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Verification of neutron fission cross-sections of minor actinides from some recently available
evaluated nuclear data libraries was carried out by comparison of the reaction rates calculated
by the MCNP6.1 computer code to the exgerimental values. The experimental samples, con-
taining thin layers of 235U, 237Np, 238,239,240,241py, 242m A, 243Cm, 245Cm, and 247Cm, depos-
ited on metal support and foils of235U (pseudo-alloy 27Al + 235U), 238U, mtIn, 64Zn, 27Al, and
multi-component sample alloy 27Al + 5Mn + "Cu + "Lu + 197Au, were irradiated in the
channels of the tank containing fluorine salts 0.52NaF + 0.48ZrF,, labelled as the
Micromodel Salt Blanket, inserted in the lattice centre of the MAKET heavy water critical as-
sembly at the Institute for Theoretical and Experimental Physics, Moscow. This paper is a
continuation of earlier initiated scientific-research activities carried out for validation of the
evaluated fission cross-sections of actinides that were supposed to be used for the quality ex-
amination of the fuel design of the accelerator driven systems or fast reactors, and conse-
quently, determination of transmutation rates of actinides, and therefore, determination of
operation parameters of these reactor facilities. These scientific-research activities were car-
ried out within a frame of scientific projects supported by the International Science and Tech-
nology Center and the International Atomic Energy Agency co-ordinated research activities,
from 1999 to 2010. Obtained results confirm that further research is needed in evaluations in
order to establish better neutron cross-section data for the minor actinides and selected
nuclides which could be used in the accelerator driven systems or fast reactors.
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INTRODUCTION

Accelerator driven subcritical systems (ADS)
and fast reactors (FR) are studied extensively in last
decades as a promising option for nuclear power pro-
duction and nuclear waste reduction by transmutation.
Use of minor actinides (MA) in fuel design for the
ADSand FR, or for nuclear waste elimination through
nuclides transmutation in these nuclear reactors, re-
quires knowledge of the MA neutron cross-sections
with different accuracy, depending on the MA usage.
If theMA areusedfor thefuel design (i. e., added tothe
ADSor FRfuel elementsin alarge percent), their neu-
tron cross-sections must be known with great accu-
racy, asthey are known for the fuel elements material
(%3U or 2%pu), i. e., the uncertainty must be very low,
less than 0.5%. If the MA are used for the waste side
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transmutation in (blankets of) the ADS or FR, the MA
were supposed to be added to the ADS or FR fuel ele-
mentsonly in few percents, and hence the uncertainty
of the MA neutron cross-sections is acceptable in a
range of 5%to 10%. The higher uncertainty of theMA
neutron cross-sectionswill beacceptablefor studiesof
the irradiation properties of the nuclear spent fuel of
the thermal nuclear reactors, fast nuclear reactors or
ADS. In such cases, the uncertainty of neutron
cross-sections up to 10% is acceptable for 22’Np nu-
clide, from15%to 20%for Amisotopesand from 30%
to 50% for Cm isotopes. These requirements [1] for
theuncertainties of the M A neutron cross-sectionsini-
tiated various researches on experimental activities
and eval uation studieson neutron cross-sections of the
MA and some other isotopes used for different pur-
poses in nuclear reactors and ADS. A recent study of
the MA cross-sections status and requirements for
better nuclear dataisgivenin[2].
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One of the experimental researches of the MA
neutron cross-sectionswas carried out at the MAKET
thermal critical assembly [3] at the Institute for Theo-
retical and Experimental Physics (ITEP) withinframe
of the International Science and Technology Center
(ISTC) project #1145 [1]. This experimental research
and numerical studiesof the MA and selected nuclides
(SN) reaction rates were the basic for a portion de-
voted to nuclear data of the International Atomic En-
ergy Agency (IAEA) coordinated research project
(CRP) on the Analytical and Benchmark Analyses of
Accelerator Driven Systems. In this IAEA CRP [4],
the reaction rates (RR) of the MA and some SN were
calculated using older versions (4B2 and 5.1-6) of the
MCNP computer code [5] and the calculation results
of the MA and SN reaction rateswere compared to the
experimentally determined reaction rates of the MA
and SN.

For the caculations of the MA and SN reaction
ratesin this IAEA CRP, the MCNP computer code was
used with neutron cross-sections of the MA and SN pre-
pared in the ACE format from the older evauated nu-
clear data libraries: JENDL-3.2 [6], ENDF/B-VI (re-
leases 0/1 and 7, [7]) and LLLDOS [8]. The ACE
formatted nuclear datafrom somenewer availableeval u-
ated nuclear datalibrarieswereused inthe |AEA CRPin
2014 aswell asfor: ENDF/B-VI11.0[9], ENDF/B-VII.1
[10], JEFF-3.1.1 [11], and JEFF- 3.2 [12].

The purpose of this study wasto compare calcu-
lated resultsof theM A and SN reaction ratesof several
newer and dedicated evaluated neutron cross-sections
datalibrariesto the experimental reaction ratesresults
obtained for the same MA and SN irradiated at the
MAKET assembly. To achieve this goal, the new (the
last availableproduction) version (6.1, released by the
LANL in 2013) of the MCNP computer code[13] was
used with the ACE type of neutron cross-sections cre-

21-1-5(M2) lattice

ated from the evaluated nuclear data libraries, issued
by different nuclear data centres in afew last years:
ENDF/B-VII.1 (LANL, 2012 [10]), JEFF-3.2
(OECDINEA, 2014 [12]), TENDL-2014 (NRG, 2014
[14]), ADS-2.0 (IAEA, 2008 [15]), IRDF-2002
(IAEA, 2002[16]), IRDFF-v-1.05(IAEA, 2015[17]),
ROSFOND (CND, 2010 [18]), and JENDL-4.0up3
(JAEA, 2015 [19]). Some old evaluated data for the
MA, like the ones known as “Madov” (evaluated in
1994-6 by Maslov et al., [20]) are not examined en-
tirely in this study since these evaluations were being
incomplete (in the number of isotopes) and that part of
these evaluations was included in the JENDL-3.2 |i-
brary.

MAKET AND EXPERIMENTAL DATA

Thedetailed descriptionsof theMAKET critical
assembly and the M A and SN samples preparation, the
samples characteristic, irradiation and the MA and SN
reaction rates measurementsweregivenin[1, 3]. The
dataprovided in thisarticleare shown only in order to
provideabrief insight inthe complexity of theMA and
SN reaction rates experiments carried out at the
MAKET assembly.

The MAKET heavy water critical assembly was
designed [3, 21] to operate with the dispersed (in alu-
minum) tubular TVR-Stype (90%) HEU (with alumi-
num clad) fuel elements placed in a hexagonal lattice
of the core. Horizontal cross-sections of the MAKET
corefuel lattices|abelled asthe 21-1-5(M 2) and 21-2,
used for irradiation of the samples (irradiation chan-
nelsmarked assmall circlesof dark colour, (4)) are ex-
tracted from the MAKET computational MCNP code
three-dimensional (3-D) geometry and materia (nu-
merical) model and shownin fig. 1.

21-2 lattice

Figure 1. A zoom in the horizontal cross-sectionsof the MAKET corefuel lattices; (1) —fuel elements, (2) — heavy water

moder ator, and (3) — SBM with samples positions (4)
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. In filling the microblanket volume with molten salt,

items SBM.010.AS, (Part N1), SBM.020.AS (Part N2),

and SBM.030.AS (Part N3) fastened by six upper set screws
are placed in the oven.

The assembly dimensions of Part N2 must be machined

26 after salt filling.
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4 own weight throughout the monitored length.

18 8. The rest specification are according to Specs.326-96.

Figure 2. The SBM cross-sections

The MA experimenta samples, containing thin
layers of the 2351 287N D, 238,239,240241py;  242mMA
243Cm, 2%°Cm, 24’Cm, deposited on metal support and
SN foils of 25U (pseudo-aloy 2’Al + 235U), 238y, |,
84Zn, 2’Al, MCS (alloy ZAl + 5Mn + "™Cu + ™|y +
B7AU) [1] wereirradiated in dry channels (small dark
circles (4) in fig. 1) of the micromodel salt blanket
(SBM) insertedinthelatticecentreof theMAKET criti-
cal facility. Cross-sections of the SBM areshowninfig.
2. The method of the solid state nuclear track detector

(SSNTD) wasused for measurementsof theMA fission
reaction rates. The gamma-spectroscopy method was
used for measurementsof thereaction ratesof other SN:
250(n, 1), 22U(n, 7), ®Mn(n, ), ®Cu(n, »), *"Au(n, 7),
8L u(n, ), BIn(n, n), Z’Al(n, a), %Zn(n, p), and
847Zn(n, 2n).

The MAKET critical assembly has operated for
2 hours, during the SN samples irradiation, or for 40
minutes during the MA samples irradiation. The
MAKET steady fission power, during samplesirradia-
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Figure 3. Normalized neutron spectrum per lethargy
unit at thesample'667' position (the central channel) at
the MAKET core lattice 21-1-5(M 2)

tion, was (81.4 + 1.7) W and (78.8 = 1.6) W, for the
core lattices 21-1-5(M2) and 21-2, respectively [1].
The MCNP calculations have shown that the neutron
flux density energy distribution (neutron spectrum)
had very similar shape for different positions at the
MAKET core lattices used for irradiation of the sam-
ples[1]. The normalized neutron spectrum per unit of
lethargy, E-F(E), determined in 176 neutron energy
groupsinrangeof 10 ueV to 18 MeV, calculated by the
MCNP6.1 code for the MAKET core lattice
21-1-5(M2) and fission power of 81.4 W, isgivenin
fig. 3. The neutron spectrum was obtained after the
MCNP®6.1 code run for 150 million neutron histories,
at the sample position in the central channel at the
MAKET core (labelled aso the '667") in the
21-1-5(M2) lattice. Such number of neutron histories
produced calculated group neutron spectrum (MCNP
F4tally) with the statistical relative 1o uncertainty be-
low 5% in all energy groups between 2.5 meV and 2
MeV. Thisneutron spectrumisinwell agreement with
the neutron spectrum determined by the MCNP4B2
code using ACE type older neutron cross-section data
of the endf60 (*.60c) and the tmccs (*.01t) libraries
[1].

The measured (experimental) values of the reac-
tion rates of the MA and SN of the irradiated samples
aregivenin[1] and[3] and normalizedtothe MAKET
fission energy unit [Ws] and the nuclide sample unit of
mass [g], before the comparison to the calculated val-
ues of the reaction rates of the same nuclide. Table 1
shows the normalized values of the samples nuclide
reaction ratesdetermined by the SSNTD (silicateglass
and polycarbonatethin film) method [1] after the sam-
plesof the MA and SN irradiation at the various posi-
tionsat theMAKET corelattices. Theirradiation posi-
tions were labelled asthe'667' = the central channel
(0mm), '327' =1% channel (46.6 mm), '337' = 2" chan-
nel (72.0 mm), and '317' = 3" channel (96.5mm). The
dimensions associated to the channels above show
samples positions at the corresponding radii of the

SBM devices (containers) inserted in the MAKET
core lattice [1]. The normalization formula, used for
the reaction rate of the sample isotope k, RR(K), is
givenin[1] as
N
RR(K)2%, = RR(K) 22, A’ii

In the normalization process the following val-
ues, beside the MAKET assembly fission generated
power P (givenin W), were used: Avogadro's number
N, = 6.023-10% mol?; the measured reaction rate
RR(K)reas (given in s, [1]) and the sample isotope k
atomic mass A, (givenin g-mol). Thevalues of Avo-
gadro number and the atomic masses of the isotopes
weretaken from [22]. Theisotopic composition of the
samples was determined by the mass spectrometry
(beforethe samplesirradiation) and shownintheatom
fractions a [1].

CALCULATIONS

Various versions of the MCNP computer code,
with different neutron ACE type cross-sectionlibraries,
were extensively used at the Vinca Institute of Nuclear
Sciences for validation of diverse models of complex
heavy water systems, e. g. [23], since late 1970s. The
calculation of theM A and SN reactionratesinthisstudy
were carried out by the 6.1 version of the MCNP com-
puter code, released by the LANL in 2013. A detailed
3-D geometry and materials model of the MAKET as-
sembly and the SBM samplesis created as credible as
possible[1] and the assembly materialsaredescribed in
the MCNP6.1 using endf60 (*.60c) and Sab2002
(*.60t) ACE type neutron cross-section data. This
MAKET 3-D model was verified in the extensive vali-
dation calculations against different MAKET core con-
figurations [1].
The irradiated samples were modelled in their
containers. For al the samplesit was possible only to
model and simulate(i. e., calculate) theM A and the SN
reaction ratesin ahomogeneousregion, describing the
sample position by the MCNP F4 neutron flux tally
modified (folded) by the response function (i. e., neu-
tron cross-sections) of the required reaction rate.
In this study, the neutron cross-sections of the
MA and the SN in the irradiated samples were taken
using the following ACE type nuclear datalibraries:
— endf71 (*.80c), based on the LANL evaluation of
the ENDF/B-VII1.1file, released in 2013,

— jeff3.2 (*.03c), based on the OECD/NEA evalua-
tion of the JEFF-3.2 file, released in 2014,

— tendl2014 (*.00c), based on the NRG evaluation
of the TALY S-1.6, released in 2014,

— ads20 (*.70c), the IAEA processed and dedicated
library for the ADS, ADS-2.0, released in 2008,

— irdf2002 (*.34y), the IAEA processed and dedi-
cated reactor dosimetry library, IRDF-2002, re-
leased in 2002, and
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Table 1. Normalized measured nuclidesreaction rates (RR) values (relative uncertainty of the RR valuesis
in range of 2% to 5%)

Lattice 21-1-5(M2) 21-2
Power (8L4+17)W (788+1.6) W
Position '667' 327" 337" 317 327 | '337' 317

Nuclide RR Normalized measured nuclides reaction rates RR [W's*g™]
Z5Y(n, ) 1.608-10" 1.690-10" 1.610-10" 1.569:10" 1.501-10" 1.877-10° 2.010:10°
ZINp(n, f) 6.611.10° 1.202.10"

2Bpy(n, f) 6.043-10° 6.001-10°

Z9py(n, f) 2.369:10 2.584.10 2.235.10° 2.442.10" 2.733.10° 2.363:107 2.906:107
0py(n, f) 1.221-10° 1.254.10°

21py(n, f) 2.718-10° 2.648-107

22mAm(n, f) 1.962-10° 2.067-10°

#cm(n, f) 1.991-10’ 2.201-10"

5Cm(n, f) 4.369-10° 435710

27Cm(n, f) 7.319:10° 8.396-10°
U, 7) 2.769-10° 2.837-10° 2.906-10° 2.943-10° 2.915.10° 3.243.10° 3.188.10°
Mn(n, ) 1.697-10° 1.724.10° 1.764-10° 1.845.10° 1.642:10° 1.697-10° 1.878-10°
®cu(n, ) 5.291-10° 5.209-10° 5.526:10° 5.420-10° 4.737.10° 4.822.10° 5.393-10°
®Au(n, 9) 7.363-10° 7.438-10° 7.551-10° 7.739-10° 7.489-10° 7.567-10° 8.382.10°
Lu(n, p) 1.741-10° 1.758-10° 1.771-10° 1.842:10° 1.677:10° 1.720-10° 1.894-10°
#zn(n, ) 1.020-10* 1.176-10* 1.100-10* 1.155-10* 1.089-10* 1.159.10° 1.294.10°
ZAl(n, a) 1.453-10" 2.155.10" 1.804-10" 2.304-10" 3.059-10" 2.368-10" 2.742:10
%Zn(n, p) 2.789-107 2.917-10 3.380-10? 3.889-10° 6.660-10° 5.189-10° 5.189-10°
#zn(n, ) 8.403-10° 8.507-10° 8.704-10° 9.282:10" 8.537-10" 8.847-10" 9.517-10*
BIn(n, n’) 9.852-10 1.082-10° 1.159-10° 1.146-10° 2.242-10° 1.610-10° 1.849-10°
Bin(n, ) 8.756-10° 9.080-10° 9.466-10° 9.981.10° 8.382.10° 8.980-10° 9.645.10°
3n(n, 2n) 3.278.10° 3.336:10° 3.41310 3.419.10° 5.947.10° 5.947.10° 6.100-10"

Note: Empty cells in the table mean that measurements of these RR were not done

— irdff-v-1.05 (*.10y), the |AEA processed and ded-
icated reactor dosimetry and fusion library,
IRDFF-v-1.05, released in 2015.

Additionally, ACE type neutron cross-section li-
braries, at the neutrontemperature of 293.6 K, only for
the MA isotopes analysed in this study, were prepared
from:

— Japanese JENDL-4.0 (update 3, 2015, *.88c),

— Madov (rev. 2003, *.20c), and

— Russian ROSFOND-2010 (2010, *.99c),

using the NJOY 99 (version 396) computer code [24].

The ACE cross-sections were generated in resolved

resonance range using fractional tolerance of 0.001 for

thinning, fractional integral tolerance of 0.003 and
probability tables in unresolved resonance range.

These ACE type nuclear cross-section libraries
areprocessed from theeval uated nuclear dataat various
neutron temperatures. The ACE type libraries used in
this validation study were selected at amost the same
temperature values: 293.6 K (= 25.301 meV) for the
endf71,jeff3.2,and ads2.0; 293.1K (= 25.263meV) for
the tendl2014 or 300.0 K (= 25.852 meV) for the
irdff-v1.05. Only the ACE type nuclear data library
irdf2002 was released at 0 K neutron temperature. Ad-
ditionally, the MCNP6.1 code input was modified by
thecell free-gasthermal temperature TMP card (affects
only the neutron elastic scattering cross-sections) with

the vdue of a 24.46 meV (= 10.71 °C) for the both
MAKET lattices 21-1-5(M2) and 21-2, which corre-
spond to the experimenta temperatures measured
within +1.5 °C. It is judged that a small difference in
neutron temperatures of ACE type nuclear cross-sec-
tion libraries does not influence significantly the ob-
tained calculation results.

All reaction cross-sections of the MA and the
SN, which were examined, have been found in the
endf71, jeff32, and tendl2014 ACE type nuclear li-
braries, as well in the ROSFOND-2010 and
JENDL-4.0up3 libraries. However, some reaction
cross-sectionsof theMA and the SN aremissinginthe
ads20, irdf2002, irdff-v-1.05, and Maslov ACE type
nuclear datalibraries and no alternativeswere used in
the smulation. This information is shown as the '~
character in tab. 2 (and tab. 4), while the MA and the
SN reaction cross-sections existence in these ACE
typelibrariesis marked with the'+' character in tab. 2.
Obviously, thecal culation resultsfor the sel ected reac-
tion rates in the cases of the missing nuclide reaction
Cross-sections were zero.

The MCNP6.1 computer code was run in the
MODE N for 50 million neutron histories (KCODE
optionwith 50 000 neutron historiesin 1000 active cy-
cles, after 100initial cycles). SuchMCNP6.1 coderun
enabled that the statistical relative 1c uncertainties of
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Table 2. Missing reactions cross sections of the MA and
SN in the ads20, irdf2002, ir dff-v-1.05 and Maslov ACE
typelibraries

ACE library —
Nuclide reaction | ads20 | irdf2002 | irdff-v1.05 | Maslov

238Pu(n’ f) _ — — "
20py(n, f)
241Pu(n, f)
242Pu(n, f)
244py(n, f)
220Am(n, f)
22Am(n, f)
#cm(n, f)
24Cm(n, f)
25Cm(n, f)
#cm(n, f)
21cm(n, f)
28Cm(n, f) - - -
176Lu(n, V)
*zn(n, 7) - - - -
#Zn(n, p) - + + _
*zn(n, 7) - - - -
3In(n, n)
115| n(n’ y)
H3n(n, 2n)
1l3| n(n’ j/) _ _ + _

Note: (*) NJOY99.396 code failed to process ***Cm Maslov
endf/b file

+ 1+
I
N
+ |1

+ 1+
I
I

|
|
i+ |+ [+ 1

+ 1+
I
I

|
|
+ |+

+
|
|
|

+
|
|
|

+
|
+
|

+
|
|
|

the(MCNPF4tally) determined reaction rates (RR) of

theMA andthe SN at all theirradiation positionsof the

samples at the MAKET assembly lattices were in the
range from 0.5% to 5%, except for the2’Al(n, o) reac-
tion rates, for which the statistical relative 1o uncer-

tainties were in the range from 14% to 19%.

The MCNP®6.1 code cal culated values of there-
action rates of the MA and the SN were normalized to
the MAKET fission energy unit [Ws] and the nuclide
sample unit of mass[g], before the comparison to the
experimental normalized reaction rate values (tab. 1)
wasdone. Inthisnormalization process, thefollowing
values were used:

—  Avogadro's number Na, = 6.023-10° mol ™,

— the energy per fission E; = 194.0833 MeV =
=3.10956-10™ Ws[1],

— the number of neutrons lost per fission (i. e, the
total number of fission events normalized per a
singlefission neutron) inthe MAKET core (taken
from the MCNP®6.1 code output) Ipf = 0.41634
(= Yo = 1/2.433) for the lattice 21-1-5(M 2) or
Ipf =0.41591 (= 1/v = 1/2.432) for thelattice 21-2,
and

—  the atomic mass A (given in g-mol™) of the iso-
tope k.

The values of Avogadro number and the atomic
masses of theisotopesweretaken from[22]. Sincethe
reaction rates calculated in the MCNP6.1 code runs
were obtained normalized per fission neutron and per

atom, the post-cal cul ation normalization process was
included, also the correctionsto the i sotopi c composi-
tion of thereal MA and nuclide samples (given asthe
atomic fraction a,, [1]) and the MCNP microscopic
cross-section units (1 barn = 10724 cm?). The normal-
ization formula, for the reaction rate of the sampleiso-
topek, RR(K), isgivenin[1] as

n N,, 10
RR(K)EC = S RR(K)EC La,; —AY
( )norm ]Z:::L ( )MCNP kj Akj Eflpf

wherej = 1... nis the number of isotopes mixed with
isotopek, and 371 8, =1

Due to alarge number of the calculations data,
thenormalized results of theM CNP6.1 cal cul ations of
the reaction rates (of the MA and the SN) aregivenin
tab. 3 only for the neutron cross-sections of theendf71
ACE typenuclear datalibrary. Therefore, the normal-
ized results of the MCNP6.1 calculation reaction rates
(of the MA and the SN) for neutron cross-sections of
thejeff32, tendl 2014, irdf2002, irdff-v-1.05, jendl40,
Maslov, and rosfond2010 ACE type nuclear data li-
braries are not given in this article.

RESULTS AND CONCLUSIONS

In aim to compare the normalized MCNP6.1
code calculated reaction rates to the normalized mea-
sured reaction rates for the isotope k, the simula-
tion-to-experiment (i. e., the cal culations-to-measure-
ments) mean squared deviation factor, labelled asthe
<F,>, was calculated according to the formula (as
givenin[1])

RRK)SE,
<| log T >
<F,>=10 o

where <> representsaveraging over all measured (ex-
perimental) and calculated normalized reaction rate
data values used in the comparison. Obviously, the
missing correspondent reaction rates data (either the
experimental or calculated) of the nuclides were not
included in the comparison. The calculated values of
the mean squared deviation factor < Fy >, according to
the formula above, are givenin tabs. 4 and 5.

The calculated mean squared deviation normal-
ization factors <F,> with values within 5% to 7% dif-
ference are considered practically equal [1, 4], due to
values of theuncertaintiesof the measured (experimen-
tal) and ssmulated (cal cul ated) reaction rates of the MA
andthe SN. Thevaluesof the<F, > factor, givenintabs.
4 and 5, show that the difference of the experimental
and the simulated reaction rates of MA arein therange
of 1% to 63%. Thereaction rates difference for the SN
with well known cross-sections arein the range of 0%
to 66%, except for the reaction rates of %In(n, n),
8Zn(n, y), and *5In(n, 2n) plus 13In(n, 7).

Therefore, thefollowing conclusions about neu-
tron cross-sectionsdataof theMA andthe SN, besidea
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Table 3. Normalized calculated values® of the reaction rates (RR) of the MA and SN for the endf71 ACE type neutron

cross-section data library

Lattice 21-1-5(M2) 21-2
Position '667' 327 '337' \ '317' ‘327 \ 337" 317

Nuclide RR Normalized calculated nuclides reaction rates RR [W's'g™]
2Y(n, f) 1.406E+07 1.458E+07 1.518E+07 1.600E+07 1.408E+07 1.508E+07 1.626E+07
ZINp(n, ) 5.450E+03 | 5.889E+03 | 6.133E+03 | 6.695E+03 | 1.066E+04 | 8.689E+03 | 8.243E+03
Z8py(n, f) 5957E+05 | 6.118E+05 | 6.377E+05 | 6.705E+05 | 6.103E+05 | 6.460E+05 | 6.896E+05
Zpy(n, f) 2.276E+07 2.325E+07 2.428E+07 2.528E+07 2.306E+07 2.426E+07 2.615E+07
#0py(n, f) 1.245E+05 1.281E+05 1.331E+05 1.391E+05 1.315E+05 1.361E+05 1.455E+05
2py(n, f) 2.768E+07 2.846E+07 2.973E+07 3.111E+07 2.789E+07 2.958E+07 3.191E+07
22py(n, f) 3.780E+03 4.071E+03 4.436E+03 4.747TE+03 8.043E+03 6.474E+03 5.937E+03
py(n, f) 2.835E+03 | 3.101E+03 | 3.333E+03 | 3.646E+03 | 6.523E+03 | 5.107E+03 | 4.651E+03
2Am(n, f) 1.140E+05 1.154E+05 1.204E+05 1.252E+05 1.217E+05 1.238E+05 1.311E+05
22Am(n, f) | 1.469E+08 1.518E+08 1.583E+08 1.661E+08 1.472E+08 1.573E+08 1.694E+08
Am(n,f) | 8297E+03 | 8.722E+03 | 9.079E+03 1.661E+08 1.256E+04 | 1.134E+04 1.091E+04
*Cm(n,f) | 1.668E+07 | 1711E+07 | 1.776E+07 | 1.857E+07 | 1691E+07 | 1.788E+07 | 1.910E+07
#cm(n,f) | 4.195E+04 | 4.430E+04 | 4.496E+04 | 4779E+04 | 5106E+04 | 4.970E+04 | 5.065E+04
*Cm(n,f) | 4.335E+07 | 4508E+07 | 4.698E+07 | 4.965E+07 | 4.329E+07 | 4.657E+07 | 5.029E+07
26Ccm(n, f) 1.014E+04 1.057E+04 1.101E+04 1.160E+04 1.538E+04 1.355E+04 1.340E+04
7cm(n, f) 5.622E+06 5.684E+06 5.920E+06 6.204E+06 5.746E+06 6.047E+06 6.409E+06
28Cm(n, f) | 1.406E+07 1.458E+07 1.518E+07 1.600E+07 | 2.338E+04 | 2.180E+04 | 2.042E+04
Z8U(n, f) 1.722E+04 | 1.766E+04 | 2.004E+04 | 1.976E+04 | 1.484E+03 | 1.150E+03 | 1.082E+03
Z8U(n, y) 5.968E+02 | 6.933E+02 | 7.754E+02 | 8581E+02 | 6.488E+05 | 6.610E+05 | 7.055E+05
SMn(n, ) 6.325E+05 | 6.794E+05 | 5.819E+05 | 6.525E+05 | 1.502E+06 | 1.600E+06 | 1.716E+06
Cu(n, y) 1490E+06 | 1.536E+06 | 1597E+06 | 1.674E+06 | 4.472E+05 | 4.698E+05 | 5.096E+05
®7Au(n, y) 4.357E+05 | 4.538E+05 | 4.744E+05 | 4.922E+05 | 7.000E+06 | 7.591E+06 | 7.839E+06
Lu(n, 7) 6.834E+06 | 6.853E+06 | 7.038E+06 | 7.073E+06 | 1.435E+08 | 1519E+08 | 1.622E+08
%zn(n, 7) 1419E+08 | 1.453E+08 | 1518E+08 | 1.576E+08 | 1.199E+05 | 1.244E+05 | 1.310E+05
*g9(n, p) 1.129E+05 | 1.160E+05 | 1.203E+05 | 1.268E+05 | 2.069E+03 | 1.572E+03 | 1.609E+03
*Ni(n, p) 8215E+02 | 9.779E+02 | 1.116E+03 | 1.244E+03 | 1.775E+03 | 1.348E+03 | 1.370E+03
ZAI(N, ) 7.074E+02 | 8396E+02 | 9567E+02 | 1.063E+03 | 2.019E+01 | 1.649E+01 | 1.721E+01
°F(n, 2n) 9.044E+00 | 1.166E+01 1.395E+01 1.348E+01 5.552E-03 8.346E-02 3.041E-01
#Zn(n, p) 8.907E-02 1.767E-01 1.713E-01 8.555E-01 5.164E+02 | 3.930E+02 | 4.043E+02
%Zn(n, 7) 2.058E+02 | 2449E+02 | 2.809E+02 | 3.119E+02 | 8.111E+04 | 8.603E+04 | 9.171E+04
31n(n, n') 7.854E+04 8.182E+04 8.388E+04 8.878E+04 1.681E+02 1.311E+02 1.153E+02
Bin(n, ) 7173E+01 | 7.662E+01 | 8205E+01 | 8.907E+01 | 2.555E+07 | 2.582E+07 | 2.591E+07
in(n, 2n)® | 2.373E+07 | 2.377E+07 | 2.387E+07 | 2504E+07 | 9.742E+04 | 9.975E+04 | 1.002E+05
Bin(n, ) 8.968E+04 | 9.004E+04 | 9.180E+04 | 9.323E+04 | 2.265E+06 | 2.320E+06 | 2.331E+06

Notes: (1) Read 1.2345E+07 as 1.2345-1077; (2) Values include RR of "*In(n, 21) plus RR of '"*In(n,y) in aim to be comparable to the
measured RR attributed to the '°In(n, 2n)

general statement that the improving quality of neu-
tron cross-section data in newer evaluated ENDF/B
datais acontinuous progress, which can be also seen
from this comparison, can be drown:

thefission neutron cross-sectionsof 2’Npinjeff3.2
show some degradation corresponding to other li-
braries, which has been concluded also in [4],
thefission neutron cross-sections of isotopes of #°Cm,
#7Cm, and *?"Am till require improvements,
evaluated cross-sections for Zn isotopes were
given in endf71 and jeff32 libraries for the first
time and obviously require further attention, as
well as the In isotopes reaction cross-sections,
the tend| 2014 library in case of 2**"Am neutron
fission cross-section shows the biggest deviation

relativetotheother librariesand to the experimen-
tal reaction rates,

new created jendl40 and rosfond2010 ACE type
librariesshow similar RR deviationsfor all MA as
the other available ACE type libraries,

factor <F> showslarger differencesamong thesim-
ulated and the experimental reaction rates of 22U(n,
7)., *®Lu(n, 7) and In isotopes since no self-shielding
effect is accounted due to samples real size,

the new irdff-v-1.05 ACE type nuclear library
showsno big advantageover the older irdf2002 li-
brary except that the ***In(n, y) cross-sections are
available, and

almost al libraries show relative large deviation
of the cal cul ated to the experimental reaction rates
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Table 4. Values of the mean squared deviation factor <F,>for MAKET lattice 21-1-5(M 2)

ACE library endf71 jeff32 tendl 2014 ads20 irdf2002 | irdff-1.05 | jendl40 rosfond Maslov
U(n, f) 111 111 1.11 111 111 1.11 1.11 1.11 -
ZINp(n, f) 121 1.49 1.25 1.23 1.20 1.19 1.25 1.19 -
Z8py(n, ) 1.01 1.04 1.00 - - - 1.02 1.02 1.49
2py(n, f) 1.07 1.08 1.07 1.07 1.07 1.07 1.07 1.07 -
20py(n, f) 1.02 1.03 1.03 1.07 - - 1.03 1.03 -
#py(n, f) 1.02 1.02 1.02 1.02 - - 1.02 1.02 -
227Am(n, f) 1.34 1.34 1.55 1.34 - - 1.33 1.33 1.32
22cm(n, f) 1.19 1.19 1.15 - - - 1.20 1.16 -
5Cm(n, f) 1.01 1.01 1.06 1.04 - - 1.01 1.05 -
2cm(n, f) 1.30 1.30 1.44 1.28 - - 1.30 1.18 -
=y, p®@ 2.23 222 2.23 2.23 2.25 2.19 221 217 2.16
*Mn(n, y) 112 111 112 112 1.12 1.12 - - -
Bcu(n, 7) 1.16 1.16 1.15 1.16 1.16 1.16 - - -
Sau(n, 7) 1.08 1.09 1.08 1.08 1.09 1.09 - - -
"Lu(n, ) @ 1.19 1.21 1.21 1.19 - - - - -
%8zn(n, 7) 10.70 10.78 10.78 - - - - - -
ZAIn, ) 1.63 1.63 1.66 1.63 1.63 1.64 - —~ -
#Zn(n, p) 1.25 1.14 1.14 - 115 1.13 - - -
#zZn(n, 7) 1.05 1.04 1.04 - - - - - -
yn(n, n’)@ 14.27 14.27 18.99 14.27 - - - - -
Bin(n, )@ 2.59 2.58 2.59 2.59 - 2.68 - - -
Binn, 2n)®d | 271 2.67 2.72 2.71 - - - - -

Notes: (1) Character'-' indicates that no RR cross-section data of the nuclide exists in the ACE library; (2) Notaccounted for the self-shielding
effect due to sample real size; (3) Reaction rate value shows '*In(n, 21) plus 'In(n, 7)

Table 5. Values of the mean squared deviation factor <F,>for MAKET lattice 21-2

ACE library endf71 jeff32 | tendl2014 ads20 irdfi2002 | irdff-1.05 | jendl40 rosfond Maslov
2Y(n, f) 1.20 1.20 1.20 1.20 1.20 1.19 1.20 1.19 @
ZINp(n, f) 1.13 1.28 1.16 114 1.12 1.12 1.14 1.14 -
ZBpy(n, f) 1.02 1.08 1.04 - - - 1.01 1.05 1.44
2py(n, f) 1.12 1.13 1.12 1.12 112 1.13 1.13 1.13 -
20py(n, f) 1.05 1.06 1.06 1.09 - - 1.04 1.04 -
21py(n, f) 1.05 1.05 1.05 1.05 - - 1.04 1.04 -
22mAm(n, f) 1.40 1.40 1.63 1.40 - - 1.41 1.42 1.42
23Cm(n, f) 1.30 1.30 1.25 - - - 1.31 1.27 -
25Cm(n, f) 1.01 1.01 1.07 1.04 - - 1.01 1.03 -
cm(n, f) 1.46 1.46 1.63 1.43 - - 1.47 1.30 -
28y(n, )@ 216 2.16 2.16 2.16 2.18 2.10 2.30 2.36 217
*Mn(n, 7) 1.08 1.08 1.08 1.09 1.09 1.09 - - -
Bcu(n, 7) 1.05 1.05 1.04 1.05 1.05 1.05 - - -
SAu(n, p) 1.06 1.07 1.06 1.06 1.06 1.07 - - -
Lu(n, n® 1.16 1.17 1.17 1.16 - - - - -
8zn(n, 7) 10.62 10.68 10.69 - - - - - -
ZAI(n, ) 1.52 1.52 1.54 152 1.52 1.46 - - -
#7Zn(n, p) 1.30 1.17 1.17 - 1.18 1.15 - - -
¥zn(n, 7) 1.04 1.04 1.04 - - - - - -
Byn(n, n)®@ 13.83 13.83 18.41 13.83 - - - - -
Binn, )@ 2.87 2.86 2.87 2.87 - 2.87 - - -
Bn(n, 2n) @2 1.65 1.62 1.66 1.65 - - - - -

Notes: (1) Character '-' indicates thatno RR cross-section data of the nuclide exists in the ACE library; (2) Not accounted for the self-shielding ef-
fect due to sample real size; (3) Reaction rate value shows '*In(n, 2n) plus *In(n, 7)

of SN as “Al(n, a), *In(n, ), **zn(n, p), and action rates. It confirms that further work on the
In(n, 2n), which (deviation) reach an order of particular neutron reaction cross-sections data of

magnitude in case of *In(n, n’) and ®zn(n, y) re- these isotopes is necessary.
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Munan I1. [IENIAR, Jypuj E. TUTAPEHKO, Bjauecnas ®. BATJAJEB,
Knpua B. ITABJIOB, Anekcej Jy. TUTAPEHKO, Banepnj M. 2KUBYH,
Muxaua M. UI'YMHOB, Bjauecnas H. KOHEB, Baagumup O. JETOCTAEB

BAIMIAIINJA ®UCHUOHUX HEYTPOHCKUX ITPECEKA MMHOP AKTHUHUJIA

Banunanmja (puCHOHHX HyKJIE€apHHX MpeceKa MHUHOP aKTHHHAA W3 HEJaBHO JOCTYITHHX
eBaynpaHnx OubIMOTeKa HyKIIeapHHX MOfjaTaka u3BpIIeHa je mopehemheM Op3uHa HyKIeapHUX peakiinja
n3pavyHaTHX mporpaMckum maketoM MCNP6.1 ca ekcriepuMeHTATHIM BpefHOCTUMA. EXCriepuMeHTanH
y30pIH, KOjU Cy caip’KaBajll TaHKe ciojeBe U, 23'Np, 238239240241py  242mAm 243Cm, 245Cm, u 24Cm,
HATapeHe Ha MeTajiHy nomiory, domnuje on 2°U (nceyno-nerype 2’Al + 235U), 28U, ™|n, 84zn, 27Al u
BUIIIEKOMIIOHEHTHE Y30PKe Jierype 2/Al +5Mn + "Cu + "y + 19“Ay, o3pauenu cy y kKaHaamMa y TaHKY KOjH
cy caapskanu conu ¢payopa (0.52NaF + 0.48ZrF,). OBu kaHanu, o3HaueHn kao Micromodel Salt Blanket,
IIOCTaBIbEHNU Cy Y LEHTPY pelleTKe Ha KPUTHIHOM crucremy ca Temkom BogoM MAKET y Uucruryry
Teopujcke W ekcrnepuMeHTanHe (uznke y MockBu. OBaj paj je HacTaBak HAyYHOMCTPasKMBAYKUX
AKTUBHOCTH 3aMOYEeTHX Ha Banufanuju (PUCHOHM HEYTPOHCKHMX IMpeceKa 3a aKTHHUC 3a Koje ce
IpEeTIoCTaBba fla he ce KOPUCTUTH 3a WCIUTHBAKE KBAJIUTETA HYKJICAPHOT TOPHBA 3a TOTKPUTHYHE
peakTope MOTrOWmEHE aKLenepaTopoM U (PUCHOHe Op3e HyKiIeapHe peakrope, oapebuBame Op3uHa
TpaHcMyTanmje, Kao ® ofpebuBame mapamerapa pajga oOBHX (ucHOHHX cuctema. OBe
HayYHOUCTpAKUBAUKe AKTHUBHOCTH Cy pabeHe y OKBHpY IpojekaTa Koje cy noppskanu MebyHapopgHu
HAYYHU W TEXHOIONIKN IeHTap u MebyHaponHa areHiuja 3a aTOMCKY CHEPTHjy KpO3 KOOpPIUHUpAHE
HCTpaxknMBaydke npojekre, y nepuoay ox 2005-2010. ropguue. [Jo6ujenn pe3yaraTu NOTBphHyjy ma cy mpama
HCTpaKMBarba y eBalylyjama morpeGHa ja Ou ce OCTBapuiIi OOJBbHU MTONALM 3a HEYTPOHCKE MPECEKe 3a MH-
HOp aKkTHHHfIC W H3a0paHe HYKIWAEC KOjU MOTY OWTH KOpHITheHH Y HOTKPHTUYHHM pPEakTopuma
MOTOICHIM aKIIEJIePATOPOM U (PHCHOHUM OP3UM HYKJIICAPHAM PEaKTOPUMA.

Kmwyune peuu: bubauoitieka HykaeapHux iiooaitiaxa, ADS, 6p3u peakitiop, akiiuHuo, 6p3una peaxuuje,
MAKET, MCNP6.1




