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a b s t r a c t

The H.B. Robinson Unit 2 (HBR-2) pressure vessel dosimetry benchmark is an in- and ex-Reactor Pressure
Vessel (RPV) neutron dosimetry benchmark based on experimental data from the HBR-2 reactor, a 2300-
MW PWR designed by Westinghouse and put in operation in March 1971, openly available through the
SINBAD Database at OECD/NEA data Bank. The goals of the present work were to carry out three-
dimensional (3D) fixed source transport calculations in both Cartesian (X,Y,Z) and cylindrical (R,q,Z)
geometries by using the TORT-3.2 discrete ordinates code on very detailed 3D HBR-2 geometrical models
and to test the latest broad-group coupled (47 neutron groups þ 20 photon groups) working cross
section libraries in FIDO-ANISN format with same structure as BUGLE-96, such as BUGJEFF311.BOLIB,
BUGENDF70.BOLIB and BUGLE-B7. The results obtained with all the cited libraries were satisfactory and
are here reported and compared.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The H.B. Robinson Unit 2 pressure vessel dosimetry benchmark
[1,2] is an in- and ex-Reactor Pressure Vessel (RPV) neutron
dosimetry benchmark based on experimental data from the HBR-2
reactor, a 2300-MW PWR designed by Westinghouse, put in oper-
ation in March 1971 and owned by Carolina Power and Light
Company. The HBR-2 benchmark is openly available through the
SINBAD Database [3] at OECD/NEA data Bank and according to the
U.S. Nuclear Regulatory Guide 1.190 [4], analysis of the HBR-2
benchmark can be used as partial fulfillment of the requirements
for the qualification of the methodology for calculating neutron
fluence in RPVs. This is why great interest was and is still devoted to
this benchmark by the scientific community. See, for example,
these works on the purpose [5e8]. The specific activities at the end
of fuel cycle 9 (from 21-08-1982 to 26-01-1984) of six dosimeters
(237Np(n,f)137Cs, 238U(n,f)137Cs, 58Ni(n,p)58Co, 54Fe(n,p)54Mn,
46Ti(n,p) 46Sc, 63Cu(n,a)60Co) are the measured (M) quantities to be
compared with the calculated values (C). The main feature of the
HBR-2 benchmark is that it provides measurements on both sides
of the pressure vessel. In fact the dosimeters are located on the
mid-plane of the HBR-2 core in the surveillance capsule, placed in
by Elsevier Korea LLC. This is an
the down-comer region between the thermal shield and the
pressure vessel, and outside the pressure vessel, in the cavity be-
tween the vessel and the biological shield. The HBR-2 calculation
methodology available in the SINBAD database consisted in using
the 2D discrete ordinates (SN) code DORT [9] and the flux synthesis
method. A transport analysis on a detailed 3Dmodel is without any
doubt an important improvement, since more reliable results can
be theoretically obtained in a single run all over the model and not
only in the core mid-plane. That was one of the goals of this work.
Obtaining detailed HBR-2 geometrical models, up to the biological
shield, both in (X,Y,Z) and (R,q,Z) geometries is fast and easily
achievable through the ENEA-Bologna BOT3P-5.3 code system
[10,11]. Moreover BOT3P permits to input the neutron source pin by
pin and can automatically adapt it to the desired Cartesian or cy-
lindrical geometry for transport calculations. Comparing the results
obtained with two different geometry approaches was another aim
of the analysis, as well. Finally, testing the latest broad-group
coupled working cross section libraries in FIDO-ANISN format
with same structure as BUGLE-96 [12], such as the ENEA-Bologna
BUGJEFF311.BOLIB [13] and BUGENDF70.BOLIB [14] libraries and
the ORNL BUGLE-B7 [15] library was the last but not least aim of the
work. Thus, in order to achieve all these goals, 3D fixed source
transport calculations in both (X,Y,Z) and (R,q,Z) geometries with
the TORT-3.2 [16] discrete ordinates code on very detailed 3D
geometrical models were performed by alternatively using the
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cited working cross section libraries.

2. Nuclear data in calculations

The fission neutron spectrum used in calculation was taken as
the average of 235U and 239Pu in order to account for the contri-
bution of 235U and 239Pu to the fission neutron source, as recco-
mended in Ref. [1]. It is important to underline that
BUGJEFF311.BOLIB and BUGENDF70.BOLIB include both contribu-
tion of prompt and delayed neutrons, whereas BUGLE-B7 and
BUGLE-96 only of the prompt ones. Obtaining in both BUG-
JEFF311.BOLIB and BUGENDF70.BOLIB total fission spectra for all
fissionable isotopes was made possible through the use of the
ENEA-Bologna 2007 Revision [17] of the ORNL SCAMPI [18] nuclear
data processing system.
Fig. 1. 3D view of the compositional and geometrical
The dosimeter cross sections used in the transport calculations
were all derived from the IAEA International Reactor Dosimetry File
2002 (IRDF-2002) [19].

The 237Np(n,f), 238U(n,f), 58Ni(n,p)58Co, 54Fe(n,p)54Mn,
46Ti(n,p)46Sc and 63Cu(n,a)60Co dosimeter cross sections needed in
the HBR-2 transport analyses were derived from the IRDF-2002 set
of point-wise dosimetry cross sections through data processing
[20] with the GROUPIE program of the PREPRO 2007 [21] nuclear
data processing system into the 47-group neutron energy structure
of BUGLE-96, using flat cross section weighting. Since flat weight-
ing was adopted, the dosimeter cross sections were the same in
transport calculations for all the four cross section libraries. The
237Np(n,f)137Cs, 238U(n,f)137Cs values could be obtained by multi-
plying the dosimeter fission cross section by the corresponding
cumulative 137Cs fission yield for one fast fission. The following
model in the HBR-2 TORT-3.2 (X,Y,Z) calculations.
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values, taken from the “Live Chart of Nuclides” of the International
Atomic Energy Agency (IAEA) web site, based on JEFF-3.1.1 data,
were used for all libraries in calculations:

137Cs fission yield in 237Np ¼ 6.2654 � 10�2; 137Cs fission yield in
238U ¼ 6.0222 � 10�2

3. Transport calculation features

Transport calculations [22,23] were performed using the TORT-
3.2 3D discrete ordinates (SN) code included in the ORNL DOORS-
3.2a [24] system of deterministic transport codes. BUGJEFF311.BO-
LIB, BUGENDF70.BOLIB, ORNL BUGLE-B7 and BUGLE-96 were
Fig. 2. 3D view of the compositional and geometrical
alternatively used in the transport calculations, performed by
including all the 47 neutron energy groups. Both infinite dilution
and self-shielded neutron cross sections were selected. Self-
shielded cross sections were used when available and applicable
(for example for the reactor pressure vessel, biological shield, etc.).
Group-organized files of macroscopic cross sections, requested by
TORT, were prepared through the ORNL GIP [24] program of the
DOORS system, specifically dedicated to the discrete ordinates
transport codes such as TORT. The ENEA-Bologna ADEFTA-4.1 [25]
program was employed in the calculation of the atomic densities
of the isotopes involved in the compositional model and to handle
them properly to automatically prepare the macroscopic cross
section sets of the compositional model material mixtures in the
format required by GIP.

The automatic generation of the 3D detailed mesh grids for both
model in the HBR-2 TORT-3.2 (R,q,Z) calculations.



Fig. 4. Zoom on the capsule area at the core mid-plane in the HBR-2 TORT-3.2 (R,q,Z)
model.
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Cartesian (X,Y,Z) and cylindrical (R,q,Z) geometries of the HBR-2
benchmark geometrical model for TORT-3.2 were performed
through the BOT3P-5.3 pre/post-processor system. The co-ordinate
origin was placed at the centre of the core mid-plane with the
global Z axis normal to the core mid-plane, the X global axis in the
core mid-plane, crossing the cavity where dosimeters are located
(q ¼ 0�), and the global Y axis normal to X in the core mid-plane.

The geometrical models in calculations reproduced one quarter
of the HBR-2 reactor up to the biological shield, due to symmetry
conditions.

The TORT (X,Y,Z) model consisted of 255X � 240Y � 103Z (¼
6.303.600) cells (Fig. 1).
The TORT (R,q,Z) model consisted of 251R � 215q � 103Z (¼
5.558.395) cells (Fig. 2).

A very little zone exactly centered about the capsule position
and another one centered about the cavity dosimeter locationwere
introduced so as to read directly TORT results for each dosimeter as
average zone results centered about the dosimeter position. The
geometrical details of the (X,Y,Z) and (R,q,Z) computational models
about the capsule are respectively reported in Fig. 3 and Fig. 4.

Fixed source transport calculations with one source (outer)
iteration were performed using fully symmetrical discrete ordi-
nates directional quadrature sets for the flux solution.

The P3-S8 approximationwas adopted as the standard reference,
where PN corresponds to the order of the expansion in Legendre
polynomials of the scattering cross section matrix and SN repre-
sents the order of the flux angular discretization. The theta-
Fig. 3. Zoom on the capsule area at the core mid-plane in the HBR-2 TORT-3.2 (X,Y,Z)
model.
weighted difference approximation was selected for the flux
extrapolation model. In all the calculations the same numerical
value (5.E-04) for the point-wise flux convergence criterion was
employed with a maximum of 40 flux iterations per group.

The neutron source was input to the GGTM module of the
BOT3P-5.3 package pin by pin and for each of the twelve axial
segments of the modelled ¼ core. GGTM automatically calculated
the source density (power distribution per unit volume) for each
cell of the mesh grid to be input to TORT for both (X,Y,Z) and (R,q,Z)
geometries and the normalized power distribution was converted
to netrons s�1MW�1 according to what indicated in Ref. [1].

It is necessary to take into account several factors [1,2] in order
to calculate the specific activities at the end of irradiation, which
are the measured quantities provided for comparison with the
calculations, such as, for example, the reactor power changes dur-
ing irradiation, the closest fuel assemblies to the dosimeter loca-
tions, the different burn-up steps of fuel cycle 9. Since for each kth

dosimeter the calculated reaction rate Rck [s�1� atom�1] is ob-
tained for one power distribution only (i.e., the cycle-average po-
wer distribution for the nominal core power of 2300 MWth),
conversion factors fk for each kth dosimeter both in capsule and
cavity locations must be calculated in order to pass from the TORT
reaction rates to the measured specific activities Ak [Bq/mg], ac-
cording to the formula: Ak ¼ fk,Rck

Such conversion factors fk were calculated according to the
guide lines contained in Ref. [1]. The calculated fk for both capsule
and cavity dosimeters are summarized in Table 1 [22].

A maximum of 40 flux iterations assured the required conver-
gence fulfillment in the energy range of all the threshold neutron
dosimeters: 58Ni(n,p)58Co, 54Fe(n,p)54Mn, 46Ti(n,p)46Sc and
63Cu(n,a)60Co. In fact, fewer than 40 flux iterations were sufficient
to get convergence all over the model down to energy group 24
included (with lower energy limit of 0.29721 MeV) for all libraries
and both geometrical models. Users can read in TORTouput the cell
with the worst convergence value for each iteration. The obtained
worst convergence limit for energy groups from 25 to 28 happened
to be in some cells near the external boundary and it was between



Table 1
Conversion factors fk [atom/mg] for capsule and cavity locations between specific
activity Ak [Bq/mg] and reaction rate Rck [s�1� atom�1] calculated in transport
analysis for nominal core power (2300 MWth).

Dosimeter Capsule Cavity

237Np(n,f)137Cs 3.082 � 1015 3.085 � 1015
238U(n,f)137Cs 2.950 � 1015 2.952 � 1015
58Ni(n,p)58Co 3.576 � 1018 3.844 � 1018
54Fe(n,p)54Mn 2.494 � 1017 2.558 � 1017
46Ti(n,p)46Sc 5.364 � 1017 5.737 � 1017
63Cu(n,a)60Co 6.697 � 1017 6.726 � 1017
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5.2E-04 and 3.E-03, that is approximately the required convergence
limit of 5.E-04 or at least an acceptable convergence value. For
energy groups from 29 to 33 (lower energy limit: 1.5034E-02 MeV)
the required convergence was achieved with fewer than 40 flux
iterations. For energy groups from 34 to 47 the required conver-
gence limit was not achieved, with a range of the worst conver-
gence values from 5.E-3 to 2.E-02, always happening at cells located
near the external boundary of the model. A very large computa-
tional time consuming run with a maximum of 100 flux iterations
was performed to assess the impact of that formal lack of conver-
gence in the cited energy groups on the 238U(n,f) and 237Np(n,f)
dosimeter results. The (X,Y,Z) geometrical model with the BUG-
JEFF311.BOLIB library was adopted for such a test.100 flux iterations
practically assured a convergent solution in all the energy range,
with the exception of the lowest energy group (group 47, below
0.1 eV). In fact, the required convergence was obtained down to
group 35 included (group lower energy: 3.3546 KeV). For all the
other energy groups, with the exception of the last one, conver-
gence was achieved or not significantly missed. The worst
convergence limit was about 2.E-03 for groups 41 and 46 in some
cells located as usual at or near the outer boundary. No difference
was observed for the 238U(n,f) dosimeter results with respect to the
40 flux iteration run, as it could be expected, since only fast fission
is significant. The impact on the 237Np(n,f) dosimeter results was
not significant as well. The results with 40 flux iterations differed
from thosewith 100 iterations by 0.4% in the capsule and 1.2% in the
cavity.

Thus 40 flux iterations revealed sufficient in the computations in
order to get reliable results both in the capsule and in the cavity
Table 2
Reaction Rates [s�1 atom�1] calculated for the cycle-average power distribution and core p
(X,Y,Z) and (R,q,Z) geometry transport calculations.

Capsule

Cross-Section Library Geom. 237Np(n,f) 238U(n,f)

BUGJEFF311.
BOLIB

XYZ 1.0059E-13 1.5124E-14
RqZ 9.8569E-14 1.4573E-14

BUGENDF70.
BOLIB

XYZ 1.0128E-13 1.5186E-14
RqZ 9.9227E-14 1.4622E-14

BUGLE-B7 XYZ 9.9165E-14 1.5120E-14
RqZ 9.7032E-14 1.4555E-14

BUGLE-96 XYZ 9.8633E-14 1.4712E-14
RqZ 9.6546E-14 1.4161E-14

Cavity

Cross-Section Library Geom. 237Np(n,f) 238U(n,f)

BUGJEFF311.
BOLIB

XYZ 4.8295E-15 2.2299E-16
RqZ 5.0761E-15 2.2486E-16

BUGENDF70.
BOLIB

XYZ 4.8954E-15 2.2387E-16
RqZ 5.1488E-15 2.2557E-16

BUGLE-B7 XYZ 4.6532E-15 2.1885E-16
RqZ 4.8881E-15 2.2039E-16

BUGLE-96 XYZ 4.6259E-15 2.1409E-16
RqZ 4.8609E-15 2.1560E-16
locations, with the exclusion of the low energy range (below ~ 1. eV).
The CPU time range for each TORT code run was approximately

between 5600 min and 5900 min on a personal computer (CPU:
INTEL PENTIUMD 3.40 GHz, 3.10 GB of RAM) operating under Linux
openSUSE 10.2 (i586) operative system with g77 version 3.3.5e38
FORTRAN compiler.
4. Results

The reaction rates calculated for the cycle-average power dis-
tribution and core power of 2300 MW (100% of nominal power),
using the BUGJEFF311.BOLIB, BUGENDF70.BOLIB, BUGLE-B7 and
BUGLE-96 libraries in both (X,Y,Z) and (R,q,Z) geometries, are given
for both the surveillance capsule and the cavity dosimeter position
in Table 2.

The specific activities were calculated by multiplying the con-
version factors reported in Table 1 with the reaction rates in Table 2.

Ratios of Calculated to Measured (C/M) specific activities in
capsule and in cavity can be found in Table 3. The results in pa-
rentheses correspond to values calculated by applying the recom-
mended reduction to the experimental values of the
237Np(n,f)137Cs, 238U(n,f)137Cs, 63Cu(n,a)60Co dosimeters both in
capsule and in cavity, according to the notes in Table 1.4 of reference
[1]. The average C/M value of all the dosimeters in the surveillance
capsule for each library is reported in last column of Table 3
together with its standard deviation.

In the cavity the C/M ratio for the 237Np dosimeter is signifi-
cantly lower than C/M ratios for other dosimeters, regardless of the
cross-section library used. Therefore, the average C/M values in the
cavity were calculated without the 237Np dosimeter and that is why
the related column in Table 3 is shadowed. However the obtained
237Np results are at least 10%e15% better than those reported in
Ref. [1]. It can be noticed that the (R,q,Z) calculation results in the
surveillance capsule are in average 4% lower than in the (X,Y,Z) ones
for all libraries. On the contrary, this difference is at most only 1% in
the cavity. In capsule, results are more affected by the fact that the
(R,q,Z) geometry perfectly describes the reactor cylindrical com-
ponents, whereas the (X,Y,Z) geometry perfectly describes the
neutron source and the core baffle. Moreover, the shape and the
size of thematerial zonewith centre in the dosimeter location plays
a non-negligible role. It can be supposed that intermediate results
ower of 2300MW (100% of Nominal Power) with Different Cross-section Libraries in

58Ni(n,p) 54Fe(n,p) 46Ti(n,p) 63Cu(n,a)

4.8904E-15 3.6065E-15 6.9322E-16 4.0956E-17
4.6816E-15 3.4502E-15 6.5888E-16 3.8807E-17
4.9734E-15 3.6705E-15 7.2063E-16 4.2512E-17
4.7582E-15 3.5094E-15 6.8497E-16 4.0290E-17
4.9816E-15 3.6789E-15 7.2387E-16 4.2712E-17
4.7657E-15 3.5172E-15 6.8802E-16 4.0478E-17
4.7487E-15 3.5003E-15 6.6997E-16 3.8978E-17
4.5434E-15 3.3468E-15 6.3688E-16 3.6940E-17

58Ni(n,p) 54Fe(n,p) 46Ti(n,p) 63Cu(n,a)

4.8567E-17 3.3910E-17 6.2947E-18 4.0754E-19
4.8288E-17 3.3627E-17 6.2184E-18 4.0160E-19
4.9389E-17 3.4480E-17 6.6727E-18 4.2994E-19
4.9056E-17 3.4154E-17 6.5886E-18 4.2372E-19
4.9227E-17 3.4482E-17 6.7150E-18 4.3271E-19
4.8886E-17 3.4154E-17 6.6302E-18 4.2643E-19
4.6665E-17 3.2524E-17 6.1383E-18 3.9074E-19
4.6358E-17 3.2223E-17 6.0622E-18 3.8516E-19



Table 3
Ratios of calculated to measured (C/M) specific activities. Values in parentheses take into account the reduction of the experimental values suggested in [ [1], Table 1.4, notes].
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between those obtained with these two geometrical approaches
may reasonably be considered the most reliable ones.

BUGLE-96 sistematically underestimate the results with respect
to the other three more recent broad-group libraries, from 3% to 5%
in capsule and from 3% to 7% in cavity.

BUGJEFF311.BOLIB performance is very satisfactory too and can
be located between BUGLE-96 and BUGENDF70.BOLIB (and BUGLE-
B7).

The average C/M ratios in the cavity are not very different from
those in the capsule; therefore, no decrease in the C/M ratios with
increasing distance from the core and increasing thickness of steel
penetrated is observed. The standard deviation of the average C/M
ratios is about 10% in capsule and 11% in cavity (without 237Np
dosimeter) for the four libraries.

Very significant discrepancies were found among the different
library results as for the group fluxes at low energy (below �1. eV),
correspondig to the energy groups 45, 46 and 47.

For these low energy groups the point-wise flux convergence
criterion requirements were not satisfied in TORT-3.2 calculations.
These differences at low energies are not important for predicting
radiation damage in the steel specimens and reaction rates of the
threshold neutron dosimeters in capsule and in cavity. Figs. 5e7
show the ratios of the group flux resulted by employing BUG-
JEFF311.BOLIB, BUGENDF70.BOLIB and BUGLE-97 to those from
BUGLE-96, respectively, obtained in the TORT (R,q,Z) calculations in
the surveillance capsule and in the cavity with energy above 1 eV.
They make it possible a detailed comparison of the behaviour of
each library with respect to BUGLE-96. Differences between
BUGLE-B7 and BUGLE-96 can be noticed only at low energies
(below 3e4 eV) and for high energies (above 3 MeV).

5. Conclusions

Three-dimensional fixed source transport calculations were
performed in both Cartesian and cylindrical geometries with the
TORT-3.2 discrete ordinates code on detailed HBR-2 geometrical



Fig. 5. HBR-2 P3-S8 TORT-3.2 (R,q,Z) calculations. Group flux ratio between BUG-
JEFF311.BOLIB and BUGLE-96 results.

Fig. 7. HBR-2 P3-S8 TORT-3.2 (R,q,Z) calculations. Group Flux Ratio between BUGLE-B7
and BUGLE-96 Results.
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models. The results were better, that is ratios of calculated and
measured results were nearer unity, than in the DORT two-
dimensional analysys with the flux synthesis method, as stored in
the SINBAD Database. The geometrical approach in the analysis did
Fig. 6. HBR-2 P3-S8 TORT-3.2 (R,q,Z) calculations. Group flux ratio between
BUGENDF70.BOLIB and BUGLE-96 results.
not play any significant role in the cavity results. In capsule, more
sensitive to the geometrical description, up to 4% differences were
found between the results in the (X,Y,Z) and (R,q,Z) analyses.

BUGJEFF311.BOLIB, BUGENDF70.BOLIB and BUGLE-B7 gave
comparable results. In fact the average of the ratios of calculated to
measured activities for all the dosimeters, both in capsule and in
cavity (without the 237Np dosimeter), approached unity with a
standard deviation of about 10% for all the above cited three li-
braries. BUGLE-96 results were satisfactory too, but under-
estimated by 5% in both capsule and cavity with respect to those
obtained with the other libraries.

All libraries and codes used in this work are available from both
OECD-NEA Data Bank and ORNL-RSICC.

Declaration of interest

None.

References

[1] I. Remec, F.B.K. Kam, H.B. Robinson, 2 Pressure Vessel Benchmark, Oak Ridge
National Laboratory, October, 1997. NUREG/CR-6453, ORNL/TM-13204.

[2] I. Remec, H.B. Robinson-2 Pressure Vessel Dosimetry Benchmark, SINBAD
ABSTRACT NEA-1517/71, OECD-NEA Data Bank..

[3] Radiation Shielding Integral Benchmark Archive Database (SINBAD), OECD-
NEA Data Bank/ORNL-RSICC, SINBAD REACTOR, NEA-1517, 2009 (Edition).

[4] Calculational and Dosimetry Methods for Determining Pressure Vessel
Neutron Fluence, U.S. Nuclear Regulatory Commission, March 2001. Regula-
tory Guide 1.190.

[5] R. Pittarello, A. Vasiliev, H. Ferroukhi, R. Chawla, Refined Monte Carlo analysis
of the H.B. Robinson-2 reactor pressure vessel dosimetry benchmark, Ann.
Nucl. Energy 38 (2011) 1842e1851.

[6] S. Bourganel, I. Raskinite, M. Soldevila, Analysis of the H.B. Robinson-2 reactor
pressure vessel dosimetry benchmark using TRIPOLI-4 Monte Carlo code,
Prog. Nuclear Sci. Technol. 4 (2014) 312e316.

[7] A. Vasiliev, H. Ferroukhi, E. Kolbe, Performance of a Monte Carlo solution for
the H.B. Robinson-2 pressure vessel dosimetry benchmark, Ann. Nucl. Energy
37 (2010) 1404e1410.

[8] G.A. Fischer, Analysis of dosimetry from the H.B. Robinson unit 2 pressure

http://refhub.elsevier.com/S1738-5733(19)30385-7/sref1
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref1
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref3
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref3
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref4
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref4
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref4
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref5
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref5
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref5
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref5
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref6
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref6
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref6
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref6
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref7
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref7
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref7
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref7
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref8


R. Orsi / Nuclear Engineering and Technology 52 (2020) 448e455 455
vessel benchmark using -3 and Alpan, reactor dosimetry, in: D. Vehar,
D. Selby, M. Sparks (Eds.), 14th International Symposium, ASTM International,
West Conshohocken, PA, 2012, pp. 608e616.

[9] W.A. Rhoade, et al., TORT-DORT Two- and Three-Dimensional Discrete Ordi-
nates Transport, Version 2.8.14, CCC-543, Radiation Shielding Information
Center, Oak Ridge, 1994.

[10] R. Orsi, BOT3P Version 5.3: A Pre/Post-Processor System for Transport Anal-
ysis, ENEA-Bologna Technical Report FPN-P9H6-011, October 22, 2008.

[11] R. Orsi, Potential enhanced performances in radiation transport analysis on
structured mesh grids made available by BOT3P, nuclear science and engi-
neering, Computer Code Abstract 157 (2007) 110e116.

[12] J.E. White, D.T. Ingersoll, R.Q. Wright, H.T. Hunter, C.O. Slater, N.M. Greene,
R.E. MacFarlane, R.W. Roussin, Production and Testing of the Revised
VITAMIN-B6 Fine-Group and the BUGLE-96 Broad-Group Neutron/Photon
Cross-Section Libraries Derived from ENDF/B-VI.3 Nuclear Data, 1, January
1995. Oak Ridge, ORNL Report ORNL-6795/R1, NUREG/CR-6214, Revision.

[13] M. Pescarini, V. Sinitsa, R. Orsi, M. Frisoni, BUGJEFF311.BOLIB - A JEFF-3.1.1
Broad-Group Coupled (47 N þ 20 g) Cross Section Library in FIDO-ANISN
Format for LWR Shielding and Pressure Vessel Dosimetry Applications,
March 14, 2013. ENEA-Bologna Technical Report UTFISSM-P9H6-002 Revision
1.

[14] M. Pescarini, V. Sinitsa, R. Orsi, M. Frisoni, BUGENDF70.BOLIB - an ENDF/B-
VII.0 Broad-Group Coupled (47 N þ 20 g) Cross Section Library in FIDO-
ANISN Format for LWR Shielding and Pressure Vessel Dosimetry Applica-
tions, January 2013. ENEA-Bologna Technical Report UTFISSM-P9H6-008.

[15] J.M. Risner, et al., Production and Testing of the VITAMIN-B7 Fine-Group and
BUGLE-B7 Broad-Group Coupled Neutron/Gamma Cross-Section Libraries
Derived from ENDF/B-VII.0 Nuclear Data, Oak Ridge National Laboratory, Oak
Ridge, 2011. TN 37831-6170, report NUREG/CR-7045; ORNL/TM-2011/12.

[16] W.A. Rhoades, D.B. Simpson, The TORT Three-Dimensional Discrete Ordinates
Neutron/Photon Transport Code (TORT Version 3), Oak Ridge, October 1997.
ORNL Report ORNL/TM-13221.
[17] V. Sinitsa, M. Pescarini, ENEA-bologna 2007 Revision of the SCAMPI (ORNL)
Nuclear Data Processing System, September 13, 2007. ENEA-Bologna Tech-
nical Report FPN-P9H6-006.

[18] SCAMPI Collection of Codes for Manipulating Multigroup Cross Section Li-
braries in AMPX Format, ORNL, RSIC Peripheral Shielding Routine Collection
PSR-352, September 1995.

[19] O. Bersillon, L.R. Greenwood, P.J. Griffin, W. Mannhart, H.J. Nolthenius,
R. Paviotti-Corcuera, K.I. Zolotarev, E.M. Zsolnay, International Reactor
Dosimetry File 2002 (IRDF-2002), IAEA, Vienna, Austria, 2006. Technical Re-
ports Series No. 452.

[20] R. Orsi, M. Pescarini, V. Sinitsa, IRDF-2002 Dosimetry Cross Section Processing
in the BUGLE-96 (47 N) Neutron Group Structure Using Flat and Updated
Problem Dependent Neutron Spectra, May 9, 2012. ENEA-Bologna Technical
Report UTFISSM-P9H6-006.

[21] D.E. Cullen, PREPRO 2007: 2007 ENDF/B Pre-processing Codes (ENDF/B-VII
Tested), LLNL, Owned, Maintained and Distributed by IAEA-NDS, Vienna,
Austria, March 17, 2007. IAEA Report IAEA-NDS-39, Rev. 13.

[22] R. Orsi, H.B. Robinson-2 Pressure Vessel Dosimetry Benchmark - Deterministic
Analysis in Both Cartesian (X,Y,Z) and Cylindrical (R,q,Z) Geometries Using the
TORT-3.2 3D Transport Code, the BUGJEFF311.BOLIB, BUGENDF70.BOLIB,
BUGLE-B7 and the BUGLE-96 Cross Section Libraries, February 2019. ENEA-
Bologna Technical Report SICNUC-P9H6-003.

[23] R. Orsi, H.B. Robinson-2 Pressure Vessel Dosimetry Benchmark: Summary of
ENEA-Bologna Three-Dimensional Deterministic Analyses, March 2019.
ENEA-Bologna Technical Report SICNUC-P9H6-005.

[24] DOORS3.2a One-, Two- and Three-Dimensional Discrete Ordinates Neutron/
Photon Transport Code System, ORNL, RSIC Computer Code Collection CCC-
650, August 1996.

[25] R. Orsi, ADEFTA Version 4.1: A Program to Calculate the Atomic Densities of a
Compositional Model for Transport Analysis, May 2008. ENEA-Bologna
Technical Report FPN-P9H6-010.

http://refhub.elsevier.com/S1738-5733(19)30385-7/sref8
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref8
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref8
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref8
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref8
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref9
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref9
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref9
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref10
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref10
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref11
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref11
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref11
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref11
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref12
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref12
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref12
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref12
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref12
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref13
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref13
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref13
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref13
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref13
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref13
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref14
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref14
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref14
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref14
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref14
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref15
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref15
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref15
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref15
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref16
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref16
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref16
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref17
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref17
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref17
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref18
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref18
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref18
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref19
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref19
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref19
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref19
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref20
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref20
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref20
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref20
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref21
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref21
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref21
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref22
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref22
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref22
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref22
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref22
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref23
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref23
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref23
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref24
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref24
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref24
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref25
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref25
http://refhub.elsevier.com/S1738-5733(19)30385-7/sref25

