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MONTE CARLO MODELING AND ANALYSES
OF YALINA-BOOSTER SUBCRITICAL ASSEMBLY
PART I: ANALYTICAL MODELS AND MAIN NEUTRONICS PARAMETERS

Abstract

This study was carried out to model and analyze the YALINA-Booster facility, of the Joint
Institute for Power and Nuclear Research of Belarus, with the long term objective of
advancing the utilization of accelerator driven systems for the incineration of nuclear
waste. The YALINA-Booster facility is a subcritical assembly, driven by an external
neutron source, which has been constructed to study the neutron physics and to develop
and refine methodologies to control the operation of accelerator driven systems. The
external neutron source consists of Californium-252 spontaneous fission neutrons, 2.45
MeV neutrons from Deuterium-Deuterium reactions, or 14.1 MeV neutrons from
Deuterium-Tritium reactions. In the latter two cases a deuteron beam is used to generate
the neutrons. This study is a part of the collaborative activity between Argonne National
Laboratory (ANL) of USA and the Joint Institute for Power and Nuclear Research of
Belarus. In addition, the International Atomic Energy Agency (IAEA) has a coordinated
research project benchmarking and comparing the results of different numerical codes
with the experimental data available from the YALINA-Booster facility and ANL has a
leading role coordinating the IAEA activity.

The YALINA-Booster facility has been modeled according to the benchmark specifications
defined for the IAEA activity without any geometrical homogenization using the Monte
Carlo codes MONK and MCNP/MCNPX/MCB. The MONK model perfectly matches the
MCNP one. The computational analyses have been extended through the MCB code,
which is an extension of the MCNP code with burnup capability because of its additional
feature for analyzing source driven multiplying assemblies. The main neutronics
parameters of the YALINA-Booster facility were calculated using these computer codes
with different nuclear data libraries based on ENDF/B-VI-0, -6, JEF-2.2, and JEF-3.1.



MONTE CARLO MODELING AND ANALYSES
OF YALINA-BOOSTER SUBCRITICAL ASSEMBLY
PART I: ANALYTICAL MODELS AND MAIN NEUTRONICS PARAMETERS

1. Introduction

YALINA-Booster is an Accelerator Driven System (ADS) consisting of a subcritical
assembly driven by an external neutron source. The ADS concept has been proposed by
Bowman et al.> in 1992 for transmuting the transuranics and the long-lived fission products
of the spent nuclear fuel from Light Water Reactors (LWRs). Within this concept, the
incineration of LWRs waste takes advantage of the low capture to fission ratio of
transuranic isotopes in the fast energy spectrum. The ADS utilization for energy
production has been suggested by Rubbia et al.> The ADS experimental research has
been performed with small research facilities around the world such as MASURCA,?
TRADE,* and YALINA.> The present study is focused on characterizing the YALINA-
Booster facility as defined in the IAEA benchmark specifications.® The analyses include
the calculation of the multiplication factor and the main neutronics parameters, such as the
effective delayed neutron fraction (Berr), the prompt neutron lifetime (l), and generation
time (A). The YALINA-Booster subcritical research facility®® of Belarus has been
investigated by two Monte Carlo codes. MONK9a,”® which is used for licensing nuclear
power plants in the United Kingdom and MCNP/MCNPX/MCB,**® which is used all over
the world for analyzing nuclear facilities and benchmarking other transport codes. The
YALINA-Booster facility has been modeled in details without any geometrical
approximation as defined in the IAEA benchmark specifications.®

2. The YALINA-Booster Facility

The YALINA-Booster facility has been constructed at the Joint Institute for Power and
Nuclear Research SOSNY of Belarus. It is a subcritical assembly driven by an external
neutron source. The facility has no active cooling system and it consists of four concentric
square zones: a target zone with a side of 8 cm, an inner fast zone with a side of 16.4 cm,
an outer fast zone with a side of 49 cm, and a thermal zone with a side of 98 cm. The
inner fast zone has high enriched metallic uranium fuel rods with 90% by weight *°U, the
outer fast zone contains uranium oxide fuel rods with 36% 2*°U enrichment, and the
thermal zone uses uranium oxide fuel rods with 10% #**U enrichment (EK-10 fuel type).
In-between the outer fast and the thermal zones it resides a thermal neutron absorber
zone composed of two concentric square shells. The first square shell has natural
uranium rods and the second one has natural boron carbide rods. These two absorber
shells allow fast neutrons to stream from the fast to the thermal zone but they reduce the
opposite streaming because of the high (n,a) thermal cross section of '°B and the
epithermal capture resonances of “®U. This assembly configuration is referred as
“booster”, since it is composed of an inner fast zone, around the central target, and an
outer thermal zone.*” The matrix material of the fast zones is lead, whereas the thermal
zone moderator is polyethylene. The assembly is surrounded by a radial graphite reflector



with a height of 60 cm and a width of 25 cm. In the thermal and the fast zones, a stainless
steel grid with a thickness of 0.4 cm and a width of 24 cm, holds the lead and the
polyethylene matrix blocks; the steel grid continues in the axial reflectors. At the top and
the bottom of all fuels rods, borated polyethylene reflector is used. Along the fuel rods
length, half of the target zone has pure lead and the other half accommodates the copper
disk, which contains deuterium or tritum for producing Deuterium-Deuterium or
Deuterium-Tritium neutrons, the vacuum beam tube, the water cooling channel, and the
stainless steel structures. The copper disk of the target is located at the center of the
active fuel length, which is 50 cm. The subcritical assembly has ten experimental
channels and six measurement channels. The experimental channels are distributed as
follows: four channels in the fast zone and three channels in the thermal and reflector
zones. The measurements channels are also distributed: two channels in the thermal
zone and four channels in the moderator zone. A further detailed description of the
YALINA-Booster facility can be found in the IAEA benchmark specifications.> As indicated
in the benchmark specifications, two configurations of the YALINA-Booster have been
considered, which differ only in the number of fuel rods in the thermal zone, 1141 versus
902.

Figures 1 to 4 give three dimensional overviews of the YALINA-Booster facility by the
MONK visualization software VISTA-RAY. In these figures, the correspondence between
materials and colors is: yellow for air, light-green for borated polyethylene, green for
stainless steel, blue for organic glass, gray for iron, light-blue for graphite, purple for
polyethylene, pink for lead, and white for polystyrene. Figures 5 to 20 illustrate the details
of the YALINA-Booster assembly by the MONK visualization software VISAGE. In these
figures, the correspondence between materials and colors is: yellow for air, pale-green for
borated polyethylene, light-green for stainless steel, gold for organic glass, red for iron,
light-blue for water, purple for polyethylene, pink for lead, blue for the 90% enriched
uranium, steel-blue for the 36% enriched uranium, khaki or black for the 10% enriched
uranium, green for natural uranium, orange for boron carbide (fast zone) or copper (target
zone), brown for polyethylene, magenta for lead (target zone), wheat for graphite, and
dark-magenta for aluminum alloy. Figure 5 labels the experimental channels. Figures 21
to 30 show the YALINA-Booster as modeled by MCNP. Both, the MONK and the MCNP
models reflect the IAEA benchmark specifications without any geometrical approximation.

Most of the materials utilized in the YALINA-Booster contain many impurities that impact
the multiplication factor of the assembly and need to be taken into consideration. In the
ENDF/B nuclear data library of MCNP/MCNPX, all nuclides indicated in the IAEA
benchmark are available, with exception of ?**Pb, which has been modeled as ?°’Pb since
their cross sections are similar as shown in Appendix A. In addition, natural Ba has been
modeled as **®*Ba. The ***Pb isotope is available in the JEF-2.2 nuclear data library, which
has been used for the MCB calculations. However, the nuclear library based on JEF-2.2
does not have the updated S(a,f) scattering function of 2002. This update is available in
the library based on ENDF/B-VI for MCNPC4c3, MCNP5, and MCNPX2.6. The cross
sections of most of the impurities are available in the MONK nuclear data libraries BINGO,
DICE or WIMS. Appendix A gives the material approximations that have been assumed in
the different set of MONK simulations. The BINGO nuclear data library is missing "?As,
209g;j 204pp 67p 677n %8zn and °Zn. The DICE nuclear data library is missing: "°As,
204pp and the scattering function S(a,p) of graphite. The WIMS nuclear data library is



missing °As, ?*Bi, ?**Pb, and Sb; moreover, carbon isotope is always treated as carbon
bounded in graphite and hydrogen as hydrogen bounded in water.

3. MONKD9a versus MCNP5/MCNPX

The Monte Carlo code MONK has been developed by SERCO Assurance and British
Nuclear Fuel and it is one of the neutron transport codes used for licensing nuclear power
plants in United Kingdom. The code can be used with a continuous energy nuclear data
library (BINGO) based on JEF-2.2, a 13193 energy groups library (DICE) based on
JEF-2.2, ENDF/B-VI or JENDL-2, or a 172 energy groups WIMS nuclear data library. The
latter library is also available in a more compact form using 69 energy groups structure;
this latter version has never been used in the present analyses. The major differences
between MONK and MCNP/MCNPX include the following:

e MONK can only transport neutrons; MCNP can transport neutrons, electrons, and
photons; MCNPX can transport over 34 different types of particles at energies lower
and higher than 20 MeV.

¢ MCNP/MCNPX is designed for parallel platforms in distributed memory systems
(PVM and MPI) or in shared memory systems (OPENMP); MONK runs only on
single processor.

e MONK can perform burnup calculations; the burnup capability has been embedded
in MCNPX by integrating CINDER90 computer code package. In both cases, the
burnup is limited to a fission neutron source and it is not applicable to an
accelerator driven system.

¢ MONK can efficiently describe complicated geometries by the Woodcock tracking
capability referred to as hole geometry.

e MONK takes advantage of the neutron superhistory variance reduction technique.
MCNP/MCNPX takes advantage of the space/energy/time weight window variance
reduction technique.

¢ MONK can calculate the external source neutron multiplication factor (ksc) for a
subcritical assembly. The calculation of kg for a subcritical core in MCNP/MCNPX
is possible only by processing the neutron weight summary table or by tallying the
secondary neutrons.

¢ MCNP/MCNPX can solve time dependent transport problems.

¢ MCNP/MCNPX can calculate the prompt multiplication factor for a critical core by
suppressing the generation of delayed neutrons.

e MONK can define a material mixture as a composition of the previously defined
materials.

¢ MONK allows the utilization of symbolic parameters and math expressions.

e MCNP/MCNPX can superimpose an arbitrary mesh to the geometrical model for
tallying and variance reduction purposes.

e For three dimensional visualizations, MONK has VISTA-RAY graphical packages
while MCNP/MCNPX requires external software packages.

The majority of deterministic and Monte Carlo nuclear codes utilize the power iteration
technique for numerical criticality searches.*®*° Within this technique the neutron transport



equation is solved according to the scheme illustrated in equations 1-7, where h is the
power iteration index and the other symbols follow the nomenclature of Duderstadt and
Hamilton of Reference 18. The MONK superhistory algorithm?® follows several
generations instead of one as the ordinary power iteration method implemented in
MCNP/MCNPX before recalculating the new angular flux, as shown in equation 8 for
superhistory equal to L.?* The convergence rate of the superhistory algorithm of MONK is
the same as the ordinary power iteration method of MCNP because there are fewer
iterations but a larger number of generations per iteration.?> The superhistory algorithm
reduces the correlation between the iterations, that accelerates the neutron source
convergence® and reduces the number of normalizations when calculating the error
between the flux at iteration h+1 and h.

max

E
Q-Vo(F,Q,E)+3, (F,E)p(F, O, E) = jdE'L dQ'S (F, Q> O, E'—> E)p(F, Q' E') +
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Fo(r..E) = 7(7,E) [dEV(T, E)Z, (F,E)[_do(r, 03, E) (4)
Lo(F,Q, E) = Sp(F,Q, E) +kiﬁ(p(r,(z, E) (5)
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4. MCB2B versus MCNP5/MCNPX

The Monte Carlo Continuous Energy Burnup Code (MCB) is an extension of the
MCNP4c3 code with burnup capability. The MCB input is the same as MCNP with
exceptions of few more lines for the burnup calculation. At present, MCB is the only
Monte Carlo code that can perform burnup of a subcritical system driven by an external
neutron source. Version 2 of MCB does burnup and transmutation for the selected
materials and updates their number densities at each time step. In this process, MCB
calculates for each MCNP cell that contains a burnable or transmutable material the
neutron flux and the isotopic reaction rates. From this information, MCB calculates the



fission product distributions, decay heat, transmutation rates, and material radiotoxicity.
Since MCB performs only neutron transport, the neutron KERMA factors were modified to
include the energy of the generated photons. This modification assumes that the
generated photons are absorbed at the generation sites. In the present work, the MCB23
code has been only used with JEF-2.2 nuclear data library for calculating ks and the
prompt neutron lifetime |, using its capability to define material mixtures.

5.  Multiplication Factor, Delayed Neutron Fraction and Neutron Prompt Lifetime

The obtained results for the neutron multiplication factor, delayed neutron fraction, prompt
neutron lifetime and generation time for the 1141 YALINA-Booster configuration are given
in Table 1. The calculated effective neutron multiplication factor (kex) of 0.97972 differs
only 220 pcm from the recent experimental measurements, which represents a factor 10
improvement relative to similar published results.® The MCNP multiplication factor results
with 2**Pb isotope represented as ?°°Pb or ?°’Pb are within the statistical error. The ke
results from the MCNP code version 5 and 4c3 agree with the result from the MCNPX
code within the statistical error. In MCNP4c3, the utilization of the ENDF/B-VI.0 nuclear
data library instead of ENDF/B-VI.6 increases ke by about 100 pcm. The utilization of
JEFF-3.1 nuclear data library instead of ENDF/B-VI1.6 produces similar ket value.

The delayed neutron fraction Bet has been calculated with the one run method (one
simulation by a modified version of MCNP4c3%) and with the two runs method (two
simulations, one with and one without delayed neutrons). In the latter case, the Berr USES
equation 9:

Ky —k

P == 9)
eff

In the analyses, MCNP4c3, MCNP5, and MCNPX always used the same nuclear data
library. The delayed neutron fraction Ber obtained by the two runs method is 760 pcm,
which is consistent with the value obtained by the one run method which tallies the
delayed neutrons during the neutron transport process simulated by MCNP4c3.%

Assuming steady state and (n,xn) reactions included in the absorption term of the neutron
transport equation with negative sign, the neutron multiplication factor of a subcritical
assembly driven by an external neutron source can be expressed as the ratio between the
secondary fission neutrons and the secondary fission neutrons plus the source neutrons.?*
ksre can be higher or smaller than ket depending on the spatial distribution and the energy
spectrum of the neutron source. If the neutron source is placed in a high neutron
importance region, then kg is higher than ke, because more secondary neutrons are
produced. In YALINA-Booster, the neutron source is placed at the center of the assembly
to enhance its utilization, which results in kg higher than kes. If the neutron source is
placed in a low neutron importance zone, due to the physical location relative to the fuel
assemblies or to high neutron absorber materials, then ks value can be smaller than Keg.
The previous situation occurs for the subcritical Gas Turbine - Modular Helium Reactor, if



the neutron source is placed at the center of the inner reflector.?® Within the framework
developed by Cetnar and Gudowski,?* the kgc can be expressed and evaluated by
equation 10:

mdrjdEvz (F,E)®(F,E)
IHdrIdEvz (. E)o(r.8) + [[[or[dEs(r.€)

(10)

where v is the number of secondary neutron per fission event, X, the macroscopic fission

cross section, V the assembly volume, ® the neutron flux and S the external (time-
independent) neutron source. In MCNPX, all results are normalized per source patrticle,
D-D or D-T neutron. Therefore the latter integral at denominator of equation 10 is equal to
1. The MCNPX calculation of the numerator integral of equation 10 can be performed by
two independent methods. The first method uses the results of the weight summary table
of MCNPX. The second method uses the F4 tally for all the fissionable materials to get
the total number of fission neutrons in the fuel with the F4 tally volume set to unity. Both
methods give the same results. For the D-D and D-T neutron sources, kg is 700 and
1200 pcm larger than kes, respectively.

The theoretical definition of the kinetic parameters of ADS has been rigorously deduced by
Cacuci.’’ The solution of the adjoint equation by Cacuci avoids the steady state
assumption for the ADS,?® required for the traditional perturbation theory as applied to
critical nuclear reactors. Recent studies of the dynamic parameters for thermal driven
systems and critical fission cores show that when the adjoint neutron flux is used as a
weighting function, the calculated parameters match the experimental measurements.?
The method illustrated in equations 11-15 for calculating the neutron prompt lifetime does
not require the explicit evaluation of the adjoint flux.®®> The method is based on the
insertion of a 1/v neutron absorber, such as °B, and on traditional perturbation theory,
which can be rigorously applied only to critical reactors; however, the YALINA-Booster
assembly operates close to the critical state. The method illustrated in equations 11-15
cannot be applied to a fast gas reactor because the boron (n,a) potential scattering cross
section (2.7 b at 0.1 MeV) competes with the scattering cross section of helium and that
softens the neutron spectrum.
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In equations 11-15, V is the core volume, @"is the adjoint neutron flux, @ is the neutron
flux, N® the boron concentration (small concentration and homogeneously distributed over

the whole assembly), &° is the boron microscopic (n,a) cross section (3837 b) evaluated

at the neutron speed v of 2200 m/s, v the neutron speed, y the fission spectrum, v the

number of secondary neutrons per fission event, Z; the fuel fission macroscopic cross
section, o=° the (small) macroscopic absorption cross section of 198, ks the multiplication

factor with boron, k, the multiplication factor without boron, A the prompt neutron

generation time, and I, the prompt neutron lifetime. A simple C program has been written
to filter the output of the MCNPX code and prepare a new MCNPX input with 107
atoms/b-cm concentration of °B homogeneously distributed in all the assembly volume.
The prompt neutron lifetime and generation time calculated by equations 14 and 15 are
about 54 ps. The prompt neutron lifetime directly calculated by MCNPX,*! which is not
weighted on the adjoint neutron flux, is 72 ps.

The MONK ks value of 0.9773 is lower than the MCNPX value by 240 pcm. The use of
DICE-JEF-2.2 instead DICE-ENDF/B-VI.0 for MONK increases ke by 500 pcm. In
addition, the different material approximations and the different nuclear data libraries,
BINGO, DICE, and WIMS based on JEF-2.2 change the ke value within a range of 200
pcm. However, BINGO-JEF-2.2 and DICE-JEF-2.2 produce similar results for ks, within
120 pcm. For the DICE-ENDF/B-VI.0 nuclear data library, the MONK kg is 880 and 1330
pcm larger than keg for the D-D and D-T external neutron sources, respectively. The Kgc
values obtained with DICE- and BINGO-JEF-2.2 are higher than the corresponding values
obtained with ENDF/B-VI1.0 by less than 370 pcm. The WIMS-JEF-2.2 results for ke and
Ksrc are higher than all the other results obtained with DICE-ENDF/B-VI.0 and different
libraries based on JEF-2.2 as shown in Table I.

In order to calculate the prompt neutron lifetime and generation time, the mixture capability
of the MONK code has been used to insert a 107 atoms/b-cm concentration of °B
homogeneously distributed in all the assembly volume. For the 1141 configuration of the
YALINA-Booster facility, the results of the MONK code using equations 14 and 15 show a
neutron prompt lifetime and generation time of 48 and 49 us, respectively.

The MCB code was utilized to perform the analyses using the continuous energy nuclear
data library based on JEF-2.2. The MCB input is the same as the MCNPX one except of
few extra lines required for the burnup, whenever enabled. The MCB code was used for
its capability to directly calculate kg for source driven systems. The obtained kg is very
close to the value obtained with MONK and the maximum difference is less than 120 pcm.
In addition, the delayed neutron fraction was calculated with the two runs method, using
MCB with JEF-2.2, and the calculated Ber value is 700 pcm. The mixture capability of



MCB has been used to calculate the prompt neutron lifetime and generation time, which
are equal to 60 ps.

The second YALINA-Booster configuration under consideration has 902 EK-10 fuel rods.
The 902 configuration was analyzed as the 1141 and the results are summarized in
Table Il. The decrease of 239 EK-10 fuel rods in the thermal zone reduces the MCNPX
ket down to 0.92881, 5090 pcm lower than the ke of the configuration with 1141 EK-10
fuel rods. The calculated kes values for this configuration with different MCNP versions
and MCNPX with ENDF/B-VI.6 are similar within the standard deviation of the calculations.
The use of ENDF/B-VI.0 instead of ENDF/B-VI.6 increases ket by 100 pcm. The delayed
neutron fraction, prompt neutron lifetime and generation time are about the same as the
corresponding values of the 1141 YALINA-Booster configuration, as shown in Tables | and
II. For the 902 YALINA-Booster configuration, the differences between ke and Ksy, for
D-D and D-T sources, are much larger than the corresponding differences for the 1141
YALINA-Booster configuration. As the multiplication factor decreases, the neutron source
impact on the subcriticality of the assembly increases. For the D-D and D-T neutron
sources ks values are 2750 and 4240 pcm, larger than ke, respectively. The source
multiplication factor values calculated from the weight summary table of MCNPX are the
same as those obtained with F4 neutron tally and both results used equation 10.

The MONK kgt value of 0.92710 obtained by DICE/ENDF/B-VI.0 differs 300 and 170 pcm
from the MCNP4c3/ENDF/B-VI.0 and MCNPX/ENDF/B-VI.6 values, respectively. The
utilization of JEF-2.2 nuclear data library instead of ENDF/B-VI.0 increases the MONK
multiplication factor by 540 pcm. For JEF-2.2, the different material approximations and
the different sets of nuclear data (BINGO, DICE, and WIMS libraries) change the ke value
within a range of 200 pcm.

The MONK kg values with DICE nuclear data library based on ENDF/B-VI.0 are 2890 and
4350 pcm larger than ke for the D-D and D-T external neutron sources, respectively.
When DICE and BINGO nuclear data libraries based on JEF-2.2 are used instead of
DICE-ENDF/B-VI.0, ks increases by 380 and 290 pcm for the DD and DT external
neutron sources, respectively. MONK kg values for D-D and D-T neutron sources with
WIMS-JEF-2.2 are 300 to 930 and 170 to 1060 pcm larger than the values obtained with
DICE-ENDF/B-VI.0 when the unified source specification and the source geometry unit are
used, respectively. The prompt neutron lifetime and generation time calculated by MONK
for the 902 YALINA-Booster configuration are similar to those obtained for the 1141
YALINA-Booster configuration.

The ke from the MCB code with the JEF-2.2 continuous energy nuclear data library is
similar to the value from the MONK code with the BINGO-JEF-2.2 continuous energy
nuclear data library (80 pcm difference). In addition, the ks differences between the MCB
and MONK values are less than 120 pcm. The kinetics parameters obtained by MCB for
the 902 configuration are very similar to the obtained values for the 1141 YALINA-Booster
configuration.



6. Neutron Flux Distributions and Spectra of the Experimental Channels
6. A Fission Neutron Source

The neutron flux distributions in the experimental channels of the YALINA-Booster
configuration with 1141 EK-10 fuel rods were calculated with MCNPX and MONK
computer codes. Both Monte Carlo codes produced similar neutron flux distributions,
confirming the reliability of the two models for analyzing this configuration. MCNPX and
MONK results are displayed side by side in Figures 31 and 32. The axial distributions
have a cosine shape. The neutron flux values are higher in the experimental channels of
the thermal zone since the neutron multiplication is higher in the thermal region. The
neutron flux of the experimental channel EC7T is lower than in the other thermal
experimental channels since it is located at the border of the fuel zone. Similarly, the
neutron flux distributions in the experimental channels of the reflector have lower values
because they are located away from the fuel rods. In addition, the reflector thickness is
relatively small and therefore it has small effect on reducing the neutron leakage. The
radial distribution of the EC10R experimental channel of the reflector decreases as the
radial distance increases due to the neutron leakage.

Figure 33 repeats the plots of Figures 31 and 32 for the 902 YALINA-Booster
configuration. The fluxes in all the experimental channels of the fast zone for the 902
YALINA-Booster configuration are higher than the corresponding fluxes for the 1141
YALINA-Booster configuration because of the benefits from the increase of the
polyethylene reflector volume and the normalization of the results per fission neutron
source over a smaller fuel volume. A similar effect occurs for the EC5T and EC6T
experimental channels of the thermal zone. The flux in EC5T becomes higher than the one
in EC6T because the latter experimental channel is much closer to the fuel zone boundary
for the 902 YALINA-Booster configuration. The flux in the EC7T experimental channel is
about the same for the two configurations. The flux of the experimental channels of the
reflector is lower for the 902 configuration due to the smaller neutron multiplication relative
to the 1141 YALINA-Booster configuration.

The neutron spectra in the experimental channels of the fast zone calculated by MONK
and MCNPX computer codes are shown in Figure 34 side by side. The two codes
produced very similar results. In the fast channels, the peak value of the neutron
spectrum is at 0.8 MeV and it is about 5000 times higher than the value at 0.1 eV. This
ratio diminishes down to 500 for the EC3B experimental channel because this channel is
located next to the thermal zone and a small fraction of thermal neutrons succeed to
stream into the fast zone. The neutron spectrum in the thermal and the reflector
experimental channels calculated by MONK and MCNP are similar, as shown in Figure 35.
In the thermal channels, the fast and the thermal peaks of the spectrum are about equal.
As expected, the neutron spectrum in the experimental channels of the reflector is much
softer than the neutron spectrum in the experimental channels of the thermal zone.

The standard deviation values associated with the neutron spectra of Figures 34 and 35
are shown in Figures 36 and 37, respectively. For the experimental channels of the fast
zone, the statistical error in the thermal energy region is large due to the small fraction of
thermal neutrons. The EC3B experimental channel has a smaller standard deviation
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because it has a higher fraction of thermal neutrons, as noted before. At 0.27-0.28 and
1.12-1.14 eV, #°U capture and fission cross-sections have some resonances as shown in
Figure 38, which decrease the neutron population in the corresponding energy ranges and
increase the associated standard deviation. As expected, the standard deviation in the
experimental channels of the thermal zone is lower because thermal neutrons are more
adequately sampled. The standard deviation in the experimental channels of the reflector
region is higher than the one in the experimental channels of the thermal region due to the
lower neutron flux intensity; especially for ECOR experimental channel since this channel
is located in the middle of the graphite reflector. For MONK computer code, the statistical
error is larger compared to MCNPX since the total number of neutron histories is lower
than MCNP. MONK runs only on a single processor, which does not permit the use of the
same number of neutron histories as MCNP.

The neutron spectra in the experimental channels and their standard deviations of the 902
YALINA-Booster configuration are shown in Figures 39 through 42. There are no
significant differences with the similar results obtained for the 1141 YALINA-Booster
configuration with exception of more thermal neutrons in the EC7T experimental channel.

6. B Deuterium-Deuterium External Neutron Source

The neutron spectra from the use of D-D neutron source emitting 2.45 MeV neutrons in
the 1141 YALINA-Booster configuration are shown in Figure 43 for the experimental
channels of the fast zone and in Figure 44 for the experimental channels of the thermal
and reflector zones. All spectra resemble those obtained by a fission neutron source in
Figures 34 and 35 except for the 2.45 MeV peak. The neutron spectra have been
normalized to one; consequently, the neutron spectrum of the EC9R experimental channel
superimposes with the spectra of the other experimental channels of the reflector. The
spectrum of the EC9R experimental channel has the largest fraction of thermal neutrons
because of the graphite reflector. The statistical errors associated with the previous
neutron spectra are shown in Figures 45 and 46. These statistical errors are very similar
to the ones obtained for the fission neutron source in Figures 36 and 37.

The neutron spectra of the 902 YALINA-Booster configuration are shown in Figures 47
through 50. The decrease in the number of EK-10 fuel rods reduces the neutron
multiplication factor and this enhances the 2.45-MeV spectrum peak in the fast region. For
the 902 YALINA-Booster configuration, the thermal part of the neutron spectra in the
experimental channels of the fast zone exhibits a smoother profile relative to the 1141
YALINA-Booster configuration (Figure 47 versus Figure 43). This improvement results
from sampling a total of 22 million neutrons instead of one million as in all other
calculations. For the 902 YALINA-Booster configuration, the neutron spectra in the
experimental cannels of the thermal zone are similar to the corresponding neutron spectra
of the 1141 YALINA-Booster configuration with exception of the EC7T experimental
channel, as previously discussed for the fission neutron source.
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6. C Deuterium-Tritium External Neutron Source

The previous analyses with D-D neutron source were repeated with D-T neutron source

and the results are shown in Figures 51 through 58. The previous comments for the

results obtained with D-D neutron source hold also for the D-T neutron source with

exception of the following key remarks:

e The spectrum peak due the external neutron source moves from 2.45 to 14.1 MeV.

e The peak due to the neutron source is visible not only in the experimental channels of
the fast region but also in the experimental channels of the thermal region.

e The neutron leakage for the configurations with D-T neutron source is about 52%
higher than for the configurations with D-D neutron source.

7. Reaction Rates

The reaction rates of ?*°U, *He, °In, *’Au and **Mn were calculated in the different
experimental channels. The microscopic cross sections of these isotopes are plotted in
Figure 59. The (n,p) cross section of *He is the largest cross section and it shows no
resonances. The reaction rates of **°In, **”Au and *°Mn are calculated by modeling the
irradiation capsules and the sample holder as specified in the IAEA benchmark
specifications.” The reaction rates of *He and #**U are obtained by multiplying the flux by
the microscopic cross section, therefore ignoring the self shielding effect. *°*’Au and **Mn
represent 100% of gold and magnesium elements, respectively; whereas natural indium is
composed of *3In (4.3% abundance) and **°In (95.7% abundance). In ENDF/B-VI.6,
indium data are available only for the natural element. Therefore, the reaction rate for
5In isotope was approximated with the reaction rate for natural indium. This
approximation generates a small error because of the low concentration of **In in the
natural indium for the experimental channels of the thermal zone. For the experimental
channels of the fast zone the approximation is negligible because of the similar (n,y) cross
sections of *®In and *°In in the fast energy range, as shown in Figure 60. The reaction
rates normalized per atom and source neutron are plotted in Figures 61 through 69 for *He
in EC6T; **°U in EC6T, and EC2B; In in EC5T, EC6T, EC7T, and EC10R; **’Au in EC6T;
and >°Mn in EC6T,

The reaction rates of the 1141 YALINA-Booster configuration are higher than the
corresponding values for the 902 configuration because of the higher neutron
multiplication factor. In addition, the reaction rates from the D-T neutron source are larger
than the corresponding rates from the D-D neutron source due to a higher number of
secondary neutrons per fission and (n,xn) reactions. The reaction rates in the thermal
experimental channels have a cosine shape and the values follow the magnitude of the
microscopic cross sections illustrated in Figure 59. In a descending order, the reaction
rate ranking is *He, *°In, **Au and **Mn. In addition, the spatial distributions are not
symmetrical at the boundaries because the reflector zones do not have equal thicknesses.
The #*°U fission reaction rate in the EC2B fast experimental channel shown in Figure 63
does not follow a cosine shape because of the polyethylene reflector at the boundaries.
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The **°In, *’Au and *°Mn reaction rates at the center of the EC2B experimental channel
are given in Table Il and they are proportional to the microscopic cross section values of
Figure 59. The standard deviation associated with the reaction rates of Table Il is given in
Table IV. The statistical error is about 10% because this channel has a fast neutron
spectrum and the majority of the reactions occur in the thermal energy range, where
neutrons are not adequately sampled.

8. Conclusions

Two different geometrical models simulating the YALINA-Booster facility were developed
successfully without any geometry approximation and homogenization. The two models
used the MONK and MCNP/MCNPX/MCB Monte Carlo computer codes, both used for
licensing nuclear power plants. MONK and MCNP are different codes with different
geometrical representations, calculation methodologies, and nuclear data libraries. When
both MONK and MCNP/MCNPX/MCB use the same nuclear data base, the obtained
results for the independent Monte Carlo simulations show an excellent agreement. The
neutron multiplication factor, the source multiplication factor, the prompt neutron lifetime,
and the neutron generation time were successfully determined and compared for different
YALINA-Booster configurations. Moreover, the neutron multiplication factor calculated
with  ENDF/B-VI and JEF-3.1 nuclear data libraries match the recent experimental
measurements within a discrepancy of 200 pcm, this result reduces by a factor 10 the
difference reported in previous published studies.®
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Table I. ket @and P values for YALINA-Booster configuration with 1141 EK-10 fuel rods
Fission D-D & fission | D-T & fission I A
Code Library neutron neutron neutron B P
source sources sources [pcm] [ns] [us]
MCNPX2.68 | ENDF/B-VI.6 | 0.97972+4 - - 76018
0.98683" 0.99148' 54+2° | 56+2°
MCNPX2.63 | ENDF/B-VI.6 | 0.97956+9 0.98690° 099145¢ 749116 79¢ 73°
MCNPX2.63 JEFF-3.1 0.98008+9 - - 728+12 - -
MCNP5 ENDF/B-VI.6 | 0.98016+9 - - 766+18 - -
747115
MCNP4c3 ENDF/B-VI.6 | 0.98004+7 - - 750422 - -
76516
MCNP4c3 ENDF/B-VI.O | 0.98097+8 - - 755422 - -
MCB2p JEF-2.2 0.98318+9 0.98856 0.99291 699+17 | 60+2 61+2
MONK9a BINGO 1 9836420 | 0.9898+20° | 0.9932420° | - - :
JEF-2.2
MONK9a DICE 0.9824+20 0.9891+20° 0.9931+20° - - -
JEF-2.2 ’ - ’ - ’ -
DICE
MONK9a ENDF/B-VI.0 | 0.9773+10 0.9861+20° 0.9906+20° - 48+5 49+5
WIMS 0.9912+10° 0.9910+10°
MONK9a JEF-2.2 0.9844220 | 4 9926+20° | 0.9930+20° ) i )
Table I legend
a One run method.
b Boron concentration equal to 1e-7 atoms/b-cm?®.
C MCNPX 1/v tally.
d Source geometry unit.
e Unified source specification.
f Using the weights summary table
g Using the secondary neutrons F4 tally
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Table .

ket @and B values for YALINA-Booster configuration with 902 EK-10 fuel rods

Fission

D-D & fission

D-T & fission

Code Library neutron neutron neutron B [ I‘js] A
source sources sources [pcm] H [“S]
MCNPX2.63 | ENDF/B-6.6 |0.92881+4 - - 765%8 - -
0.95635' 0.97118' 54+2° |58+2°
MCNPX2.63 | ENDF/B-6.6 |0.92880+8 0.956259 0.97117° 754+18 74° 80°
MCNPX2.6p3 JEFF-3.1 0.92862+9 - - 739112 - -
MCNP5 ENDF/B-6.6 |0.92913+8 - - 761+17 - -
764112
MCNP4c3 ENDF-6.6 [0.92918+9 - - 762+2° - -
775£12
MCNP4c3 ENDF/B-6.0 [0.93014+9 - - 763+2° - -
MCB2p JEF-2.2 |0.93271+8 |0.96061 0.97477 705+16 |59+2° |63+2°
MONkoa | DINSO 1093350420 |0.96000£30° [0.97350£20° | - i :
DICE e e
MONK?9a 0.93250+20 [0.95980+30° |0.97350+20 - - -
JEF-2.2
MONK?9a DICE 0.92710+20 [0.95600+30° |0.97060+20° - 49+5¢ 53+5¢
ENDF/B-6.0 | - ' - ' - - -
WIMS 0.96280+20° |0.96290+20°
MONK9a JEF22 |0:93460£20 15 96910400¢ |0.97180+20° | - - -
Table 1l legend
A One run method.
B Boron concentration equal to 1e-7 atoms/b-cm®.
C MCNPX 1/v tally.
D Source geometry unit.
E Unified source specification.
F Using the weights summary table
G Using the secondary neutrons F4 tally
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Table ll.

(n,y) reaction rates in the EC2B experimental channel for different YALINA-Booster

configurations
1141 902
DD DT DD DT
97Au 0.00838 0.011099 0.002509 0.004987
In 0.00877 0.01454 0.004626 0.006641
55Mn 0.000416 0.000771 0.000153 0.000282
Table IV.  (n,y) reaction rate standard deviations [%] in the EC2B experimental channel for different
YALINA-Booster configurations
1141 902
DD DT DD DT
97Au 9.73 11.66 8.09 6.62
In 8.18 9.07 9.78 8.61
>Mn 8.06 10.65 7.40 7.39

18




Figure 1. Three dimensional external view of the YALINA-Booster subcritical assembly plotted by VISTA-RAY
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Figure 2. Three dimensional external view of the YALINA-Booster subcritical assembly with corner cut to show the internal
parts plotted by VISTA-RAY
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Figure 3. Three dimensional external view of the YALINA-Booster subcritical assembly with right half side cut to show the
internal parts plotted by VISTA-RAY
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Figure 4. Three dimensional external view of the YALINA-Booster subcritical assembly with left half side cut to show the
internal parts plotted by VISTA-RAY
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Figure 5. Horizontal section of the YALINA-Booster subcritical configuration with 1141 EK-10 fuel rods plotted by VISAGE
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Figure 7. Horizontal section of the YALINA-Booster subcritical configuration with 902 EK-10 fuel rods for the target, fast, and
thermal plotted by VISAGE
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Figure 8. Horizontal section of the YALINA-Booster for the target and fast zones plotted by VISAGE
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Figure 9. Horizontal section of the YALINA-Booster at the axial height of the top organic glass layer plotted by VISAGE
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Figure 10. Vertical section of the YALINA-Booster at x=0 plotted by VISAGE

Figure 11. Vertical section of the YALINA-Booster at y=0.87 plotted by VISAGE
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Figure 12. Vertical section of the YALINA-Booster at the location of EC4B (y=-13.8) plotted
by VISAGE

Figure 13. Vertical section of the target zone of the YALINA-Booster plotted by VISAGE



Figure 14. Vertical section of the YALINA-Booster at x=4.01 plotted by VISAGE
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Figure 15. Vertical section of the YALINA-Booster at y=4.01 plotted by VISAGE
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Figure 16. Top zoom of the vertical section of the YALINA-Booster at y=4.01 plotted by

VISAGE

Figure 17. Bottom zoom of the vertical section of the YALINA-Booster at y=4.01 plotted by
VISAGE
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Figure 18. Top zoom of the vertical section of the YALINA-Booster plotted by VISAGE
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Figure 19. Detail of the fuel rods in the fast zone of the YALINA-Booster plotted by
VISAGE

Figure 20. Detail of the fuel rods in the fast zone of the YALINA-Booster plotted by
VISAGE
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Figure 21. Horizontal section of the YALINA-Booster Figure 22. Horizontal section of the fast and thermal zones
plotted by MCNP5 of the YALINA-Booster plotted by MCNP5
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Figure 23. Horizontal section of the top borated polyethylene reflector of the YALINA-
Booster plotted by MCNP5

l . +

Figure 24. Vertical section of the YALINA-Booster at x=4.01 plotted by MCNP5
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Figure 25. Vertical section of the YALINA-Booster at y=4.01 plotted by MCNP5

Figure 26. Zoom of the vertical section of the YALINA-Booster plotted by MCNP5
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Figure 27. Top zoom of the vertical section of the YALINA-Booster plotted by MCNP5

|

Figure 28. Bottom zoom of the vertical section of the YALINA-Booster plotted by MCNP5
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Figure 29. Vertical section of the target zone of the YALINA-Booster plotted by MCNP5
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Figure 30. Vertical section of the YALINA-Booster at the location of EC5T plotted by
MCNP5
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Figure 31. Axial neutron flux distribution in the experimental channels for the fission neutron source calculated by MCNPX

(left) and MONK (right), The values are averaged over an experimental channel length of 5 cm length, 1141
configuration
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Figure 32. Radial neutron flux profile in the experimental channel EC10R for the fission neutron source calculated by MCNPX (left)
and MONK (right), The values are averaged over an experimental channel length of 5 cm length, 1141 configuration
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Figure 33. Axial and radial neutron flux profiles in the experimental channels for the fission neutron source calculated by MCNPX,
The values are averaged over an experimental channel length of 5 cm length, 902 configuration
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Figure 34. Neutron spectrum of the YALINA-Booster configuration with 1141 EK-10 fuel rods in the experimental channels of the
fast zone for the fission neutron source calculated by MCNPX (left) and MONK (right) using 172 neutron energy group
structure, The spectra were calculated at the center of the active fuel length and over 10 cm experimental channel length
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Figure 35. Neutron spectrum of the YALINA-Booster configuration with 1141 EK-10 fuel rods in the experimental channels of the
thermal and reflector zones for the fission neutron source calculated by MCNPX (left) and MONK (right) using 172
neutron energy group structure, The spectra were calculated at the center of the active fuel length and over 10 cm
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Figure 36. Standard deviation of the 172 groups neutron spectrum shown in Figure 34 in the experimental channels of the fast zone
for the fission neutron source calculated by MCNPX (left) and MONK (right)

45



EC5T

100

S 80

c

o

g 60

>

[

=}

=}

5 40

©

c

©

’ ZO\QJNMIL"VW
0*2 -1 0 1 2 3 4 5 6
10" 10 ° 100 100 10" 10" 10 10 10

EC7T

100

S 80

c

o

g 60

>

(5]

k=l

=}

©

c

©

7 ZOM
0—2 -1 0 1 2 3 4 5 6
10 10 " 10 100 10" 10° 10 10 10

Energy [eV]

EC6T EC5T
100 100
80 g 80
c
S
60 8 60
>
]
o
kel B . N N 4
40 5 40
e}
c
]

) JM*MWALM_ . J“MMM\.LAFU.W.AA«_
0 -2 -1 0 1 2 3 4 5 6 0 -2 -1 0 1 2 3 4 5 6
10°10° 100 10" 10° 10° 10° 10° 10 10°10° 100 100 10° 10° 10" 10° 10

ECB8R (black) EC9R (red) EC10R (green) EC7T
100 100
80 g 80
c
S
60 8 60
>
[}
©
40 T 40
e}
c
©

20 & 20
0 -2 -1 0 1 2 3 4 5 6 0 -2 -1 0 1 2 3 4 5 6
10°10 10 100 10° 10° 10° 10° 10 10°10° 100 100 10° 10° 10" 10° 10

Energy [eV]

Energy [eV]

EC6T
100

80
60
40

0
107 10" 10° 10" 10° 10° 10" 10° 10°

ECB8R (black) EC9R (red) EC10R (green)

100

80

60

40

20

0
107 10" 10° 10" 10° 10° 10" 10° 10°
Energy [eV]

Figure 37. Standard deviation of the 172 groups neutron spectrum shown in Figure 35 in the experimental channels of the thermal
and reflector zones for the fission neutron source calculated by MCNPX (left) and MONK (right)
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Figure 39. Neutron spectrum of the YALINA-Booster configuration with 902 EK-10 fuel
rods in the experimental channels of the fast zone for the fission neutron source
calculated by MCNPX using 172 neutron energy group structure, The spectra
were calculated at the center of the active fuel length and over 5 cm

experimental channel length
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Figure 40. Neutron spectrum of the YALINA-Booster configuration with 902 EK-10 fuel
rods in the experimental channels of the thermal zone for the fission neutron
source calculated by MCNPX using 172 neutron energy group structure, The
spectra were calculated at the center of the active fuel length and over 10 cm
experimental channel length for EC5T, EC6T, and EC7T, and 5 cm

experimental channel length for EC10R
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Figure 41. Standard deviation of the 172 groups neutron spectrum shown in Figure 39 in
the experimental channels of the fast zone for the fission neutron source
calculated by MCNPX
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Figure 43. Neutron spectrum of the YALINA-Booster configuration with 1141 EK-10 fuel
rods in the experimental channels of the fast zone for the D-D neutron source
calculated by MCNPX using 172 neutron energy group structure, The spectra
were calculated at the center of the active fuel length and over 10 cm
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Figure 44. Neutron spectrum of the YALINA-Booster configuration with 1141 EK-10 fuel
rods in the experimental channels of the thermal and reflector zones for the D-D
neutron source calculated by MCNPX using 172 neutron energy group
structure, The spectra were calculated at the center of the active fuel length and
over 10 cm experimental channel length for EC5T, EC6T, and EC7T, and 5 cm

experimental channel length for EC10R
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Figure 45. Standard deviation of the 172 groups neutron spectrum shown in Figure 43 in
the experimental channels of the fast zone for the D-D neutron source

calculated by MCNPX
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Figure 46. Standard deviation of the 172 groups neutron spectrum shown in Figure 44 in
the experimental channels of the thermal and reflector zones for the D-D

neutron source calculated by MCNPX
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Figure 47. Neutron spectrum of the YALINA-Booster configuration with 902 EK-10 fuel
rods in the experimental channels of the fast zone for the D-D neutron source
calculated by MCNPX using 172 neutron energy group structure, The spectra
were calculated at the center of the active fuel length and over 10 cm
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Figure 48. Neutron spectrum of the YALINA-Booster configuration with 902 EK-10 fuel

rods in the experimental channels of the thermal and reflector zones for the D-D
neutron source calculated by MCNPX using 172 neutron energy group
structure, The spectra were calculated at the center of the active fuel length and
over 10 cm experimental channel length for EC5T, EC6T, and EC7T, and 5 cm
experimental channel length for EC10R
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Figure 49. Standard deviation of the 172 groups neutron spectrum shown in Figure 47 in
the experimental channels of the fast zone for the D-D neutron source
calculated by MCNP
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Figure 50. Standard deviation of the 172 groups neutron spectrum shown in Figure 48 in
the experimental channels of the thermal and reflector zones for the D-D
neutron source calculated by MCNPX
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were calculated at the center of the active fuel length and over 10 cm
experimental channel length
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Figure 52. Neutron spectrum of the YALINA-Booster configuration with 1141 EK-10 fuel

rods in the experimental channels of the thermal and reflector zones for the D-T
neutron source calculated by MCNPX using 172 neutron energy group
structure, The spectra were calculated at the center of the active fuel length and
over 10 cm experimental channel length for EC5T, EC6T, and EC7T, and 5 cm
experimental channel length for EC10R
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Figure 53. Standard deviation of the 172 groups neutron spectrum shown in Figure 51 in
the experimental channels of the fast zone for the D-D neutron source

calculated by MCNPX
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Figure 54. Standard deviation of the 172 groups neutron spectrum shown in Figure 52 in
the experimental channels of the thermal and reflector zones for the D-T

neutron source calculated by MCNPX
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Figure 55. Neutron spectrum of the YALINA-Booster configuration with 902 EK-10 fuel

rods in the experimental channels of the fast zone for the D-T neutron source
calculated by MCNPX using 172 neutron energy group structure, The spectra
were calculated at the center of the active fuel length and over 10 cm
experimental channel length
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structure, The spectra were calculated at the center of the active fuel length and
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Figure 57. Standard deviation of the 172 groups neutron spectrum shown in Figure 55 in
the experimental channels of the fast zone for the D-T neutron source
calculated by MCNP
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Figure 58. Standard deviation of the 172 groups neutron spectrum shown in Figure 56 in
the experimental channels of the thermal and reflector zones for the D-T neutron source
calculated by MCNPX
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Figure 61. °He (n,p) reaction rate normalized per atom and source neutron in EC6T
experimental channel
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Figure 62. %°U (n,f) reaction rate normalized per atom and source neutron in EC6T
experimental channel
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Figure 63. 2°U (n,f) reaction rate normalized per atom and source neutron in EC2B
experimental channel
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Figure 64.In (n,y) reaction rate normalized per atom and source neutron in EC5T
experimental channel
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Figure 65. In atom (n,y) reaction rate normalized per atom and source neutron in EC6T
experimental channel
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Figure 66. In (n,y) reaction rate normalized per atom and source neutron in EC7T
experimental channel
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Figure 67.In (n,y) reaction rate normalized per atom and source neutron in EC10R
experimental channel

197

Au (n,y) reaction rate in EC6T

1141 DD
1L 1141 DT
I—' | 902 DD
902 DT
3 osf : : - ~
P
D
<
§ 06 ,
5
] e
e
& gal ——I ]
2 04
0.2t |_' |_\—| !

-25 -20 -15 -10 -5 0 5 10 15 20
Axial position z [cm]

Figure 68. **’Au (n,y) reaction rate normalized per atom and source neutron and atom in
EC6T experimental channel
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Figure 69. °>Mn(n,y) reaction rate normalized per atom and source neutron in EC6T
experimental channel
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Appendix A: Material Approximations

Missing nuclides (indicated in amaranth) and material approximations in MONK9a

Library Isotope

BINGO JEF-2.2 | As: 2°Bi: 2%pp: %°zn: ®'zn: ®zn: zn

Ba modeled as *°Ba, *?Ba, **Ba, **Ba, **Ba, **'Ba and
13SBa

®3cu and ®°Cu modeled as Cu

206py 207ph and 2°2Pbh modeled as Pb

Sb modeled as *?'Sb and ?°Sb

285j 29gj and *°Si modeled as Si

DICE JEF-2.2 S(a,B) graphite; °As; ***Pb

Ba modeled as *°Ba, *’Ba, ***Ba, *°Ba, *°Ba, *'Ba and
13BBa

®3Ccu and ®*Cu modeled as Cu

206ppy 207pp and 2°8Ph modeled as Pb

Sbh modeled as ***Sb and **Sb

283, 29Gj and *°Si modeled as Si

DICE ENDF/B- | S(a.B) graphite; "°As; 2%Pb

Vi Ba modeled as *°Ba, *?Ba, **Ba, **Ba, **Ba, **'Ba and
13BBa

Sb modeled as *?'Sb and *?°Sh

285j 29gj and *°Si modeled as Si

WIMS JEF-2.2 C always modeled by C in graphite

H always modeled by H in water

5ps: 2098 204pp- gp

*0Cr, 52Cr, *3Cr and **Cr modeled as Cr
®3Cu and ®®*Cu modeled as Cu

Fe, *°Fe, *Fe and *®Fe modeled as Fe
*8Ni, ®°Ni, ®*Ni, ®2Ni and ®*Ni modeled as Ni
206pp 207ph and 2°8Ph modeled as Pb

S modeled as %S, 333, 3*s and *°s

83, 29Sj and *°Si modeled as Si

Missing nuclides in MCNPX2.6b, MCNP5, MCNP4c3

Library Isotope
ENDF/B-VI “%Ppp
ENDF/B-VI Ba modeled as ***Ba
Missing data in MCB with JEF-2.2
Library Data
JEF-2.2 Update of all S(a,,p) scattering functions to 2002 data
JEF-2.2 Ba modeled as ***Ba
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