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Abstract. The objective of the research was to test available photoatomic data libraries for fusion relevant
applications, comparing against experimental and computational neutronics benchmarks. Photon flux and
heating was compared using the photon interaction data libraries (mcplib 04p, 05t, 84p and 12p). Suitable
benchmark experiments (iron and water) were selected from the SINBAD database and analysed to compare
experimental values with MCNP calculations using mcplib 04p, 84p and 12p. In both the computational
and experimental comparisons, the majority of results with the 04p, 84p and 12p photon data libraries were
within 1σ of the mean MCNP statistical uncertainty. Larger differences were observed when comparing
computational results with the 05t test photon library. The Doppler broadening sampling bug in MCNP5 is shown to be corrected for fusion relevant problems through use of the 84p photon data library. The
recommended libraries for fusion neutronics are 84p (or 04p) with MCNP6 and 84p if using MCNP-5.

1. Introduction
Several photon libraries are available for use with the
MCNP-X, MCNP-5 and MCNP-6 code packages [1, 2]
such as the 04p, 84p, 05t and 12p libraries. Their
performance, including the use of the Doppler broadening
treatment, was investigated using computational models.
A spherical model and an EU fusion demonstration reactor
with a helium cooled lithium lead blanket (HCLL DEMO)
benchmark model [3] were used.
Photon flux calculated using the 04p, 84p and 12p
data libraries with MCNP-6 was also evaluated for the
experimental Photon Leakage Spectra benchmarks [4–6]
available in SINBAD [7]. The measurements performed at
RFNC-VNIITF, Snezhinsk, using a 14 MeV D-T neutron
source placed in the centre of spherical samples of different
materials were selected for the comparison exercise.

2. Photoatomic data libraries
A number of photon cross-section data libraries are
available for use with MCNP for photon transport; 04p,
05t, 84p and 12p. MCNP also has a number of physics
options available, including the ability to perform Doppler
broadening to incorporate the effect of bound electrons
on photon scattering. The 04p library was considered
the standard and default selected library for photon
calculations in MCNP.
Since the release of MCNP-5 a bug was found with
the use of Doppler broadening [1]. The format for the
data provided in 04p for sampling which atomic shell
the electron is bound (provided as a probability density
function) does not match the format in which MCNP-5
a

e-mail: Bethany.Colling@ukaea.uk

samples. MCNP-5 samples assuming a cumulative density
function. The official report on this MCNP bug is given
in [8]. To enable users of MCNP-5 to have corrected data
sampling, a temporary library, 84p, was created with the
correctly formatted data.
The sampling bug is not evident with MCNP-6 which
can recognise the format of the library data and sample
accordingly. Therefore using the 04p or 84p photon library
data would present the same result; within statistical
uncertainty.
A test library, 05t, was developed in order to include
form factor data from ENDF/B-VII (rev. 0) as the
incoherent and coherent form factors in MCNP-5 and
MCNP-X were described as obsolete; affecting photon
transport with energies greater than 74 keV [9]. The 05t
data is identical to that in the standard 04p apart from the
inclusion of the updated form factor data. A version of
MCNP-X [10] was developed to identify and use the 05t
data as it is not compatible with MCNP-5.
The photon library 12p is distributed in a newly
developed format that includes photon transport data from
04p and complete relaxation and electron interaction data.
The three main developments in this data library are
reported [11] to be: (1) the extension of photon transport
to lower energies; potentially 1 eV, (2) enhanced treatment
of atomic relaxation processes, and (3) changes in electron
transport methods to allow transport at lower energies [11].
Note that temperature, condensed state, and molecular
effects are not yet treated for photons or electrons in
MCNP6, and further enhancement of the physics in the
transport algorithms may be required for appropriate use of
the data in the eV range. In these calculations only mode p
or n, p was used, i.e., only photons or photons and neutrons
were considered in the calculations; electron transport was
not used.
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Table 1. Libraries and MCNP configurations compared.

Figure 2. Percentage difference observed from use of different
photon libraries with MCNP-5, MCNP-6 and MCNP-X (plot
reproduced without 05t + MCNP-5 data and different scale). The
red lines denote the 1σ statistical uncertainty of the reference case
(MCNP-6 + 04p).

Figure 1. EU HCLL DEMO 2012 benchmark [3] neutronics
model.

The photoatomic libraries have been compared using
default MCNP-6 physics which includes the use of photon
Doppler broadening.
It is important to consider the compatibility of
the libraries with different versions of MCNP, namely
MCNP-5, MCNP-6 and MCNP-X. A summary of the
libraries and MCNP versions compared along with a basic
representation of compatibility is given in Table 1.

unavailable, ENDF-B-VII [13]. Photon and neutron flux
and heating have been tallied on a superimposed mesh.
Global variance reduction [14] was utilised to establish
a weight window map and the simulations performed to
2 × 109 histories.
3.2. Library comparison results
The percentage difference observed in the total surface
flux (at 160 cm from the centre source) for each element
tested and each MCNP and photon library combination is
given in Fig. 2. The percentage difference was calculated
by comparing against the reference case results (MCNP6 + 04p). The use of MCNP-5 with the 05t library
was not expected to be compatible. The plot is therefore
reproduced without this data.
The reference case (MCNP-6 + 04p) photon heating
through a section of the DEMO model is shown in Fig. 3,
normalised to a 2385 MW power plant (i.e., 8.468 ×
1020 neutrons / second). A comparison of the resulting
outboard photon heating using different data libraries is
also shown.

3. Computational benchmark
comparisons of photon data libraries
3.1. Neutronics modelling and simulations
A spherical test case was used to compare the effect on
the photon flux from the use of different photon libraries.
Using a script, the 200 cm radius spherical shell model
was defined with each of the 100 elements featured in
the photon data libraries and a separate photon transport
calculation performed for each.
The mass density of the material within the sphere has
been kept constant at 1 g/cm3 . An 8 MeV photon point
source was placed at the centre and the resulting photon
flux tallied at 20 spherical surfaces through the material
and in 97 energy bins. Each transport calculation was
performed without variance reduction with 1 × 108 photon
histories.
Further photon library comparisons were made using
a fusion relevant model; the benchmark EU HCLL
DEMO 2012 model (Fig. 1) [3] with a D-T plasma
source definition. Neutron transport was performed using
FENDL2.1 [12] neutron cross section data or, where

3.3. Discussions and conclusions
The majority of the results from the photon library
comparison were as expected (see Table 1). The photon
libraries 04p and 84p are identical in cross-section data
and differ only in the format of the data provided. This
is observed in results from both the spherical test case and
the DEMO benchmark. MCNP-6 using 04p gives identical
results, within statistical uncertainty, to MCNP-6 using
2
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Figure 4. Measured gamma spectra for the RFNC-VNIITF iron
sphere measurements compared to the calculated using the 12p
photon and ENDF/B-VII.1 neutron library.

Figure 3. Photon heating and comparison of libraries through
outboard section of HCLL DEMO model.

84p, regardless of whether Doppler broadening is in use
or not.
Differences are observed when comparing the use of
MCNP-5 with 04p to the reference case with Doppler
broadening as expected due to the known bug. However,
the majority of results compared were still within 1–2 σ .
Although values within 1σ are not strictly identical, one
might expect ∼ 68% agreement. The sampling bug with
MCNP-5 is shown to be corrected with the use of 84p.
Use of 05t with MCNP-5 is shown to provide
significantly different results to the reference case; only
approximately 18% of the surface flux tally results were
within 1σ of the reference case. This is not unexpected as
although MCNP-5 will run with the 05t specified, it is not
compatible. It is unclear from the literature whether 05t is
compatible with MCNP-6, results presented here show that
there is little difference observed in the surface flux when
comparing 05t with MCNP-6 and MCNP-X.
The use of 05t (with MCNP-X) gives up to 11%
difference in the DEMO model photon heating values
when compared to the reference case, with approximately
69% of the voxel values within 1σ of the reference case.
The use of 12p gives up to ∼ 7% difference in the
DEMO model photon heating values when compared to
the reference case, with approximately 71% of the voxel
values within 1σ of the reference case.

• NEA-1517/80: RFNC photon spectra from H2 O, SiO2
and NaCl with a central 14 MeV neutron source [6].
4.2. Benchmark models and experiments
Both benchmarks used a 14 MeV neutron source placed in
the centre of spherical samples of inside diameter 100 mm
and outside diameter 200 mm. The measured photon
spectra were normalised to 105 14 MeV source neutrons.
Absolute neutron flux measurements were conducted using
the activation method and the reaction 27 Al(n,α)24 Na. The
corresponding measured data are however not available.
The attenuation coefficients (total photon leakage from
spherical samples per one 14 MeV source neutron) were
measured experimentally as a relationship of count rate
of the all-wave detector with and without the sample. The
method used for the measurements and the neutron-gamma
separation is described in [5, 6].
The photon spectrum measurements in the energy
range 0.3–8.0 MeV were conducted using a scintillation
detector having a stilbene crystal with dimensions of 60 ×
60 mm. The energy resolution for 60 Co lines (1.17 and
1.33 MeV) was about 10%. At energies >3 MeV it was
6–7% and at energies <0.5 MeV it was 15–20%.
The total uncertainty in the measured spectra was
estimated at around 12% composed of the following:
• Statistical uncertainty +-5%.
• Uncertainty in the detector efficiency: ±5% within
the energy range 0.5–3.0 MeV, and ±7–8% within the
range 3–8 MeV.
• Uncertainty in mathematical processing of the experimental spectra ±7%.
• Possible uncertainty of both the sphere radii is ±1 mm
and possible uncertainty of target unit dimensions is
±0.1 mm.

4. Photon transport analysis of
RCFC-VNIITF benchmarks from SINBAD
4.1. Data libraries and experimental data
The 04p, 84p and 12p data libraries were considered in
the experimental/computational comparison. Among the
shielding benchmark experiments available in SINBAD
[7] the two sets of photon leakage spectra benchmarks
measured at RFNC-VNIITF (Zababakhin Russian Federal
Nuclear Center – All-Russian Scientific Researching
Institute of Technical Physics), Snezhinsk [4] were
considered to be suitable for the photon validation
exercise:

Two cases, the iron and water sphere benchmarks, were
analysed using MCNP-6 [15]. The neutron cross-sections
were taken from the ENDF/B-VII.1 evaluation [13].
4.3. Results and conclusions

• NEA-1517/74: Photon leakage spectra from Al, Ti, Fe,
Cu, Zr, Pb, 238 U spheres with a central 14 MeV neutron
source [5].

The results are shown in Fig. 4 and Fig. 5 and indicate good
consistency between the measured and calculated spectra.
3
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Figure 5. Measured gamma spectra for the RFNC-VNIITF water
sphere measurements compared to the calculated using the 12p
photon and ENDF/B-VII.1 neutron library.

The differences observed between the use of the different
photon libraries 04p, 84p and 12p data for the studied cases
(iron and water) were small and all within 1σ of the MCNP
statistical uncertainty.

5. Summary and future work
In both the computational and experimental comparisons,
the majority of results with the 04p, 84p and 12p
photon data libraries were within 1σ of the mean MCNP
statistical uncertainty. Larger differences were observed
when comparing computational results with the 05t test
photon library. The Doppler broadening sampling bug in
MCNP-5 is shown to be corrected through the use of the
84p photon data library.
For fusion neutronics analysis the recommended
photon libraries are 84p/04p with MCNP6 and 84p if
using MCNP-5. In future work the 12p photon library will
be investigated further with regards to fusion neutronics
applications.
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