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Abstract - This paper presents the early development of a coupled neutron / photon transport mode in the
Serpent 2 Monte Carlo code. The methodology covers the production of prompt secondary gammas emitted in
neutron interactions, using the ENDF reaction sampling laws in ACE format cross section libraries. The new
transport mode is developed mainly to account for the effect of gamma heating in multi-physics simulations.
Other potential applications include radiation shielding and fusion neutronics. The work is still under way, and
at the time of this writing the distributed version of Serpent 2 lacks the capability to transport both neutrons
and secondary photons simultaneously. The methodology is instead tested and demonstrated by dividing the
simulation in two parts, and the results are compared to reference MCNP calculations. The test cases include
a simple broomstick problem for the comparison of photon emission spectra, and gamma flux and heating

calculations in an infinite BWR fuel lattice.

I. INTRODUCTION

Capability to perform high-fidelity coupled multi-physics
simulations has been one of the top priorities in the develop-
ment of the Serpent 2 Monte Carlo code for several years [1, 2].
The coupling scheme is based on a universal multi-physics
interface, designed for passing state-point information from
external solvers to Serpent, and power distributions in the
opposite direction, all without modifications in the geometry
input. The methodology relies on a rejection sampling scheme
that allows the modeling of continuous density and tempera-
ture distributions [3], together with an on-the-fly treatment for
material temperatures [4, 5]. The coupling is designed to work
with thermal hydraulics, CFD and fuel performance codes in
steady-state and dynamic mode, including sub-, super- and
prompt super-critical states [6, 7].

One of the challenges related to coupled multi-physics
simulations is the accurate modeling of energy deposition in
fuel, coolant and structural materials. Even though the vast
majority of energy is deposited at the fission site as the ki-
netic energy of fission fragments, neutrons and prompt fission
gammas carry a non-negligible fraction away from the fuel.
In addition, parasitic neutron capture reactions with positive
Q-value must be accounted for in the energy balance. The
energy released in (n,y)-reactions constitutes several percent
of the recoverable fission energy, and for the most part it is
deposited in the materials in the form of gamma radiation. The
non-fission components of energy deposition may become im-
portant especially in fast transients, in which the heat produced
in fuel is conducted into the coolant with a considerable delay,
but the contribution of fission neutrons and prompt fission and
capture gammas is practically instantaneous.

Accounting for the effect of gamma heating in the heat
deposition model requires a coupled neutron / photon trans-
port mode, in which the prompt gammas produced in fission,
capture and inelastic scattering reactions are included in the
transport simulation. The photon physics routines were im-
plemented in Serpent 2 in 2015 [8], and the work has since
then continued to the production of secondary photons in neu-

tron reactions. This paper presents the methodology, together
with some preliminary results. The fully coupled transport
mode is still under development, but the physics routines can
already be tested by dividing the calculation into source gen-
eration and stand-alone photon transport simulations. The
secondary photon production routine is verified by comparing
the emission spectra to reference MCNP calculations. The
coupled simulation mode is demonstrated by a steady-state
BWR assembly calculation.

II. METHODS

The neutron physics model in Serpent is based on cross
sections and ENDF reaction laws read from ACE format data
libraries, which were originally developed for the MCNP
code [9]. The same applies to the production of secondary
photons in neutron reactions. The physics routines for photons
include additional models and data, which for some parts dif-
fer from that in MCNP. The methodology is briefly described
below.

1. Photon Physics Model in Serpent 2

The detailed photon physics model was first introduced
in Serpent version 2.1.24, released in June 2015. The photon
transport mode can be used for elements from Z = 1 to 98 over
the energy range from 1 keV to 100 MeV. The four main pho-
ton interactions are included: Rayleigh scattering, Compton
scattering, photoelectric effect, and electron-positron pair pro-
duction. A thick-target bremsstrahlung (TTB) approximation
is used for taking into account the bremsstrahlung emitted by
electrons and positrons. Secondary particles are also created
through atomic relaxation in the form of fluorescence photons
and Auger electrons.

Cross sections determining the reaction probabilities of
photon interactions are obtained from ACE format libraries,
but the models used for intraction physics requires additional
data provided in auxiliary files. Most of this interaction data is
derived from ENDF/B-VII.1, but also other sources are used.
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A brief description of the physics models is provided below,
and the details can be found in Ref. [8].

Rayleigh scattering, in which the direction of the photon is
changed but the energy is unaltered, is modeled using the form
factor approximation, which modifies the classically predicted
Thomson scattering cross section. In Compton scattering,
the direction and the energy of the photon are changed, and
an electron is ejected from the atom. The direction of the
Compton-scattered photon is sampled using the incoherent
scattering function approximation, which modifies the free-
electron Klein—Nishina cross section. The photon energy is
sampled using the relativistic impulse approximation [10]
which takes into account the Doppler broadening caused by
momentum distributions of atomic electrons.

In photoelectric effect, the photon is absorbed and a pho-
toelectron is emitted from the atom. The electron shell is
selected with a probability given by the ratio of the shell cross
section to the total photoelectric cross section. All shells (in-
cluding sub-shells) with binding energies above 1 keV are
included.

Pair production creates an electron-positron pair. The
energy of the pair is sampled using the differential cross sec-
tion given by Davies, Bethe and Maximon [11], together with
screening functions by Butcher and Messel [12] and a low-
energy correction factor used in the PENELOPE code [13].
Positron annihilation is modeled at rest, which results in the
emission of two photons, both with an energy equal to the
electron rest mass.

The TTB approximation is used for all the electrons (in-
cluding positrons) created in the interactions. Continuous
slowing down approximation (CSDA) is applied which results
in average energy and number distributions of bremsstrahlung
photons. The CSDA distributions require collision and ra-
diative stopping powers along with bremsstrahlung energy
cross sections. Collision stopping powers are calculated
with the Bethe’s formula [14, 15], including the density ef-
fect correction solved using the Sternheimer’s method [16].
Bremsstrahlung energy cross section data is applied from
Ref. [17], and radiative stopping powers are calculated from
the data. Positrons are taken into account separately with the
Bethe’s formula, and by applying a scaling factor [13] for the
cross sections.

There are some known differences in the photon physics
models of Serpent and MCNP6, particularly in the angu-
lar distribution of photo-electrons, Doppler broadening of
Compton-scattered photons, and pair production energy distri-
bution. These differences, however, are noticeable mainly in
detailed comparisons, and they are expected to be insignificant
in gamma heating calculations.

Some differences have also been observed in the
bremsstrahlung production. Unfortunately, the TTB method
used in MCNP has not been documented in detail, as far as
the authors are aware of, but some related information can
be obtained from the documentation of electron physics. The
physics applied to positrons in MCNP is identical to electron
physics, with the exception of positron annihilation, whereas
the TTB model in Serpent treats electrons and positrons as
two different particle types. Because positrons have lower
radiative yield compared to electrons, the total radiative yield

of the electron-positron pair created in a pair production event
is lower in Serpent than in MCNP.

Preliminary comparisons between Serpent, MCNP6,
PENELOPE, and theoretical CSDA results also imply that
the fully CSDA-based TTB approximation implemented in
Serpent underestimates the radiative yield, and that the TTB
method used in MCNPG6 performs better in comparison to de-
tailed electron transport calculations. These differences are
observed mainly in high-Z materials at electron energies of
about 5 MeV and above. The effect of these differences on the
calculations presented here are expected to be small because
the source spectrum is primarily dominated by photons with
energies below a few MeV.

2. Coupled Neutron / Photon Transport Mode

Secondary photons are produced in various neutron in-
teractions involving transmutations and energy transitions in
the nucleon structure. A typical example is the parasitic (n,y)-
reaction, in which the neutron is captured by the nucleus, and
the short-lived compound state with excess energy decays via
gamma emission. In ACE format neutron transport libraries
the emission of secondary photons is described using photon
production cross sections and associated energy and angu-
lar distributions. The distributions are provided separately
for discrete and continuum reactions, and the sampling is
handled according to ENDF reactions laws. The procedures
implemented in Serpent corresponds to the expanded photon
production method in MCNP [18].

The photon production routine is called after the target
nuclide has been sampled for a collision. The number of emit-
ted particles is given by the ratio of the photon production
cross section to the nuclide total, truncated to the nearest inte-
ger value. An additional photon is added with the probability
given by the remaining decimal fraction. An alternative to this
analog production mode is the implicit mode, in which a pre-
defined number of photons is always produced, but their statis-
tical weights are adjusted in such way that the total production
rate is preserved. The procedure continues by sampling the
emission reaction for each emitted photon, with probabilities
given by the partial production cross sections divided by the
total. The selected reaction mode determines which distribu-
tions are used for sampling the energy and direction of the
emitted particle. Both the analog and the implicit method were
implemented in Serpent 2.

As mentioned above, the coupled calculation mode ca-
pable of modeling neutrons and photons simultaneously has
not yet been completed, and the emitted photons are instead
written as source points into a file, to be used in a second trans-
port calculation. Even though this approach can be applied
to testing and validation purposes, it is considered somewhat
impractical for routine calculations. The work on the fully
coupled mode is currently under way.

3. Heat Deposition Models in Serpent 2

Of the average ~200 MeV of binding energy released per
fission, some 4% is lost to neutrinos, and the remaining part
is divided between fission fragments, neutrons and prompt
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and delayed beta and gamma radiation. Most of the excess
neutrons end up being captured, especially in large reactor
cores, and the additional energy released in (n,y) reactions is
in the order of 5-10 MeV per fission. Accurate modeling of
fission heating requires accounting for all prompt and delayed
components, together with the different mechanisms of energy
transfer, in particular energy deposited on-site by fission frag-
ments, kinetic energy of neutrons lost to elastic and inelastic
scattering, and energy absorbed by materials in the form of
gamma radiation.

For most applications it is sufficient to apply an approx-
imate model, in which all energy is deposited at the fission
site, and the additional energy released in (n,y) reactions is
accounted for using an empirical correction factor. This is also
the approach used in the default heating model in the Serpent
code — the energy deposited per 22U fission is assigned a
fixed value (202.27 MeV by default), and the corresponding
energies for other actinides are obtained by scaling this num-
ber by the ratio of the corresponding fission Q-values. This
simplified model is typically used in single-assembly infinite
lattice calculations performed, for example, for the purpose of
spatial homogenization. When the geometry model is already
based on an (unrealistic) approximation, applying a rigorous
heat deposition model may not even lead to a better result.

The approximate model may no longer be the best choice
in full-core geometries, especially when leakage contributes
significantly to neutron loss. The differences between the ap-
proximate and rigorous approach are even more emphasized
in time-dependent simulations, in which all prompt effects fol-
low the changes in reactor operating conditions, while delayed
effects fall behind. In the extreme case of prompt super-critical
transients even the prompt effects are divided into different
time scales. Heat deposited in the fuel is conducted through
the cladding with a considerable delay, while neutrons and
photons interacting with the coolant cause an instantaneous
heating effect, which may be reflected in the response caused
by physical feedbacks.

The energy deposition of photons and neutrons can be
evaluated using analog or implicit methods. In analog estima-
tors the energy deposited in scattering is calculated event-by-
event, taking into account the energy lost to inelastic reactions
and emission of secondary particles. The analog estimator
for photons also accounts for energy cut-off and the produc-
tion of electrons and positrons, which are currently handled
using TTB and other approximate methods. The advantage of
the analog approach is that the deposited energy is estimated
as accurately as possible, within the limits of the underlying
physics model. The drawback is the low efficiency in regions
where interaction probabilities are low.

The implicit methods rely on conventional flux tallies
multiplied by response functions that represent the average
deposited energy per single interaction. The advantage of this
approach is the higher efficiency, especially when the track-
length estimator is used. There are, however, certain draw-
backs, especially when it comes to photon interactions. The
physics model applied for calculating the response function
should correspond to the one used in the transport simulation,
and differences in interaction data, simulation parameters or
physics models may lead to inaccurate results.

The recommended approach for Serpent is to use the im-
plicit estimator for neutrons and analog estimator for photons.
The neutron heat deposition tally is based on total KERMA
coefficients provided in the ACE format data files. The analog
photon heat deposition tally is scored after each interaction in
which energy is lost: photoelectric effect, Compton scattering
and pair production. The deposited energy consists of three
components:

1) The fraction of electron kinetic energy that is not emitted
as bremsstrahlung, which is equal to the energy that the
electron loses through collisions and radiative losses that
are below a predefined cutoff value (1 keV by default).

2) The component arising from the vacancy created in a pho-
toelectric or Compton event. In this case, the deposited
energy is equal to the fraction of the energy of the initial
vacant shell that is not emitted as fluorescence photons
or bremsstrahlung by Auger electrons.

3) Contribution of energy cut-off, i.e. termination of the
photon history when the energy falls below a predefined
cutoff value.

The corresponding tallies in MCNP are the implicit F6
heating tally for neutrons and the analog *F8 tally for pho-
tons. There are certain issues related to the F6 tally of MCNP
in photon transport mode. First, the F6 tally is not scored
with secondary photons generated by the TTB approximation,
which means that bremsstrahlung does not contribute to the
heating estimated by the tally. The reason is that the electron
energy is already included in the response function used by the
F6 tally, and therefore, using the F6 tally with bremsstrahlung
photons would result in double counting. A consequence of
neglecting bremsstrahlung is that heating can be overestimated
in material regions where high-energy electrons and positrons
are primarily created, and underestimated far from these re-
gions. The magnitude of this effect depends on the nature of
the problem and often on the physical size of the tally. If the
energy-dependent net current of bremsstrahlung photons over
the surface of the tally volume is zero on average !, the F6 tally
can be expected to yield a reasonably good result, provided
that the interaction data and physics options correspond to the
response function of the F6 tally.

II1. FIRST RESULTS

At the time of this writing the coupled neutron/photon
transport mode was still missing the capability to include
both particle types within the same transport simulation. All
Serpent results presented below were instead obtained from
separate runs, in which the photons produced in the neutron
transport simulation were written in a file, which was then used
as the source distribution for a second photon transport simula-
tion. This methodology is available in the current distribution
version of Serpent 2 (update 2.1.28), but should be considered
an intermediate solution and used for testing purposes only.

I Transport of electrons and positrons is excluded in this context.
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Fig. 1. Example of a “Broomstick” comparison calculation
used for validating the photon production routine in Serpent 2
against MCNPS5. Out-going neutron and photon current spec-
tra calculated using the two codes. The example case is for
38U from JENDL-4.0.
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Fig. 2. Relative differences in the secondary neutron and
photon spectra in Figure 1.

1. Validation of Secondary Photon Spectra

The production of secondary photons was validated by
comparison to MCNPS5 in a series of simple “Broomstick”
calculations carried out for materials consisting of a single
nuclide. The geometry consists of a narrow infinitely long
cylinder, with a unidirectional neutron source. Secondary neu-
trons and photons produced in neutron reactions are deviated
from the flight path, and they escape the cylinder before hav-
ing the chance to interact for a second time. The direction
and energy of the escaping particles is then captured using
standard surface current tallies.

The broomstick test case can be considered ideal for vali-
dating the photon production model in Serpent, as any errors
in the sampling routines are effectively isolated from other

sources. The neutron physics routines in both Serpent and
MCNP are based on the same ENDF reaction laws. Consis-
tent results for neutrons verifies that any discrepancies in the
photon emission spectra result from the production routine,
instead of other factors, such as cross sections or unresolved
resonance probability table sampling applied to neutron reac-
tions. The fact that secondary photons have practically zero
chance of interacting within the medium before escape rules
out all discrepancies originating from the known differences
in the photon physics models.

The comparisons were carried out for all nuclides in-
cluded in the JEFF-3.2, ENDF/B-VII.1, JENDL-4.0 and
FENDL-3.0 evaluated nuclear data files as part of an on-going
project to produce new ACE format cross section libraries
for Serpent 2. The work is still under way, but so far the
consistency between the physics models used in MCNP and
Serpent for the production of secondary prompt gammas has
been confirmed. An example of such comparison is presented
in Figures 1 and 2.

2. Prompt heating effects in BWR Assembly Calculation

The photon production routine and the direct heating ef-
fects of neutrons and prompt fission, capture and inelastic
gammas was tested by comparison to MCNP6 in a study car-
ried out at Aalto University during the Summer of 2016 [19].
The test case was a 2D infinite-lattice model of a single BWR
fuel assembly. The transport calculation was run as a steady-
state criticality source simulation. Even though the test case
neglects neutron and photon leakage, as well as all delayed
components of heat deposition, it can be considered a reason-
able demonstration for the developed methodologies. Selected
results are presented and discussed below.? The calculations
were carried out using JEFF-3.2 based cross sections for neu-
trons and photon data from the eprdatal2 library distributed
with MCNP6. The implicit photon production mode was used
in all calculations.

The secondary photon flux distribution calculated using
Serpent was compared to a corresponding MCNP6 mesh tally
in a 100 x 100 regular Cartesian mesh. The results are pre-
sented in Figures 3 and 4. The flux peaks in the region sur-
rounding burnable absorber pins. This is explained by the fact
that neutrons entering the gadolinium-doped fuel are absorbed
in a very thin surface layer of the pellet, and the secondary
photons emitted close to the surface have a higher probabil-
ity of escaping in the surrounding medium. The differences
between the codes remain between -0.7% and +0.4%, with a
mean value of -0.13%. Even though the differences are small,
they are not within the range of statistical uncertainty, which
can be expected considering the small but non-negligible dif-
ferences between the photon physics models. Even so, there
appears to be no clear pattern in the way the differences are
distributed in Fig. 4.

The comparison of photon heat deposition was performed
using the *F8 tally in MCNP6 as the reference result. Instead
of using a mesh tally the results were calculated for different

2The comparisons are focused on differerences between the codes. Run-
ning times and computational efficiency are considered irrelevant at this point
because of the two-stage calculation scheme applied with Serpent.
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Fig. 3. Photon flux in the BWR fuel assembly calculated using
Serpent 2. Normalized to a single source neutron.
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Fig. 4. Relative differences in photon flux between Serpent 2
and MCNP6.

material zones in the geometry. The comparison is presented in
Table I. The highest values are obtained in the inner moderator
channel wall and the lowest values in the moderator flowing
outside the assemblies. The differences between Serpent 2 and
MCNP6 are of similar order in magnitude as the differences
in the flux distribution, which suggests that they most likely
result from the same small differences in the photon physics
model. Based on these results it appears that the photon heat
deposition model in Serpent 2 works as expected.

IV. SUMMARY, DISCUSSION AND FUTURE PLANS

A coupled neutron / photon transport mode is being im-
plemented in the Serpent 2 Monte Carlo code, mainly for the
purpose of evaluating the contribution of direct photon heating

in coupled multi-physics simulations. The development is still
under way, but the first results involving a two-stage calcula-
tion scheme seem promising. The work continues by coupling
the neutron and photon parts of the transport simulation into a
single calculation mode. Once completed, the methodology
provides the means to evaluate the prompt components of fis-
sion energy deposition in a rigorous manner. An accurate heat
deposition model is considered important, for example, in the
modeling of fast reactivity transients, in which the energy car-
ried away by fission neutrons and prompt gammas is deposited
in the coolant much faster than heat is conducted through the
cladding.

Photons are also produced by radioactive decay, in which
case their source rate follows changes in fission power with a
considerable delay. Serpent already provides a source mode
that combines material compositions to radioactive decay data
read from ENDF format data files and forms the source distri-
bution automatically, based on the isotopic emission spectra.
The compositions of radioactive materials can be set up manu-
ally, or read from the output of a previous burnup or activation
calculation. This methodology has been applied, for example,
for the evaluation of shut-down dose rates in the ITER fusion
reactor [20, 21]. The radioactive decay source mode could
basically be used for providing the delayed component of
gamma heating in steady-state calculations, in which the con-
centrations of short-lived radionuclides remain in equilibrium.
Slow transients, however, require tracking the concentrations
similar to delayed neutron precursors. Including the delayed
effects in the heat deposition model is one of the topics for
future work.

In addition to secondary photons produced in neutron
interactions, there are also photonuclear reactions that pro-
duce secondary neutrons. Such reactions can be important, for
example, for some CANDU reactor calculations, and the im-
plementation of photonuclear physics has already been started.
Even though Serpent was originally developed as a reactor
physics code, there is some considerable on-going effort to
expand the scope of applications to new fields, such as radia-
tion transport and fusion neutronics. These applications also
involve neutron transport problems in which the production
of secondary gamma radiation plays a role. Development of
a weight-window based variance reduction scheme [22] is a
major part of this effort, and incorporating multiple particle
types in the implicit simulation is considered a formidable
challenge for future work.
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