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ABSTRACT
Neutron production in nuclear facilities can induce a SDDR (Shutdown Dose Rate) even after months.
Different methods exist to simulate the SDDR of neutron activatedmaterials. Themost usedmethod is
the mesh-based R2S (Rigorous-Two-Steps). This method couples a Monte-Carlo code and an isotopic
inventory code to compute the SDDR. The Monte-Carlo code computes the neutron flux on a user-
defined mesh to take into account the neutron flux gradients in the cells. The aim of this article
is to present RayActive, a prototype tool elaborated for computing the SDDR. RayActive is based
on a modified R2S method with an almost exact identification of materials enclosed in each voxel
of a superimposed mesh. The CAD based geometry definition for the model makes possible this
identification. Moreover, RayActive is designed as an "all-in-one" package without any other code
coupling. RayActive is designed to be as easy to use as possible and each part of the computation
has been optimized to minimize the computational time. Verification and validation of RayActive
has been done on shutdown dose rate benchmarks made with FLUKA code and classical R2S process
coupling MCNP and FISPACT codes. Good agreement was found for these benchmarks even if some
differences occur for the validation benchmark. These discrepancies show the impact on the results
of the modified R2S method employed in RayActive.

1. Introduction
Neutron production in nuclear facilities is at the origin

of a phenomenon called neutron induced activation. When
neutrons go through surrounding materials they can inter-
act with the nuclei of the atoms that compose these mate-
rials. In some cases, these interactions lead to the creation
of new nuclei. Sometimes, these nuclei are radioactive and
will reach a more stable state by spontaneously disintegrat-
ing, i.e. by emitting decay particles such as photons. If a
sufficient amount of neutrons have been produced and have
interacted with the components of the installation, an ambi-
ent dose equivalent ratemay be present which can potentially
be dangerous for persons approaching neutron activated ar-
eas.

To predict the radiological hazards it is convenient to
simulate the ambient dose equivalent rate, also called shut-
down dose rate (SDDR). Several methods exist for comput-
ing the SDDR. The Direct-1-Step (D1S) method [1, 2] com-
putes the SDDR in a single Monte-Carlo transport [3] by
replacing the prompt photons by decay photons. A prelimi-
nary study is made to compute time correction coefficients.
These coefficients are then used to compute the SDDR at the
requested time. Another method implemented in FLUKA
[4] consists in simulating the decays by a Monte-Carlo pro-
cess: for every radioactive nucleus produced, a decay time
is sampled following the decay time probability. Then, the
decay particle is transported to compute the SDDR. Finally,
the Rigorous-Two-Step (R2S) method also allows to com-
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pute the SDDR. First, a neutron transport is made with a
Monte-Carlo code such as MCNP [5]. Then, an inventory
code as for example FISPACTII [6] or ACAB [7] computes
the inventory at the decay time following the irradiation sce-
nario. The last step is the decay photons transport made with
a Monte-Carlo method. The R2S method implementation
often couples different nuclear codes.

As the R2S scheme follows the real physical processes,
this scheme is used for the new tool. A lot of R2S method
validations exist. Some of them are described in [8, 9, 10]
and show good agreement of the method with experimental
data.

More recently, new features were implemented for the
R2S method to overcome some of its limitations. In [11], a
fine mesh is used to reached converged neutron flux intensi-
ties in voxels and a coarse mesh to get the energy shape of
the fluxes. This allows to take into account the neutron flux
gradients.

A second issue with the R2S method is the computation
of neutron flux in each material enclosed in a voxel. When a
cartesian mesh is used, only the average flux in the voxel can
be computed which can lead to high discrepancies in results
in particular when the voxels enclose a lot of void or air. The
MCR2S (Mesh-Coupled R2S) [12, 13]methodwas designed
to overcome this issue. In this methodology, an unstructured
mesh composed of tetrahedral voxels is used to adapt the
cells of the geometry. The results are in good agreement
with other methods even if this method needs more time to
give converged Monte-Carlo results.

Another way to make the results more precise than stan-
dard R2S is to identify the materials enclosed in each voxel.
In [14], a given amount of points is sampled in each voxel
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and the material identified for each point is stored. The num-
ber of points for which a material is identified in the voxel
divided by the number of sampled points gives the volume
proportion of the current material in the voxel. This is a
Monte-Carlo process, therefore the precision of the results
will directly depend on the number of sampled points. This
method is also in good agreement with original R2S.

The idea of themodified R2Smethod presented here is to
make the method compatible with an industrial usage. The
methodology is therefore designed to overcome some of the
R2S limitations while automating and improving the accu-
racy of the calculation. Moreover, the methodology is con-
ceived to be as generic and reliable as possible. A structured
cartesian mesh is thus used for the Monte-Carlo computa-
tions to avoid adding complexity to the process. An almost
exact identification of cells enclosed in each voxel is done by
the use of modern CAD means. The complete computation
is made inside only one prototype tool named RayActive and
every part of the calculation is designed to be as optimized
as possible. The presented methodology of RayActive relies
on RayXpert© CAD (Computer Aided Design) and Monte-
Carlo 3D capacities [15].

The modified R2S method is presented in this paper. In
a first part, the description of the new features is done. Then
the verification of the features is presented. Next, a valida-
tion benchmark is described and its results are shown. Fi-
nally, a conclusion is made.

2. Description of the new features
As previously said, the R2S scheme is used to compute

the SDDR with RayActive. In the very first part, the model
of the geometry is performed.
2.1. Geometry modelling

RayActive relies on the features of RayXpert software.
RayXpert is an unique code able to model a geometry by
CAD means and to run a Monte-Carlo 3D transport with
this model in the same interface. Moreover, RayXpert has
a graphical user interface to create the model. So, in Ray-
Active, the model is made with the CAD kernel of RayX-
pert which is Open Cascade technology [16]. The geom-
etry it therefore in the boundary representation format (B-
Rep). RayXpert could also import a STEP model file [17]
directly. Monte-Carlo transport is handled by a Ray Tracing
algorithm [18]. This allows the spaces between cells to be
clearly identified and by defining an ambient material, parti-
cles could be transported without needing to construct cells
of this material between the components of the geometry.
Figure 1 shows a step model and its imported geometry in
RayXpert.
2.2. Neutron flux computation

Depending on the modeled geometry, significant neu-
tron flux gradients could exist inside cells. For example,
if a punctual neutron source irradiates a block of concrete,
the neutron flux will be higher on the side of the cube next
to the source than on its opposite side. For this example,

Figure 1: Example of a STEP model (left) and the imported
step model in RayXpert (right).

the number of transmuted nuclei should be function of the
position inside the cube. Nevertheless, if an average flux
is considered in the whole cube, this dependence does not
exist. Moreover, in Monte-Carlo code, the neutron flux is
computed using the track-length estimator which is defined
as :

Φn,detector =
∑q
k=1 lk

NVdetector
(1)

where
- Vdetector is the volume of the detector
- lk is the track length of the k particle through the de-
tector

- q is the amount of particles which went through the
detector

- N is the total number of primary particles launched
The flux given by equation 1 is an average flux over a de-

tector. In a Monte-Carlo transport, the detectors are also the
geometry cells. Hence, in general, the neutron flux gradi-
ents would not be taken into consideration except if the user
cuts the cells into smaller cells manually which would be too
much time consuming. Therefore, a superimposed mesh is
required to take into account the neutron flux gradients. The
mesh allows to compute more precisely the isotopic inven-
tory in the geometry as it automatically cuts the cells into
voxels.

Multiple type of meshes could be used for this purpose.
The mesh could be structured or unstructured; uniform or
non uniform; coordinates could be cartesian, cylindrical or
spherical. To limit the memory need and the Monte-Carlo
computation time, we use here a structured uniform carte-
sian mesh to compute the neutron flux. Indeed, with a carte-
sian mesh, the number of voxels is known before running the
calculations whereas with a conformingmesh, the number of
voxels could be too important and could therefore saturate
the available RAM. Moreover, meshing a geometry with a
conforming mesh could sometimes fail. So, to respect the
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objectives of RayActive (generic method and automation),
a cartesian mesh is used for Monte-Carlo neutron flux cal-
culation. The issue with a structured cartesian mesh is the
possible mismatch between cells and voxels. The average
neutron flux could be directly computed in a voxel but the
fluxes for each cell enclosed in the voxel can have big dis-
crepancies between them. So, to improve the accuracy, it is
relevant to compute a neutron flux for each cell enclosed in
a voxel but this requires the volume proportions of cells in
the voxel. In the case where the neutron flux intensity is low
enough so that the production rate of an isotope is negligible
in comparison with its decay rate, the volume of material
is not really needed. Indeed, when computing the isotope
production, the volume dependency vanishes because of the
neutron flux normalisation of equation 1. However, as Ray-
Active is designed for an industrial usage, it is relevant to
use as few assumptions as possible. So, in this context, the
volume proportion of each material enclosed in each voxel
is needed. It is nevertheless possible to compute a good ap-
proximation of the material volumes enclosed in voxels [14]
or to conform themesh to the cells [12]. In the present work a
new and unique feature was developed to compute an almost
exact volume proportion of each cell enclosed in a voxel.
This allows to be even more precise than using a flux for
each material enclosed in a voxel as, depending on the voxel
size, the neutron flux could significantly differ for cells made
of the same material. As the geometric model used for the
Monte-Carlo transport and for the geometry construction are
the same and are obtained by CAD means, the volume pro-
portions could be computed precisely using CAD features.

For example, the volume of one cube cell ofmono-material
of 5cm side hollowed out by a centered sphere of 2cm radius
was computed with both a 103 points Monte-Carlo method
and the newmethod relying onCAD features using one voxel
of 5cm side centered on the cell center. The error in the
volume proportion with the first method is equal to 6.65%
whereas for the second method it is below 0.01%. These
results show that the new RayActive functionality performs
really well the computation even if the results are not analyt-
ical.

As the volume proportion of each cell in a voxel could
be accurately computed with RayActive, it is now possible
to compute precisely a neutron flux for each cell in a voxel
(as the volume of the detector is needed for the neutron flux
calculation, see equation 1). So, with RayActive, the dif-
ficulties of the previous methods are overcome; the super-
imposed uniform cartesian mesh cuts cells into real smaller
detectors that could take into account neutron flux gradients.
2.3. Isotopic inventory computation

Once the neutron flux is obtained for each material in a
voxel, the inventory for each material after irradiation has to
be calculated. The inventory evolution system is a system of
coupled ordinary differential equations given in equation 2.
To solve this system, the initial inventory has to be known.
Another advantage of the accurate computation of volume
proportions of cells enclosed in voxels is that the initial in-

ventory of each material inside the voxel is also accurately
computed. Moreover, it also allows to find any small cells
that could be enclosed in a voxel and could contribute no-
ticeably to the SDDR. The new method thus allows both the
neutron flux and the initial inventory of material to be more
accurate.

dNi(t)
dt

= −Ni ⋅ [�i + �i] +
r
∑

j=1
j≠i

Nj ⋅ [�j→i + �j→i]

�i =

+∞

∫
0

�i(E)Φ(E)dE

�j→i =
M
∑

q=1

+∞

∫
0

�q,j→i(E)Φ(E)dE

(2)
where :
- Ni(t) is the number of nuclei of isotope i at time twith
initial valueNi,0

- r is the total number of isotopes available in the data-
base

- M is the number of transmutation reactions
- �i(E) is the total cross section for isotope i at energy
E (in barn)

- �q,j→i(E) is the transmutation cross section from iso-
tope j to isotope i for reaction q at energy E (in barn)

- Φ is the neutron flux computed from the Monte-Carlo
transport for the considered cell (cm−2/s)

- �i is the decay constant of isotope i to any of its decayisotopes (in s−1)
- �i is the total transmutation rate of isotope i under neu-
tron flux Φ with isotope i total neutron cross section
�i (in s−1)

- �j→i is the decay constant of isotope j to isotope i (in
s−1)

- �j→i is the average production rate of isotope i under
neutron flux Φ from isotope j (in s−1)

To compute the inventory after irradiation, the system
defined by equation 2 has to be solved. The issue with this
problem is that the equations are "stiff". A problem is said
stiff when the ratio of coefficients that link unknowns be-
tween them is very high which is the case here because some
decay constants are very high (up to 108s−1) and other ones
very low (down to 10−12s−1). When a system of ODE is stiff,
the use of a BDF (Backward Differentiation Formula) [19]
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is mandatory. In such a case, other methods such as Runge-
Kutta or Adams-Bashforth will never give correct results
in a reasonable time. BDF is a predictor/corrector method
that computes an approximate solution of the system at the
next step. Then this solution is corrected by solving a linear
system that couples both the approximate solution and it’s
derivative.

New methods were recently developed to reach an even
better accuracy. Thesemethod are called BBDF (BlockBDF)
and consists in solving the system for the two next steps
at the same time. Some of these methods are presented in
[20, 21, 22, 23]. Based on the method presented in [20],
an internal stiff ODE solver was developed and integrated
to RayActive to solve as efficiently as possible the inventory
system.

A verification and validation of the solver have beenmade
and show good agreement between RayActive ODE solver
and LSODE [24] (a well known and validated ODE solver)
for the Gear’s problem [19]. An inventory problem where
a cube (side = 1cm) of pure 56Fe (density = 1.0g/cm3) is
irradiated during 10 years by a punctual, mono-kinetic en-
ergy (14MeV), isotropic, centered in the cube, continuous
source of intensity equal to 1016 neutron/s has also been
made. The solutions with both RayActive and FISPACTII
code [6] (whose ODE solver is LSODE) have been com-
pared. Coherent results were found between the two meth-
ods even if discrepancies appeared for some isotopes. The
origin of these discrepancies have been identified and will
be published in a future article. Changes have been made
to adapt the new method to FISPACTII and the inventory
benchmark presented here has been made again. For this
benchmark, the initial number of nuclei of 56Fe is 1.075382×
1022 and the total neutron flux computed in the cube by the
Monte-Carlo process is equal to 6.13762×1015 neutrons/cm2/s.
A large enough number of source particles were emitted to
ensure that the neutron flux uncertainties are below 10% for
every group that contributes at least 0.1% to the total flux.
The relative tolerance used was 10−4 and the absolute toler-
ance was 103 for both inventory code. The meaning of these
tolerances is given in [24]. The inventory is requested after
10 years. Table 1 shows the inventory for FISPACTII and
RayActive. Table 1 also shows the relative difference Rreldefined by equation 3 where FISPACTII results are used as
reference. For readability reason, the results where filtered
in table 1 by only showing the results with isotope nuclei
amount over 10−4 ×N56Fe(t = 0).

Rrel =
Ni(t)computed
Ni(t)reference

− 1 (3)

From results presented in table 1, a very good agreement
could be seen between FISPACTII results and RayActive
prototype method results. Indeed, for all the presented iso-
topes in table table 1 the relative difference is below 0.6%
and for some isotopes, the amount is the same (as for ex-
ample for 54Cr) taking into account the numerical precision.
Moreover, for the whole inventory (containing 161 isotopes

Isotope FISPACTII RayActive Rel. difference
1H 3.93E+21 3.93E+21 2.54E-04%
2H 9.12E+19 9.12E+19 3.29E-04%
4He 9.86E+20 9.86E+20 1.01E-04%
47Ti 2.36E+18 2.37E+18 2.96E-01%
48Ti 1.40E+19 1.41E+19 5.30E-01%
49Ti 2.98E+19 2.98E+19 1.91E-01%
50Ti 2.37E+19 2.37E+19 8.45E-04%
49V 4.48E+18 4.48E+18 1.32E-02%
50V 4.48E+19 4.48E+19 1.56E-03%
51V 1.61E+20 1.61E+20 1.25E-03%
51Cr 4.34E+18 4.34E+18 2.30E-03%
52Cr 7.99E+20 7.99E+20 2.50E-04%
53Cr 6.43E+20 6.43E+20 3.11E-04%
54Cr 1.04E+21 1.04E+21 0.00E+00%
53Mn 3.07E+20 3.07E+20 3.25E-04%
54Mn 3.19E+20 3.19E+20 0.00E+00%
55Mn 2.05E+21 2.05E+21 0.00E+00%
54Fe 3.37E+20 3.37E+20 0.00E+00%
55Fe 9.31E+20 9.31E+20 5.37E-04%
56Fe 4.03E+21 4.03E+21 2.48E-04%
57Fe 3.46E+18 3.46E+18 2.89E-04%

Table 1
Inventory for FISPACTII and RayActive for the presented
benchmark, at t = 10 years and value of the relative
difference associated.

for both codes), the maximum relative difference is -0.714%
for 12C, which also shows a really good agreement. Note that
12C is not included in table 1 as its amount is very small.
2.4. SDDR map calculation

Since the inventory at decay time is computed for each
cell in each voxel, it is now possible to compute the SDDR
map. To proceed, the decay particles have to be transported
withMonte-Carlo. As themost dangerous particles (in terms
of radiological hazard) are the photons, only this type of par-
ticles is followed in the second Monte-Carlo to speed up the
SDDR computation.

In reality, a lot of decay photons could be emitted as a
huge amount of radioactive isotopes could have been pro-
duced in each voxel of the mesh. To compute the SDDR in
a reasonable duration, cumulative PDF (probability density
functions) are computed in RayActive to sample the decay
particles. In the new prototype tool, two sampling schemes
are available. In the first one, the intensity of a decay pho-
ton ray divided by the whole model’s intensity is used as
the emission probability. In the second one, the product en-
ergy times intensity of a decay photon ray divided by the
whole model energy times intensity values is used as the
emission methods. Appendix A presents the details of this
sampling process. The second sampling process is based
on the hypothesis that the photons with higher energy con-
tributes more to the SDDR than the lower energy photons.
With the second sampling method, higher energy decay pho-
tonswill thus bemore sampled than lower energy oneswhich
should speed up the total SDDR convergence during theMonte-
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Carlo process. A correction of the photon weights is made
to adjust the probability biasing.

To compute the parameters of the decay photons, de-
pending on the sampling method requested, a random num-
ber between 0 and 1 is sampled. Then the ray corresponding
to the random number simulated is identified using one of
the two sampling probability described previously and de-
tailed in appendix A. The ray identification using PDF also
allows to find the mesh, voxel, material and cell from where
the decay photons will be emitted and their energy as the
cumulative PDF is constructed over these quantities.

To get the emission position of the decay photon, a ran-
dom position in the voxel is sampled. If the material identi-
fied at the sampled position corresponds to the material sam-
pled with the cumulative PDF, then this position is accepted.
Otherwise, another position is sampled either until the cor-
rect material and cell are found or until a limit of attempts
defined by the user is reached. If the limit is reached, the
process returns to the beginning of the sampling.

To avoid irrelevant position sampling that would cost a
lot of computation time, the user could also specify another
parameter. First, the product of a cell volumewith its energy-
intensity value is defined by equation 4.

Pi = Vi
mi
∑

j=1

pj
∑

k=1
Ei,j,kIi,j,k (4)

where :
- Vi is the volume of cell i in voxel
- mi is the number of radioactive isotopes in cell i
- pj is the number of photon decay ray for isotope j in
cell i

- Ei,j,k is the energy of ray k for isotope j in cell i
- Ii,j,k is the intensity of ray k for isotope j in cell i
Then the total product of cell volume with its energy-

intensity of a voxel is defined by equation 5. The user can
thus specify the value of the ratio Pi

P tot over which the cell
i is allowed to emit decay particles. Indeed, the higher its
intensity and energy, the higher the decay ray contributes
to SDDR. By using this parameters, only the low volume
and low contribution to SDDR photon decay sources will be
skipped instead of all small volume photon decay sources (if
filtered by volume proportion).

Ptot =
n
∑

i=1
Pi (5)

where :
- n is the number of cells in the voxel
- Pi is the product of a cell i volume with its energy-
intensity defined by equation 4

Finally, the photon flux computed by Monte-Carlo 3D
method is converted to SDDR by flux-to-dose conversion
factors given in [25]. A verification of the presented acti-
vation prototype method is made in the next section.

3. Verification of RayActive results
To verify RayActive neutron induced activation analysis

capacities, two simple benchmarks were realised with Ray-
Active and by two other means. The first process used to
compute the SDDR of the simple benchmarks was a clas-
sical R2S technique coupling MCNP6.2 [26] and FISPACT
codes. The second code used is FLUKA which is able to
compute neutron induced activation and SDDR map in the
same run. The activation method used in FLUKA can pro-
cess the activation by two differentmethods. The firstmethod
is a Monte-Carlo process that computes randomly the de-
cay time of any radioactive nucleus produced during neu-
tron transport. The second method computes the production
rates of each isotope then solves analytically the inventory
at the requested time instead of randomly sampling the de-
cay time. As the second method better matches to the R2S
method, this method is used for the verification benchmark
first presented in [27].
3.1. Geometry and parameters

The geometry of the verification benchmarks presented
in figure 2 is composed of three cubes, each of the same
side equal to 1cm. The center of a cube is at its origin and
cartesian coordinates are used for both benchmarks (x,y,z)
with cm as length unit. The source cube is centered at the
point O(0,0,0) for the two benchmarks and its material is air
of density dAir=0.001205g/cm3. The two other cubes are
centered at points P1(-20.5cm,0,0) and P2(20.5cm,0,0) re-
spectively. For first benchmark (noted #1), the two cubes
are both composed of the same material which is pure 59Co
(dCo=8.9g/cm3). For the second benchmark (#2), the cubes
are made of stainless steel (SS316LN, dSS316LN=7.8g/cm3).
The material compositions are described in appendix B. The
neutron source is, for the two benchmarks, the cell centered
at point O. It is isotropic, mono-kinetic (14MeV) and its in-
tensity is 1012n/s. The irradiation scenario is 30.5 days of ir-
radiation at intensity of 1012n/s followed by two hours cool-
ing (zero intensity). The SDDR map is computed at the end
of the 2h cooling on a cartesian mesh centered on O, with
dimensions 100cm*100cm*100cm and 100 voxels per di-
rection. The environment material is for both benchmarks
air.
3.2. Results and analysis

The SDDR map was computed with MCNP6.2 and FIS-
PACT combination, FLUKAandRayActive. Figure 3 shows
the final SDDR map at y=0.0cm for benchmark #1 (Co) ob-
tained with FLUKA, figure 4 shows the one obtained with
RayActive and figure 5 the one obtained with MCNP and
FISPACT combination. There is a good agreement between
the threemethods even if for FLUKA some lines can be seen.
These lines may correspond to a lack of convergence due to
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Figure 2: Geometry used for verification benchmarks.

the simulation performance of induced activation of FLUKA
code (as the amount of simulated particles is equivalent for
each of the three methods used). The SDDRmaps for bench-
marks #2 (SS316LN) are in appendix C and also shows a
good agreement between results of all processes.

Figure 3: SDDR map at y=0.0cm for benchmark #1 (Co)
obtained with FLUKA.

To compare the results more precisely, the SDDR value
was computed along x axis at y=0cm and z=0cm. The re-
sults for benchmark #1 (Co) is shown in figure 6 and for
benchmark #2 (SS316LN) in figure 7. For benchmark #1
(Co) a good agreement is observed between FLUKA, Ray-
Active and MCNP/FISPACT combination with all relative
differences (MCNP/FISPACT as reference) below 5%. For
benchmark #2 (SS316LN), the curve shapes look similar but
the results seems to be slightly higher for RayActive than the
results for MCNP/FISPACT and FLUKA.

The relative difference (MCNP/FISPACT as reference)
along x axis at y=0.0cm and z=0.0cm for benchmark #2
(SS316LN) is presented in figure 8. From figure 8, it can
be seen that the results from RayActive are higher that the
results from MCNP/FISPACT; on average, the results are
7.63% higher. On the contrary, results for FLUKA are on

Figure 4: SDDR map at y=0.0cm for benchmark #1 (Co)
obtained with RayActive.

Figure 5: SDDR map at y=0.0cm for benchmark #1 (Co)
obtained with MCNP and FISPACT combination.

average 5.74% lower than the results fromMCNP/FISPACT.
These discrepancies could have different origins. First of
all, FLUKA uses other cross sections than MCNP/FISPACT
and RayActive. Indeed, the FLUKA cross sections used for
the benchmarks are from ENDF/BVI.8, ENDF/BVII.0 and
JENDL3-3 [28, 29, 30] whereas ENDF/BVII.1 [31] is used
for neutron transport and TENDL2017 [32] for inventory
computation in bothMCNP/FISPACT andRayActive. More-
over, FLUKAcross sections are averaged on 260 energy groups
whereasMCNP/FISPACT andRayActive transport cross sec-
tions are point-wise. Finally, RayActive generates point-
wise energy decay particles whereas MCNP/FISPACT gen-
erates decay particles energy from averaged energy groups.
However, in neutron induced activation analysis, referring
to [10, 13, 27], discrepancies below 10% are considered as
being in good agreement.

So, even if the SDDR results for benchmark #2 (SS316LN)
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Figure 6: SDDR along x axis at y=0.0cm and z=0.0cm for
benchmark #1 (Co) with propagated Monte-Carlo uncertain-
ties.

Figure 7: SDDR along x axis at y=0.0cm and z=0.0cm for
benchmark #2 (SS316LN) with propagated Monte-Carlo un-
certainties.

Figure 8: Relative difference between RayActive and
MCNP/FISPACT and between FLUKA and MCNP/FISPACT
(MCNP/FISPACT as reference) at y=0.0cm and z=0.0cm
along x axis for benchmark #2 (SS316LN) with propagated
Monte-Carlo uncertainties.

are slightly higher with RayActive and lower for FLUKA in
comparisonwith reference R2S, it seems that RayActive per-
forms well the SDDR computation in these cases. In fact,
for benchmark #2 (SS316LN), the discrepancies could have
different origins. Moreover, with the simpler benchmark #1
(Co) with only one isotope, the results are in good agree-
ment between the three methods. Another benchmark has
been done to ensure that the SDDR computed with RayAc-
tive performs well. This benchmark is presented in the next
section.

4. Validation benchmark
The previous benchmarks seem to show good agreement

between classical R2S and RayActive neutron induced acti-
vation results. To ensure that RayActive is able to compute
the SDDR in a more general way, another more complex
benchmark was made. This benchmark is based on a model
of an experimental setup used to measure neutron scattering
cross section. The geometry of the model is presented on
figure 9.

Figure 9: Model of the experimental setup used for validation
benchmark.

An experimental device is irradiated by a fixed parallel
to +y direction neutron source. The source is a disc of radius
R=5cm with origin at S(0.0,-40.0cm,112.0cm). The source
intensity is set at 2.0 ∗ 109n∕s for 30 days followed by one
day of cooling. The base is a bloc of 1m*1m*0.05m dimen-
sions. It is made of concrete (dConcrete=2.3g/cm3) and its
center is at the position C(0.0,0.0,-2.5cm). The support rod
and base are place on the concrete bloc. They are both made
of natural Ti (dTi=4.5g/cm3). The experimental device is
a bloc of 20cm side. It is composed of 3 layers of natural
Ti (two of 4.8cm length and the center one of 10cm length).
Two layers of natural gold (dAu=19.3g/cm3) of 0.2cm length
are placed between the Ti layers. All the dimensions and
placement are presented on figures 9 and 10. The environ-
ment material is air of density dAir=0.001205g/cm3. Finally,
all the compositions of the materials used for this benchmark
are given in appendix D.

The SDDRwas calculated both with RayActive and with
the coupling of MCNP/FISPACT. The SDDR map for x>0
obtained with RayActive is plotted on figure 11 and the one
computed with MCNP/FISPACT is presented on figure 12.
Both calculations deliver comparable results, qualitatively
very similar, albeit with slight quantitative differences. In-
deed, the area where the SDDR is greater than 100.0mSv/h
is larger on the MCNP/FISPACT map than on the one from
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Figure 10: Enlarged view of the experimental device used for
the validation benchmark.

RayActive. The other areas have the same behavior. They
are larger for MCNP/FISPACT. Nevertheless, the shapes of
the zones seem to be in good agreement between both com-
putations with larger SDDR on the side of the neutron source
(y<0). To extent the comparison between both approaches,
the SDDR along the y axis at the center of the experimental
device (x=0cm,z=112cm) has been plotted both for RayAc-
tive and MCNP/FISPACT on figure 13.

Figure 11: Mapping of SDDR for x>0 for the model of the
experimental setup obtained with RayActive.

From figure 13, it can be seen that the SDDR for MCNP/
FISPACT is larger than the SDDR obtained with RayActive
all along the y axis. Nevertheless, the shapes of the curves
are in rather good agreement down to tiny details such as
the asymmetry between positive and negative y positions.
The SDDR is higher for the negative y than for the posi-
tive y. This asymmetry could come from the neutron source
which emits neutrons from the negative values of y in the
positive y direction. Moreover, two small peaks could be
seen at the positions of the gold layers (at x=±5.1cm) both
for RayActive andMCNP/FISPACT. Discrepancies between
RayActive and MCNP/FISPACT could be attributed to the

Figure 12: Mapping of SDDR for x>0 for the model of the
experimental setup obtained with MCNP/FISPACTII.

Figure 13: SDDR along the y axis at x=0.0cm and z=112.0cm
for RayActive and MCNP/FISPACT for the experimental de-
vice benchmark.

the neutron flux computation with MCNP. Indeed, MCNP
distribution we have access to does not allow to compute a
neutron flux for each cell enclosed in a voxel. The neutron
flux is thus computed for a whole voxel as it is done in the
classical R2S scheme. As a voxel can superimpose different
materials, the neutron flux can be overestimated. Indeed, in
air the neutron flux is generally higher than in a solidmaterial
because the density of air is significantly lower. The mean
free path of particles in gas is thus greater than in dense ma-
terial. However, a larger mean free path of particles implies
a larger flux as can be seen from equation 1. Therefore, when
a voxel superimposes air and materials, the average neutron
flux computed for the voxel and used for the isotopic inven-
tory computations will be higher than the real neutron fluxes
in each of the enclosedmaterials. In RayActive, the real neu-
tron flux in the material is specifically computed which is not
the case with MCNP/FISPACT.

Moreover, two peaks are visible at the positions of the
centers of the gold layers and discrepancies betweenMCNP/
FISPACT and RayActive are reduced in these areas. From
figure 13, it is possible to see that these positions corre-
spond to SDDR local maxima. Once again, the same mech-
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anism of superimposition might explain this effect. Indeed,
in MCNP/FISPACT the voxels that superimpose the exper-
imental device could contain natural Ti and natural Au. As
gold has a higher density than titanium (dAu = 19.3g/cm3

>dTi = 4.5g/cm3), the average neutron flux computed for
voxels that superimpose both Au and Ti will be lower than
the neutron flux computed only for Au which will again af-
fect the inventory for gold layers inMCNP/FISPACT. There-
fore, the neutron fluxes used for gold layers isotopic inven-
tory computations with MCNP/FISPACT are likely to be
lower than the ones used with RayActive in which the neu-
tron flux is computed for Au only. These differences between
the SDDR results are interesting as they suggest a significant
dependence on the way the neutron flux is computed, es-
pecially when different materials are involved. A complete
analysis of such effects goes beyond the scope of this work
and will be considered in a forthcoming publication.

5. Conclusion
In conclusion, RayActive is a new tool designed to per-

form neutron induced activation analysis. The geometrymod-
elling is based on CAD. The algorithm used is a R2S scheme
which is an accurate process as it respects the physical steps.
The neutron flux is computed on a structured cartesian uni-
form mesh which reduces the complexity of the method and
increases the performance of the Monte-Carlo step. More-
over, RayActive has the unique ability to compute an almost
exact cell volume proportion enclosed in a voxel. This al-
lows both to improve the neutron flux computation and the
initial isotope inventory in comparison to a classical R2S
computation. Furthermore, the inventory system is solved
using a new variable step size BBDF solver which is more
stable and precise than BDF solver. Then, the decay parti-
cles transport convergence could be accelerated with a new
decay source sampling method adapted to the SDDR evalu-
ation context. Finally, all these steps are unified in the same
prototype method which makes the solution more stable and
avoid code interface. Verification on benchmarks have been
made and seem to give coherent results even if small dis-
crepancies have been seen. Validation benchmark has been
made on a more complex geometry. It also shows coherent
results even if some discrepancies are noticeable in compar-
ison with the traditional R2S computation. The difference
could come from the neutron flux computation which is av-
eraged on the whole voxel with the classical R2S. As the
neutron flux is computed for each cell enclosed in voxel in
RayActive, its results should be more precise. Nevertheless,
these discrepancies will be investigated in more details in a
further work to ensure that it comes from the neutron flux
computation.
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A. Decay ray sampling methods available in
RayActive
The unbiased probability punbiased,i of emission of a de-

cay ray i is defined by equation 6.

punbiased,i =
Ii
N
∑

i=0
Ii

(6)

where
- Ii is the decay ray i intensity
- N is the total number of decay rays in the considered
material

The biased probability pbiased,i of emission of a decay
ray i is defined by equation 7.

pbiased,i =
Ii ⋅ Ei
N
∑

i=0
Ii ⋅ Ei

(7)

where
- Ii is the decay ray i intensity
- Ei is the decay ray i energy
- N is the total number of decay rays in the considered
material

In RayActive, both biased and unbiased decay ray sam-
pling methods are available. A random number l is sampled
between 0 and 1. If unbiased sampling method is requested,
then decay i is chosen if punbiased,i−1 ≤ l < punbiased,i. If bi-ased sampling method is requested, then decay i is chosen if
pbiased,i−1 ≤ l < pbiased,i. In the case where biased probabil-ity is used, then the statistical weightwi of the simulated par-
ticle in the Monte-Carlo (which corresponds to the number
of particles that the simulated particle represents) is equal to

wi =

N
∑

i=0
Ii⋅Ei

Ei⋅
N
∑

i=0
Ii

in order to have pbiased,i ∗ wi = punbiased,i.

If unbiased probability is used, then wi = 1. Thus, for the
Monte-Carlo transport, the flux is computed by taking into
account the particle weight which is done by transforming
equation 1 into equation 8.

Φn,detector =
∑n
k=1wk ⋅ lk
NVdetector

(8)

with wk the weight of a particle.

B. Material compositions for verification
benchmarks
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Isotope Mass fraction (in %)
12C 0.0124%
14N 75.5268%
16O 23.1781%
40Ar 1.2827%

Table 2
Air composition used for verification benchmarks.

Isotope Mass fraction (in %)
59Co 100.0000%

Table 3
Cobalt composition used for verification benchmark #1.

Isotope Mass fraction (in %)
12C 0.0065%
13C 0.0001%
28Si 0.4680%
29Si 0.0246%
30Si 0.0168%
31P 0.0253%
32S 0.0165%
33S 0.0001%
34S 0.0008%
50Cr 0.7282%
52Cr 14.604%
53Cr 1.6879%
54Cr 0.4281%
55Mn 1.9930%
54Fe 3.8373%
56Fe 62.465%
57Fe 1.4684%
58Fe 0.1988%
58Ni 8.0841%
60Ni 3.2212%
61Ni 0.1424%
62Ni 0.4614%
64Ni 0.1213%

Table 4
SS316LN composition used for verification benchmark
#2.

C. SDDR maps for verification benchmark #2
(SS316LN)

Figure 14: SDDR map at y=0.0cm for benchmark #2
(SS316LN) obtained with FLUKA.

Figure 15: SDDR map at y=0.0cm for benchmark #2
(SS316LN) obtained with RayActive.

D. Material used for validation benchmark

Isotope Mass fraction (in %)
12C 0.0124%
14N 75.5268%
16O 23.1781%
40Ar 1.2827%

Table 5
Air composition used for validation benchmark.
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Figure 16: SDDR map at y=0.0cm for benchmark #2
(SS316LN) obtained with MCNP and FISPACT combination.

Isotope Mass fraction (in %)
197Au 100.0000%

Table 6
Gold composition used for validation benchmark.

Isotope Mass fraction (in %)
46Ti 7.9201%
47Ti 7.2978%
48Ti 73.8451%
49Ti 5.5322%
50Ti 5.4049%

Table 7
Titanium composition used for validation benchmark.

Isotope Mass fraction (in %)
1H 2.2100%
12C 0.2484%
16O 57.4930%
23Na 1.5208%
24Mg 0.1226%
27Al 1.9953%
28Si 30.4627%
39K 1.0045%
40Ca 4.2951%
56Fe 0.6435%

Table 8
Concrete composition used for validation benchmark.
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• Neutron induced activation analysis is a complex and time consuming process
• RayActive is a CAD based neutron induced activation analysis prototype tool
• Inventory calculation is made with an internal 2 points Block BDF ODE solver
• RayActive is automated and as accurate as possible




