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1. Introduction

Photoneutrons are of importance as they can result in
radiological ~concerns in  radiation  protection.
Photonuclear reactions are used as neutron sources for
neutron imaging techniques such as Bragg edge imaging.
A photonuclear reaction consists of the photoabsorption
process and particle emission [1]. Photon is absorbed by
the target via giant-dipole resonance (GDR) and quasi-
deuteron (QD). For photon energies lower than 30 MeV,
the photoabsorption is determined by GDR and up to
around 150 MeV, it is described by QD [2]. When the
photon is absorbed, the target nucleus is excited and
decays via direct, preequilibrium and compound
mechanisms. In direct reactions, the residual nucleus is
left in the ground or first excited states so that the
emitted neutrons form the high energy part of the
spectrum.  Preequilibrium  mechanism  becomes
important at photon incident energies above 10 MeV.
The emitted particle resulted from the preequilibrium
mechanism forms the emission spectra between
compound and direct mechanisms.

Here the contribution of each reaction mechanism is
shown. The neutron production yields from **’Au(y,xn)
reaction were also calculated using Monte Carlo and are
compared with the experimental data by Tuyet et al. [3].

2. Methods and Results

TALYS-1.95[4] was used to calculate the double
differential cross sections (DDX) of 7Au(y,xn)
reaction to illustrate the  contributions  of
abovementioned mechanisms and the results are shown
in Fig. 1. These results illustrate that the compound
mechanism is dominant up to 4 MeV for this reaction.
After that the preequilibrium becomes important in the
neutron emission process. The direct contribution is
very small. The Monte Carlo codes PHITS-3.1 [5],
FLUKA 4-2.1[6] and MCNP6.1[7] were used to
calculate the neutron production yields. Two
photonuclear cross section libraries, ENDF/B-VII.0 [8]
and IAEA/PD-2019 [9] as well as physics models were
used in MCNP6.1. By using the physics model in
MCNP, the Lorentzian function is used at the giant
dipole region (GDR) for calculating the photonuclear
cross sections. The total photonuclear cross sections are
evaluated in JENDL/PD-2004 [10] library and are used
in the PHITS code. The neutron production from
excited nucleus is estimated by Generalized Evaporation
Model (GEM) [11]. FLUKA uses the IAEA

photonuclear cross section library as well as other
experimental data [12] and cannot be manipulated by
the user. In a case that the library does not have the
photonuclear cross sections, they are calculated based
on the Lorentzian function at the GDR. After the photon
is absorbed by the nucleus, nuclear effects on the initial
and final state such as reinteraction or emission of
reaction products are considered in FLUKA hadronic
interaction model PreEquilibrium Approach to NUclear
Thermalization (PEANUT) [6]. In the simulations, a
cylindrical target with thickness and diameter of 1 cm
was irradiated with 16.6-MeV monoenergy photons.
The results were calculated at 30°, 60°, 90°, 120° and
150°, which are the angles between detectors and
photon beam. In the simulations, the polarized photons
cannot be defined so as the photon beam is unpolarized.
The calculated results were compared with the
experimental data [3] and the results of 30° are only
shown in Fig .2.
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Fig. 1. Contribution of compound, preequilibrium and direct
mechanisms to the DDX calculated by TALYS.
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Fig. 2. Experimental and calculated photoneutron production
yields at 30° from 1%’Au target induced by 16.6-MeV photons.
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The comparison of the calculated neutron vyields at
different angles and for other materials are discussed
and compared with the measured data [3,13] an can be
found in our previous work [14].

The data by Tuyet et al. were measured using polarized
photons with the polarization angle of 0° as indicated in
Fig 2. It is seen that all codes show the compound
(evaporation) part of the spectrum. Generally,
MCNP6.1(ENDF/B-VI1.0) is more consistent with the
experimental data up to 8 MeV. PHITS data drop at
4 MeV because it does not consider the preequilibrium
mechanism at this incident photon energy. FLUKA,
MCNP6.1(IAEA/PD-2019) and MCNP6.1(physics-
Lorentzian) are higher than PHITS data as they consider
preequilibrium into account. However, they are still
lower than the experimental data. All codes failed to
reproduce the experimental data above 8 MeV which
are related to the direct mechanism.

3. Conclusions

Contributions of compound, preequilibrium and direct
mechanisms to the photoneutron emission were
investigated. The preequilibrium mechanism becomes
important above neutron emission energy of 4 MeV for
197Au(y,xn) reaction. MCNP6.1(ENDF/B-VII.0) could
reproduce experimental data well up to 8 MeV. All
codes could not reproduce the high energy emitted
neutrons. It is concluded that the nuclear data libraries
and nuclear models describing photonuclear reactions
need to be improved especially above the evaporation
part.
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