiations will be of crucial importance
to the shielding engineer. Although evidence of photoneutron pro-
duction in high Z elements has been reported in medical, port
cargo inspection and research facilities [9-12] the possibility of
such reactions in the context of irradiation from '®N decay photons
in the reactor coolant circuit is currently speculative [13] since
quantitative evidence of such reactions has not been reported.
The aim of this study was to determine the characteristics of the
photoneutron and radiative capture spectra generated in lead
and tungsten when they are irradiated by !®*N decay radiation
(gamma-rays and beta particles).

2. Theoretical background

Photoneutrons are occasionally produced when incident photon
energy exceeds the neutron separation energy of the target
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Table 1
photo-neutron threshold energy of major isotopes of lead and Tungsten [8].

Isotope Natural abundance (%) Photo-neutron threshold energy (MeV)
206pp 241 8.09
207pp 22.10 6.74
208pp 52.40 7.37
182y 26.30 8.07
183wy 14.28 6.19
184y 30.7 741
186y 28.6 7.19

nucleus. The neutron separation energy (Sn) of the atomic nucleus
is the threshold energy that has to be overcome for this reaction to
take place. Threshold energies for stable isotopes of most elements
are in the range E > 10 MeV but a few isotopes of some elements
have threshold energies below 10 MeV [8]. As shown in Table 1,
isotopes of lead and tungsten are among the few isotopes with
low photoneutron threshold energies. The giant dipole resonance
(GDR) is the predominant mechanism responsible for this reaction
when the irradiating photons are in the low-energy range [12,14].
In high Z nuclei, the reaction is assumed to proceed in two overlap-
ping steps. First a short-lived excited state of the parent nucleus is
formed immediately the gamma-ray is absorbed. While this state
lives, energy is shared among the nucleons until one or more
nucleons are able to escape. The cross-section for this reaction is
different for different isotopes [11] and is a function of incident
photon energy [15] as shown in Eq. (1).

(1)

where oy is the integrated cross-section, E-th is the photoneutron
threshold energy and E.x is the upper energy limit.

The generated neutrons may undergo several interactions with
the target nuclei resulting in emission of secondary radiations.
Among these reactions, radiative capture (n,y) is the most probable
for low-energy neutrons and is of interest in shielding because sev-
eral capture gamma rays are emitted. Eq. (2) can be used to express
the intensity of gamma-rays emitted from radiative capture reac-
tions [16].

I, = // #NAGV(EH)QXE“, r)dEdr (2)
where y(r) is the mass density of the target element expressed as a
function of position (in case of inhomogeneity in density
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distribution), M is the relative atomic mass of the element, N, is
the Avogadro’s constant, oy(E,) is the energy dependent
gamma-ray production cross-section and ¢(E,,r) is the energy and
spatial dependent neutron flux. Since the kinetic energy of particles
is a function of velocity, the capture cross-section is also expressed
as a function of neutron velocity as shown in Eq. (3) [17].

Oeff = Ulo /o% p(v)a,(v)vdy 3)

where o5 is the effective capture cross-section and a(v) is the
energy dependent cross-section while 7y is the most probable
velocity for thermal neutrons which is approximately 2200 m/s.

Radiative capture cross-sections for some isotopes of lead and
tungsten obtained from ENDF/B-VII are shown in Fig. 1.

3. Monte-Carlo calculations

Monte Carlo N-particle code (MCNP) was used to calculate the
flux and spectra of the secondary radiations. The MCNP model
for photoneutron calculation consists of a simple sphere of radius
30 cm partitioned into five cells based on radial distance from
the center of the sphere. The material of the innermost cell is stain-
less steel while all the peripheral cells are composed of the mate-
rial under investigation (lead or tungsten). This simple
arrangement was adopted to mimic a practical situation where
18N is normally enclosed in a steel pipe or casing and the shield
is constructed outside. The radius of the stainless steel inner cell
was 1 cm, which is approximately the thickness of high-pressure
turbine casings in commercial reactors. The source was located at
the center of the sphere in all calculations. Fig. 2 shows the geom-
etry of the MCNP model used in the calculations.

To calculate the flux and spectrum of photoneutron crossing the
surfaces of the sphere, the gamma-ray spectrum of '°N (Table 2)
was declared as the source and the problem run in neutron photon
mode (n,p). The F2 tally, which calculates average flux across a sur-
face, was used to estimate the neutron flux across the surfaces. In
addition, the tally card was tagged with an energy divider card (E,)
to determine the spectrum of neutrons crossing each surface. The
MPN and the photonuclear physics cards were clearly stated in
the input file, while ensuring that the MPN card for stainless steel
remained zero to avoid photonuclear reactions between the
8.87 MeV photon (from '®N decay) and >’Fe nuclei whose thresh-
old energy is 7.65 MeV [8].
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Fig. 1. Radiative capture reaction cross-sections for some isotopes of lead and tungsten from ENDF-B/VII [18]. (a) Shows lead isotopes while (b) shows tungsten isotopes.
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Stainless steel center

Material under study
(lead or tungsten)

Fig. 2. The spherical geometry modeled in MCNP for photoneutron calculation. The
dimensions represent the radii of tally surfaces. The photon source is located at the
center of the sphere.

Table 2

Energy spectrum of '®N decay photons obtained from IAEA data centre (https://www-
nds.iaea.org/relnsd/vcharthtml/VChartHTML.html). The Energy of the photons has
been rounded off to two decimal places.

Gamma-ray energy (MeV) Emission probability

0.79 1.50E-08
0.87 2.10E-06
0.99 3.40E-05
1.07 1.50E-07
1.75 1.21E-03
1.95 3.80E-04
2.74 8.20E-03
2.82 1.30E-03
6.12 6.70E-01
6.92 3.80E-04
7.12 4.90E-02
8.87 7.60E-04
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Fig. 3. Averaged photoneutron flux across the surfaces of the sphere calculated by
MCNP. MCNP tallies are averaged over the number of source particles hence the flux
in this figure represents the average contribution of a single source photon.

The radiative capture gamma-ray spectrum was calculated
using the same geometry but with modifications on the source
and material cards. The photoneutron spectrum tally obtained at
the 5 cm radius surface (Fig. 2) in the above calculation was used

as the neutron source placed at the center. The entire sphere was
composed of the material under investigation (lead and tungsten).
The problem was run in a neutron photon electron (n p e) mode to
ensure all particles generated are accounted for. Since the main
purpose of the calculation was to investigate the evidence of radia-
tive capture and discriminate the photopeaks, tallies were only
recorded in the second cell from the center using F4 card tagged
with E, card. The F4 card was preferred over F2 card to minimize
chances of repeated counting at the surfaces due to back scattering.

To assess the contribution of 1°N beta particles to the photoneu-
tron and capture spectrum another MCNP simulation was run with
16N beta spectrum as the electron source in an n p e mode. The °N
beta spectrum data from ICRP publication 107 [19] was used in the
calculation. The geometry and tally cards that had been used for
the photon source were retained in this new input file but another
additional tally was used to record the bremsstrahlung spectrum in
the second cell from the center.

The number of histories in each simulation was high enough
(100 million particles history) to guarantee reliable statistics.
Photonuclear cross-section data from the CNDCO1u were used for
tungsten isotopes while those from 1a150u were used for lead iso-
topes [8,20]. For other interaction processes, cross-sections from
ENDF-B/VII [18] were used. Variance reduction techniques were
also employed in the calculations to ensure the problem converges
quickly.

4. Results and discussions

The average photoneutron flux densities across the surfaces of
the sphere for both lead and tungsten calculated by MCNP are
shown in Fig. 3. It can be observed that the neutron flux decreases
gradually as the radial distance from the source increases mostly
due to absorption in the materials. From the figure, it is also evi-
dent that the neutron flux is slightly higher in lead compared to
Tungsten. This observation can be attributed to the differences in
neutron reaction cross-sections of the isotopes of the two materials
as shown in Fig. 1. The extent to which the photoneutron gener-
ated could influence shielding design will depend on the gamma
source strength. For high '®N activity, the dose from the neutrons
could be significant enough to be factored in the shielding design
considering the high quality factor allotted to neutrons [21].

The calculated photoneutron spectra for the two materials are
shown in Figs. 4 and 5 respectively. A critical look at the neutron
spectrum in lead shows that majority of the neutrons fall in the
E < 0.5 MeV energy range. This observation is mainly because the
7.12 MeV gamma-ray is the main contributor to the photonuclear
reactions in the material considering its high intensity compared
to 6.92 MeV and 8.87 MeV (Table 2). It is also important to note
that the difference between the 7.12 MeV photon and the pho-
toneutron threshold energy of 2°7Pb (Table 1) is less than
0.5 MeV. The tail of the spectrum in the high-energy range is
mainly caused by the 8.87 MeV photon that exceeds the photoneu-
tron threshold energies of lead isotopes by a higher margin but its
intensity is much lower than that of 7.12 MeV (Table 2). Another
possible reason for the suppressed photoneutron intensity beyond
0.5 MeV could be resonant capture reactions since the resonance
peaks in the (n,y) excitation functions of lead isotopes lie within
this range (Fig. 1). The difference in the intensity of the spectra
at various radial distances is mainly due to loss of energy and even-
tual absorption of some neutrons as they travel in the material.

The photoneutron spectrum in tungsten (Fig. 5) does not show
any tail for the energy range (E < 1.0 MeV) considered for neutron
spectrum tallies. This observation is not surprising considering that
the energy difference between the 7.12 MeV from !N and the pho-
toneutron threshold energy of '8*W is almost 1 MeV. The enhanced
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Fig. 4. Photoneutron spectrum in lead calculated by MCNP. The Tail beyond

0.5 MeV is due to the 8.87 MeV photon whose energy exceeds the threshold energy
of lead isotopes by a large margin.
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Fig. 5. Photoneutron spectrum in tungsten calculated by MCNP.

intensity observed at some energy points between 0.6 MeV and
1 MeV could also be attributed to the contribution from the
8.87 MeV gamma-ray. Another important observation from the
two figures (Figs. 4 and 5) is that some of the generated photoneu-
trons lie in the thermal and epithermal energy ranges where radia-
tive capture reactions are known to thrive most [22-24].

The gamma-ray spectra generated in lead and tungsten due to
(n,y) reactions are shown in Figs. 6 and 7 respectively. The position
of the photopeaks (photopeak energy) obtained in this calculation
are consistent with experimental values reported in literature
[17,25], confirming that the Monte Carlo calculation was correct.
Some of the peaks are labeled in Fig. 7. Both energetic and less
energetic photopeaks can be observed in the two materials. It
was expected that the intensity of some energetic photopeaks in
the two materials would be very high (especially beyond 6 MeV)
but the simulation revealed otherwise. This would have happened
probably because most neutrons escaped the tally region before
thermalizing because thermal neutrons are the most responsible
for energetic capture gamma-ray signatures. Although the energy
of photoneutrons is generally low, it is only a small section of
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Fig. 6. Gamma-ray spectrum in lead resulting from (n,y) reactions between lead
nuclei and the generated photoneutrons.
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Fig. 7. Gamma-ray spectrum in tungsten resulting from (n,y) reactions between
tungsten nuclei and the generated photoneutrons.

the spectrum that falls within the thermal-energy range. Hence
for many slow neutron capture events to occur the neutrons in
the higher section of the spectrum have to be moderated to ther-
mal energies. Furthermore high Z nuclei are poor neutron moder-
ators because of their low neutron scattering cross-sections thus
many neutrons could travel long distances in the materials before
attaining the thermal-energy range. Some limitations in the
cross-section data might have also contributed to this phe-
nomenon and parallel calculations using (n,y) cross-section data
from other files are necessary in future studies to ensure that large
uncertainties in the cross-section data are not overlooked.

The gamma-rays could significantly contribute to the shielded
dose especially if such capture reactions occur near the edge of
the shield. There is therefore need to consider such events during
shielding design.

No photoneutron flux was recorded when the beta spectrum
was used as the source. This was mainly because the bremsstrah-
lung generated (Fig. 8) was not sufficient to trigger photonuclear
reactions. The bremsstrahlung is dominated by low-energy
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Fig. 8. Bremsstrahlung spectrum generated in lead and tungsten due to irradiation from beta particles. The tallies were recorded

sphere.

photons with only a residual tail in the high-energy range similar
to that of the SN beta spectrum where the intensity decreases
with increase in energy with the lowest intensity being at the max-
imum energy [19]. The low intensity in the higher-energy range of
the beta spectrum is due to the low probability for exclusive beta
decay, which is responsible for the high-energy section of the spec-
trum as opposed to a higher probability for emission of mixed radi-
ation (https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.
html).

From this study it is evident that '°N decay photons can induce
photoneutrons in Lead and Tungsten. Radiative capture reactions
are also witnessed when the generated photoneutrons interact
with the atomic nuclei. Depending on the strength of the source,
the generated secondary radiation could lead to additional dose
that could require intervention during shielding design considering
the quality factors of these particles [21]. To ensure these materials
efficiently shield '°N with a very lean thickness, modification of
some properties is necessary. The modification may include man-
ufacture of metal foams and filling the voids with materials with
high neutron absorption cross-section like borax or cadmium.
Another alternative is to construct the shield in thin alternating
layers.

5. Conclusion

MCNP code has been successfully used to investigate produc-
tion of photoneutron and capture gamma-rays in lead and tung-
sten due to irradiation from !®N decay radiation. The calculations
show that the photoneutrons generated are capable of inducing
radiative capture reactions in the materials. It is also observed that
lead is more transparent to the photoneutrons compared to tung-
sten. Energetic primary gamma rays from slow neutron capture
and low gamma-ray signatures are observed in the two materials.
The bremsstrahlung spectrum that was generated by the '®N beta
particles was not sufficient enough to trigger photonuclear reac-
tions in the materials. The extent to which the generated sec-
ondary radiation could affect the shielding design for reactor
ex-core components containing '°N will depend on the source
strength. However some modifications of the material properties
could be necessary for efficient '®N shielding. The modification
may include production of foams from the two materials and

3

4 5
Energy (MeV)

in the second cell from the center of the

filling the voids with materials with high neutron absorption

cross-section like borax.
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