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Ver i fi ca tion of neu tron fis sion cross-sec tions of mi nor actinides from some re cently avail able
eval u ated nu clear data li brar ies was car ried out by com par i son of the re ac tion rates cal cu lated
by the MCNP6.1 com puter code to the ex per i men tal val ues. The ex per i men tal sam ples, con -
tain ing thin lay ers of 235U, 237Np, 238,239,240,241Pu, 242mAm, 243Cm, 245Cm, and 247Cm, de pos -
ited on metal sup port and foils  of 235U (pseudo-al loy 27Al + 235U), 238U, natIn, 64Zn, 27Al, and
multi-com po nent sam ple al loy 27Al + 55Mn + natCu + natLu + 197Au, were ir ra di ated in the
chan nels of the tank con tain ing flu o rine salts 0.52NaF + 0.48ZrF4, la belled as the
Micromodel Salt Blan ket, in serted in the lat tice cen tre of  the MAKET heavy wa ter crit i cal as -
sem bly at the In sti tute for The o ret i cal and Ex per i men tal Phys ics, Mos cow. This pa per is a
con tin u a tion of ear lier ini ti ated sci en tific-re search ac tiv i ties car ried out for val i da tion of the
eval u ated fis sion cross-sec tions of actinides that were sup posed to be used for the qual ity ex -
am i na tion of the fuel de sign of the ac cel er a tor driven sys tems or fast re ac tors, and con se -
quently, de ter mi na tion of trans mu ta tion rates of actinides, and there fore, de ter mi na tion of
op er a tion pa ram e ters of these re ac tor fa cil i ties. These sci en tific-re search ac tiv i ties were car -
ried out within a frame of sci en tific pro jects sup ported by the In ter na tional Sci ence and Tech -
nol ogy Cen ter and the In ter na tional Atomic En ergy Agency co-ordinated re search ac tiv i ties,
from 1999 to 2010. Ob tained re sults con firm that fur ther re search is needed in eval u a tions in
or der to es tab lish better neu tron cross-sec tion data for the mi nor actinides and se lected
nuclides which could be used in the ac cel er a tor driven sys tems or fast re ac tors.
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IN TRO DUC TION

Ac cel er a tor driven subcritical sys tems (ADS)
and fast re ac tors (FR) are stud ied ex ten sively in last
de cades as a prom is ing op tion for nu clear power pro -
duc tion and nu clear waste re duc tion by trans mu ta tion.
Use of mi nor actinides (MA) in fuel de sign for the
ADS and FR, or for nu clear waste elim i na tion through
nuclides trans mu ta tion in these nu clear re ac tors, re -
quires knowl edge of the MA neu tron cross-sec tions
with dif fer ent ac cu racy, de pend ing on the MA us age.
If the MA are used for the fuel de sign (i. e., added to the 
ADS or FR fuel el e ments in a large per cent), their neu -
tron cross-sec tions must be known with great ac cu -
racy, as they are known for the fuel el e ments' ma te rial
(235U or 239Pu), i. e., the un cer tainty must be very low,
less than 0.5%. If the MA are used for the waste side

trans mu ta tion in (blan kets of) the ADS or FR, the MA
were sup posed to be added to the ADS or FR fuel el e -
ments only in few percents, and hence the un cer tainty
of the MA neu tron cross-sec tions is ac cept able in a
range of 5% to 10%. The higher un cer tainty of the MA
neu tron cross-sec tions will be ac cept able for stud ies of 
the ir ra di a tion prop er ties of the nu clear spent fuel of
the ther mal nu clear re ac tors, fast nu clear re ac tors or
ADS. In such cases, the un cer tainty of neu tron
cross-sec tions up to 10% is ac cept able for 237Np nu -
clide, from 15% to 20% for Am iso topes and from 30% 
to 50% for Cm iso topes. These re quire ments [1] for
the un cer tain ties of the MA neu tron cross-sec tions ini -
ti ated var i ous re searches on ex per i men tal ac tiv i ties
and eval u a tion stud ies on neu tron cross-sec tions of the 
MA and some other iso topes used for dif fer ent pur -
poses in nu clear re ac tors and ADS. A re cent study of
the MA cross-sec tions sta tus and re quire ments for
better nu clear data is given in [2].
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One of the ex per i men tal re searches of the MA
neu tron cross-sec tions was car ried out at the MAKET
ther mal crit i cal as sem bly [3] at the In sti tute for The o -
ret i cal and Ex per i men tal Phys ics (ITEP) within frame
of the In ter na tional Sci ence and Tech nol ogy Cen ter
(ISTC) pro ject #1145 [1]. This ex per i men tal re search
and nu mer i cal stud ies of the MA and se lected nuclides
(SN) re ac tion rates were the ba sic for a por tion de -
voted to nu clear data of the In ter na tional Atomic En -
ergy Agency (IAEA) co or di nated re search pro ject
(CRP) on the An a lyt i cal and Bench mark Anal y ses of
Ac cel er a tor Driven Sys tems. In this IAEA CRP [4],
the re ac tion rates (RR) of the MA and some SN were
cal cu lated us ing older ver sions (4B2 and 5.1-6) of the
MCNP com puter code [5] and the cal cu la tion re sults
of the MA and SN re ac tion rates were com pared to the
ex per i men tally de ter mined re ac tion rates of the MA
and SN.

For the cal cu la tions of the MA and SN re ac tion
rates in this IAEA CRP, the MCNP com puter code was
used with neu tron cross-sec tions of the MA and SN pre -
pared in the ACE for mat from the older eval u ated nu -
clear data li brar ies: JENDL-3.2 [6], ENDF/B-VI (re -
leases 0/1 and 7, [7]) and LLLDOS [8]. The ACE
for mat ted nu clear data from some newer avail able eval u -
ated nu clear data li brar ies were used in the IAEA CRP in
2014 as well as for: ENDF/B-VII.0 [9], ENDF/B-VII.1
[10], JEFF-3.1.1 [11], and JEFF- 3.2 [12].

The pur pose of this study was to com pare cal cu -
lated re sults of the MA and SN re ac tion rates of sev eral 
newer and ded i cated eval u ated neu tron cross-sec tions
data li brar ies to the ex per i men tal re ac tion rates re sults
ob tained for the same MA and SN ir ra di ated at the
MAKET as sem bly. To achieve this goal, the new (the
last avail able pro duc tion) ver sion (6.1, re leased by the
LANL in 2013) of the MCNP com puter code [13] was
used with the ACE type of neu tron cross-sec tions cre -

ated from the eval u ated nu clear data li brar ies, is sued
by dif fer ent nu clear data cen tres in a few last years:
ENDF/B-VII.1 (LANL, 2012 [10]), JEFF-3.2
(OECD/NEA, 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 eval u ated data for the
MA, like the ones known as “Maslov” (eval u ated in
1994-6 by Maslov et al., [20]) are not ex am ined en -
tirely in this study since these eval u a tions were be ing
in com plete (in the num ber of iso topes) and that part of
these eval u a tions was in cluded in the JENDL-3.2 li -
brary.

MAKET AND EX PER I MEN TAL DATA

The de tailed de scrip tions of the MAKET crit i cal
as sem bly and the MA and SN sam ples prep a ra tion, the 
sam ples char ac ter is tic, ir ra di a tion and the MA and SN
re ac tion rates mea sure ments were given in [1, 3]. The
data pro vided in this ar ti cle are shown only in or der to
pro vide a brief in sight in the com plex ity of the MA and 
SN re ac tion rates ex per i ments car ried out at the
MAKET as sem bly.

The MAKET heavy wa ter crit i cal as sem bly was
de signed [3, 21] to op er ate with the dis persed (in alu -
mi num) tu bu lar TVR-S type (90%) HEU (with alu mi -
num clad) fuel el e ments placed in a hex ag o nal lat tice
of the core. Hor i zon tal cross-sec tions of the MAKET
core fuel lat tices la belled as the 21-1-5(M2) and 21-2,
used for ir ra di a tion  of the sam ples (ir ra di a tion chan -
nels marked as small cir cles of dark col our, (4)) are ex -
tracted from the MAKET com pu ta tional MCNP code
three-di men sional (3-D) ge om e try and ma te rial (nu -
mer i cal) model and shown in fig. 1.
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Fig ure 1. A zoom in the hor i zon tal cross-sec tions of the MAKET core fuel lat tices; (1) – fuel el e ments, (2) – heavy wa ter
mod er a tor, and (3) – SBM with sam ples po si tions (4)



The MA ex per i men tal sam ples, con tain ing thin
lay ers of the 235U, 237Np, 238,239,240,241Pu, 242mAm,
243Cm, 245Cm, 247Cm, de pos ited on metal sup port and
SN foils of 235U (pseudo-al loy 27Al + 235U), 238U, natIn,
64Zn, 27Al, MCS (al loy 27Al + 55Mn + natCu + natLu +
197Au) [1] were ir ra di ated in dry chan nels (small dark
cir cles (4) in fig. 1) of the micromodel salt blan ket
(SBM) in serted in the lat tice cen tre of the MAKET crit i -
cal fa cil ity. Cross-sec tions of the SBM are shown in fig.
2. The method of the solid state nu clear track de tec tor

(SSNTD) was used for mea sure ments of the MA fis sion 
re ac tion rates. The gamma-spec tros copy method was
used for mea sure ments of the re ac tion rates of other SN: 
235U(n, f), 238U(n, g), 55Mn(n, g), 63Cu(n, g), 197Au(n, g),  
176Lu(n,  g),  115In(n, n'),   27Al(n, a),  64Zn(n, p),  and 
64Zn(n, 2n).

The MAKET crit i cal as sem bly has op er ated for
2 hours, dur ing the SN sam ples ir ra di a tion, or for 40
min utes dur ing the MA sam ples ir ra di a tion. The
MAKET steady fis sion power, dur ing sam ples ir ra di a -
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Fig ure 2. The SBM cross-sec tions



tion, was (81.4 ± 1.7) W and (78.8 ± 1.6) W, for the
core lat tices 21-1-5(M2) and 21-2, re spec tively [1].
The MCNP cal cu la tions have shown that the neu tron
flux den sity en ergy dis tri bu tion (neu tron spec trum)
had very sim i lar shape for dif fer ent po si tions at the
MAKET core lat tices used for ir ra di a tion of the sam -
ples [1]. The nor mal ized neu tron spec trum per unit of
leth argy, E·F(E), de ter mined  in 176 neu tron en ergy
groups in range of 10 meV to 18 MeV, cal cu lated by the 
MCNP6.1 code for the MAKET core lat tice
21-1-5(M2) and fis sion power of 81.4 W, is given in
fig. 3. The neu tron spec trum was ob tained af ter the
MCNP6.1 code run for 150 mil lion neu tron his to ries,
at the sam ple po si tion in the cen tral chan nel at the
MAKET core (la belled also the '667') in the
21-1-5(M2) lat tice. Such num ber of neu tron his to ries
pro duced cal cu lated group neu tron spec trum (MCNP
F4 tally) with the sta tis ti cal rel a tive 1s un cer tainty be -
low  5%  in  all  en ergy  groups  be tween  2.5  meV and 2 
MeV. This neu tron spec trum is in well agree ment with
the neu tron spec trum de ter mined by the MCNP4B2
code us ing ACE type older neu tron cross-sec tion data
of the endf60 (*.60c) and the tmccs (*.01t) li brar ies
[1].

The mea sured (ex per i men tal) val ues of the re ac -
tion rates of the MA and SN of the ir ra di ated sam ples
are given in [1] and [3] and nor mal ized to the MAKET
fis sion en ergy unit [Ws] and the nu clide sam ple unit of 
mass [g], be fore the com par i son to the cal cu lated val -
ues of the re ac tion rates of the same nu clide. Ta ble 1
shows the nor mal ized val ues of the sam ples nu clide
re ac tion rates de ter mined by the SSNTD (sil i cate glass 
and polycarbonate thin film) method [1] af ter the sam -
ples of the MA and SN ir ra di a tion at the var i ous po si -
tions at the MAKET core lat tices. The ir ra di a tion po si -
tions  were  la belled  as the '667' = the cen tral chan nel
(0 mm), '327' = 1st chan nel (46.6 mm), '337' = 2nd chan -
nel (72.0 mm), and '317' = 3rd chan nel (96.5 mm). The
di men sions as so ci ated to the chan nels above show
sam ples po si tions at the cor re spond ing ra dii of the

SBM de vices (con tain ers) in serted in the MAKET
core lat tice [1]. The nor mal iza tion for mula, used for
the re ac tion rate of the sam ple iso tope k, RR(k), is
given in [1] as

RR k RR k
N

A P
( ) ( )exp exp

norm meas
Av=
k

1

In the nor mal iza tion pro cess the fol low ing val -
ues, be side the MAKET as sem bly fis sion gen er ated
power P (given in W), were used: Avo ga dro's num ber
NAv = 6.023·1023 mol–1; the mea sured re ac tion rate
RR(k)meas (given in s–1, [1]) and the sam ple iso tope k
atomic mass Ak (given in g×mol–1). The val ues of Avo -
ga dro num ber and the atomic masses of the iso topes
were taken from [22]. The iso to pic com po si tion of the
sam ples was de ter mined by the mass spec trom e try
(be fore the sam ples ir ra di a tion) and shown in the atom
frac tions ak [1].

CAL CU LA TIONS

Var i ous ver sions of the MCNP com puter code,
with dif fer ent neu tron ACE type cross-sec tion li brar ies, 
were ex ten sively used at the Vin~a In sti tute of Nu clear
Sci ences for val i da tion of di verse mod els of com plex
heavy wa ter sys tems, e. g. [23], since late 1970s. The
cal cu la tion of the MA and SN re ac tion rates in this study 
were car ried out by the 6.1 ver sion of the MCNP com -
puter code, re leased by the LANL in 2013. A de tailed
3-D ge om e try and ma te ri als model of the MAKET as -
sem bly and the SBM sam ples is cre ated as cred i ble as
pos si ble [1] and the as sem bly ma te ri als are de scribed in
the MCNP6.1 us ing endf60 (*.60c) and Sab2002
(*.60t) ACE type neu tron cross-sec tion data. This
MAKET 3-D model was ver i fied in the ex ten sive val i -
da tion cal cu la tions against dif fer ent MAKET core con -
fig u ra tions [1].

The ir ra di ated sam ples were mod elled in their
con tain ers. For all the sam ples it was pos si ble only to
model and sim u late (i. e., cal cu late) the MA and the SN 
re ac tion rates in a ho mo ge neous re gion, de scrib ing the 
sam ple po si tion by the MCNP F4 neu tron flux tally
mod i fied (folded) by the re sponse func tion (i. e., neu -
tron cross-sec tions) of the re quired re ac tion rate.

In this study, the neu tron cross-sec tions of the
MA and the SN in the ir ra di ated sam ples were taken
us ing the fol low ing ACE type nu clear data li brar ies:
– endf71 (*.80c), based on the LANL eval u a tion of

the ENDF/B-VII.1 file, re leased in 2013,
– jeff3.2 (*.03c), based on the OECD/NEA eval u a -

tion of the JEFF-3.2 file, re leased in 2014,
– tendl2014 (*.00c), based on the NRG eval u a tion

of the TALYS-1.6, re leased in 2014,
– ads20 (*.70c), the IAEA pro cessed and ded i cated

li brary for the ADS, ADS-2.0, re leased in 2008,
– irdf2002 (*.34y), the IAEA pro cessed and ded i -

cated re ac tor do sim e try li brary, IRDF-2002, re -
leased in 2002, and
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Fig ure 3. Nor mal ized neu tron spec trum per leth argy
unit at the sam ple '667' po si tion (the cen tral chan nel) at
the MAKET core lat tice 21-1-5(M2)



– irdff-v-1.05 (*.10y), the IAEA pro cessed and ded -
i cated re ac tor do sim e try and fu sion li brary,
IRDFF-v-1.05, re leased in 2015.

Ad di tion ally, ACE type neu tron cross-sec tion li -
brar ies, at the neu tron tem per a ture of 293.6 K, only for 
the MA iso topes ana lysed in this study, were pre pared
from:
– Jap a nese JENDL-4.0 (up date 3, 2015, *.88c), 
– Maslov (rev. 2003, *.20c), and 
– Rus sian ROSFOND-2010 (2010, *.99c), 
us ing the NJOY99 (ver sion 396) com puter code [24].
The ACE cross-sec tions were gen er ated in re solved
res o nance range us ing frac tional tol er ance of 0.001 for 
thin ning, frac tional in te gral tol er ance of 0.003 and
prob a bil ity ta bles in un re solved res o nance range.

These ACE type nu clear cross-sec tion li brar ies
are pro cessed from the eval u ated nu clear data at var i ous 
neu tron tem per a tures. The ACE type li brar ies used in
this val i da tion study were se lected at al most the same
tem per a ture val ues: 293.6 K (= 25.301 meV) for the
endf71, jeff3.2, and ads2.0; 293.1 K (= 25.263 meV) for 
the tendl2014 or 300.0 K (= 25.852 meV) for the
irdff-v1.05. Only the ACE type nu clear data li brary
irdf2002 was re leased at 0 K neu tron tem per a ture. Ad -
di tion ally, the MCNP6.1 code in put was mod i fied by
the cell free-gas ther mal tem per a ture TMP card (af fects
only the neu tron elas tic scat ter ing cross-sec tions) with

the value of a 24.46 meV (= 10.71 ºC) for the both
MAKET lat tices 21-1-5(M2) and 21-2, which cor re -
spond to the ex per i men tal tem per a tures mea sured
within ±1.5 ºC. It is judged that a small dif fer ence in
neu tron tem per a tures of ACE type nu clear cross-sec -
tion li brar ies does not in flu ence sig nif i cantly the ob -
tained cal cu la tion re sults.

All re ac tion cross-sec tions of the MA and the
SN, which were ex am ined, have been found in the
endf71, jeff32, and tendl2014 ACE type nu clear li -
brar ies, as well in the ROSFOND-2010 and
JENDL-4.0up3 li brar ies. How ever, some re ac tion
cross-sec tions of the MA and the SN are miss ing in the
ads20, irdf2002, irdff-v-1.05, and Maslov ACE type
nu clear data li brar ies and no al ter na tives were used in
the sim u la tion. This in for ma tion is shown as the '–'
char ac ter in tab. 2 (and tab. 4), while the MA and the
SN re ac tion cross-sec tions ex is tence in these ACE
type li brar ies is marked with the '+' char ac ter in tab. 2.
Ob vi ously, the cal cu la tion re sults for the se lected re ac -
tion rates in the cases of the miss ing nu clide re ac tion
cross-sec tions were zero.

The MCNP6.1 com puter code was run in the
MODE N for 50 mil lion neu tron his to ries (KCODE
op tion with 50 000 neu tron his to ries in 1000 ac tive cy -
cles, af ter 100 ini tial cy cles). Such MCNP6.1 code run
en abled that the sta tis ti cal rel a tive 1s un cer tain ties of
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Ta ble 1. Nor mal ized mea sured nuclides re ac tion rates (RR) val ues (rel a tive un cer tainty of the RR val ues is
in range of 2% to 5%)

Lat tice 21-1-5(M2) 21-2

Power (81.4 ± 1.7) W (78.8 ± 1.6) W

Po si tion '667' '327' '337' '317' '327'  '337' '317'

Nu clide RR Nor mal ized mea sured nuclides re ac tion rates RR [W–1s–1g–1]
235U(n, f ) 1.608·107 1.690·107 1.610·107 1.569·107 1.501·107 1.877·107 2.010·107

237Np(n, f ) 6.611·103 1.202·104

238Pu(n, f ) 6.043·105 6.001·105

239Pu(n, f ) 2.369·107 2.584·107 2.235·107 2.442·107 2.733·107 2.363·107 2.906·107

240Pu(n, f ) 1.221·105 1.254·105

241Pu(n, f ) 2.718·107 2.648·107

242mAm(n, f ) 1.962·108 2.067·108

243Cm(n, f ) 1.991·107 2.201·107

245Cm(n, f ) 4.369·107 4.357·107

247Cm(n, f ) 7.319·106 8.396·106

238U(n, g) 2.769·105 2.837·105 2.906·105 2.943·105 2.915·105 3.243·105 3.188·105

55Mn(n, g) 1.697·106 1.724·106 1.764·106 1.845·106 1.642·106 1.697·106 1.878·106

63Cu(n, g) 5.291·105 5.209·105 5.526·105 5.420·105 4.737·105 4.822·105 5.393·105

197Au(n, g) 7.363·106 7.438·106 7.551·106 7.739·106 7.489·106 7.567·106 8.382·106

176Lu(n, g) 1.741·108 1.758·108 1.771·108 1.842·108 1.677·108 1.720·108 1.894·108

68Zn(n, g) 1.020·104 1.176·104 1.100·104 1.155·104 1.089·104 1.159·104 1.294·104

27Al(n, a) 1.453·101 2.155·101 1.804·101 2.304·101 3.059·101 2.368·101 2.742·101

64Zn(n, p) 2.789·102 2.917·102 3.380·102 3.889·102 6.660·102 5.189·102 5.189·102

64Zn(n, g) 8.403·104 8.507·104 8.704·104 9.282·104 8.537·104 8.847·104 9.517·104

115In(n, n') 9.852·102 1.082·103 1.159·103 1.146·103 2.242·103 1.610·103 1.849·103

115In(n, g) 8.756·106 9.080·106 9.466·106 9.981·106 8.382·106 8.980·106 9.645·106

115In(n, 2n) 3.278·104 3.336·104 3.413·104 3.419·104 5.947·104 5.947·104 6.100·104

Note: Empty cells in the table mean that mea sure ments of these RR were not done



the (MCNP F4 tally) de ter mined re ac tion rates (RR) of 
the MA and the SN at all the ir ra di a tion po si tions of the 
sam ples at the MAKET as sem bly lat tices were in the
range from 0.5% to 5%, ex cept for the 27Al(n, a) re ac -
tion rates, for which the sta tis ti cal rel a tive 1s un cer -
tain ties were in the range from 14% to 19%.

The MCNP6.1 code cal cu lated val ues of the re -
ac tion rates of the MA and the SN were nor mal ized to
the MAKET fis sion en ergy unit [Ws] and the nu clide
sam ple unit of mass [g], be fore the com par i son to the
ex per i men tal nor mal ized re ac tion rate val ues (tab. 1)
was done. In this nor mal iza tion pro cess, the fol low ing
val ues were used:
– Avo ga dro's num ber NAv = 6.023·1023 mol–1,
– the en ergy per fis sion Ef = 194.0833 MeV =

=.3.10956·10–11 Ws [1],
– the num ber of neu trons lost per fis sion (i. e., the

to tal num ber of fis sion events nor mal ized per a
sin gle fis sion neu tron) in the MAKET core (taken
from the MCNP6.1 code out put) lpf = 0.41634

(» 1/u = 1/2.433) for the lat tice 21-1-5(M2) or 

lpf  = 0.41591(» 1/u = 1/2.432) for the lat tice 21-2, 
and

– the atomic mass Ak (given in g×mol–1) of the iso -
tope k. 

The val ues of Avo ga dro num ber and the atomic
masses of the iso topes were taken from [22]. Since the
re ac tion rates cal cu lated in the MCNP6.1 code runs
were ob tained nor mal ized per fis sion neu tron and per

atom, the post-cal cu la tion nor mal iza tion pro cess was
in cluded, also the cor rec tions to the iso to pic com po si -
tion of the real MA and nu clide sam ples (given as the
atomic frac tion ak, [1]) and the MCNP mi cro scopic
cross-sec tion units (1 barn = 10–24 cm2). The nor mal -
iza tion for mula, for the re ac tion rate of the sam ple iso -
tope k, RR(k), is given in [1] as

RR k RR k a
N

A E lpj

n

f

( ) ( )norm
calc

MCNP
calc

kj
Av

kj

=
=

-

å
1

2410

f

where j = 1... n is the num ber of iso topes mixed with
iso tope k, and aj

n
kj =å = 11 .

Due to a large num ber of the cal cu la tions data,
the nor mal ized re sults of the MCNP6.1 cal cu la tions of 
the re ac tion rates (of the MA and the SN) are given in
tab. 3 only for the neu tron cross-sec tions of the endf71
ACE type nu clear data li brary. There fore, the nor mal -
ized re sults of the MCNP6.1 cal cu la tion re ac tion rates
(of the MA and the SN) for neu tron cross-sec tions of
the jeff32, tendl2014, irdf2002, irdff-v-1.05, jendl40,
Maslov, and rosfond2010 ACE type nu clear data li -
brar ies are not given in this ar ti cle.

RE SULTS AND CON CLU SIONS

In aim to com pare the nor mal ized MCNP6.1
code cal cu lated re ac tion rates to the nor mal ized mea -
sured re ac tion rates for the iso tope k, the sim u la -
tion-to-ex per i ment (i. e., the cal cu la tions-to-mea sure -
ments)  mean squared de vi a tion fac tor, la belled as the
<Fk>, was cal cu lated ac cord ing to the for mula (as
given in [1])

< >=

<
æ

è

ç
ç

ö

ø

÷
÷

>

F

RR k

RR k
k

norm
calc

norm10

2

log
( )

( ) exp

where < > rep re sents av er ag ing over all mea sured (ex -
per i men tal) and cal cu lated nor mal ized re ac tion rate
data val ues used in the com par i son. Ob vi ously, the
miss ing cor re spon dent re ac tion rates data (ei ther the
ex per i men tal or cal cu lated) of the nuclides were not
in cluded in the com par i son. The cal cu lated val ues of
the mean squared de vi a tion fac tor < Fk >, ac cord ing to
the for mula above, are given in tabs. 4 and 5.

The cal cu lated mean squared de vi a tion nor mal -
iza tion fac tors <Fk> with val ues within 5% to 7% dif -
fer ence are con sid ered prac ti cally equal [1, 4], due to
val ues of the un cer tain ties of the mea sured (ex per i men -
tal) and sim u lated (cal cu lated) re ac tion rates of the MA
and the SN. The val ues of the <Fk> fac tor, given in tabs.
4 and 5, show that the dif fer ence of the ex per i men tal
and the sim u lated re ac tion rates of MA are in the range
of 1% to 63%. The re ac tion rates dif fer ence for the SN
with well known cross-sec tions are in the range of 0%
to 66%, ex cept for the re ac tion rates of  115In(n, n'), 
68Zn(n, g),  and 115In(n, 2n) plus 113In(n, g). 

There fore, the fol low ing con clu sions about neu -
tron cross-sec tions data of the MA and the SN, be side a 
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Ta ble 2. Miss ing re ac tions cross sec tions of the MA and
SN in the ads20, irdf2002, irdff-v-1.05 and Maslov ACE
type li brar ies

ACE li brary ®
ads20 irdf2002 irdff-v1.05 MaslovNu clide re ac tion

¯
238Pu(n, f ) – – – +
240Pu(n, f ) – – – –
241Pu(n, f ) + – – –
242Pu(n, f ) + – – +
244Pu(n, f ) – – – –

242mAm(n, f ) + – – +
243Am(n, f ) + – – +
243Cm(n, f ) – – – +
244Cm(n, f ) + – – –(*)

245Cm(n, f ) + – – +
246Cm(n, f ) – – – +
247Cm(n, f ) + – – –
248Cm(n, f ) – – – –
176Lu(n, g) + – – –
68Zn(n, g) – – – –
64Zn(n, p) – + + –
64Zn(n, g) – – – –
115In(n, n') + – – –
115In(n, g) + – + –

115In(n, 2n) + – – –
113In(n, g) – – + –

Note: (*) NJOY99.396 code failed to pro cess 244Cm Maslov
endf/b file



gen eral state ment that the im prov ing qual ity of neu -
tron cross-sec tion data in newer eval u ated ENDF/B
data is a con tin u ous prog ress, which can be also seen
from this com par i son, can be drown:
– the fis sion neu tron cross-sec tions of 237Np in jeff3.2 

show some deg ra da tion cor re spond ing to other li -
brar ies, which has been con cluded also in [4],

– the fis sion neu tron cross-sec tions of iso topes of 243Cm,
247Cm, and 242mAm still re quire im prove ments,

– eval u ated cross-sec tions for Zn iso topes were
given in endf71 and jeff32 li brar ies for the first
time and ob vi ously re quire fur ther at ten tion, as
well as the In iso topes re ac tion cross-sec tions,

– the tendl2014 li brary in case of  242mAm neu tron
fis sion cross-sec tion shows the big gest de vi a tion

rel a tive to the other li brar ies and to the ex per i men -
tal re ac tion rates,

– new cre ated jendl40 and rosfond2010 ACE type
li brar ies show sim i lar RR de vi a tions for all MA as
the other avail able ACE type li brar ies,

– fac tor <Fk> shows larger dif fer ences among the sim -
u lated and the ex per i men tal re ac tion rates of 238U(n,

g), 176Lu(n, g) and In iso topes since no self-shield ing
ef fect is ac counted due to sam ples real size,

– the new irdff-v-1.05 ACE type nu clear li brary
shows no big ad van tage over the older irdf2002 li -

brary ex cept that the 115In(n, g) cross-sec tions are
avail able, and

– al most all li brar ies show rel a tive large de vi a tion
of the cal cu lated to the ex per i men tal re ac tion rates 
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Ta ble 3. Nor mal ized cal cu lated val ues(1) of the re ac tion rates (RR) of the MA and SN for the endf71 ACE type neu tron
cross-sec tion data li brary

Lat tice 21-1-5(M2) 21-2

Po si tion '667' '327' '337' '317' '327' '337' '317'

Nu clide RR Nor mal ized cal cu lated nuclides re ac tion rates RR [W–1s–1g–1]
235U(n, f ) 1.406E+07 1.458E+07 1.518E+07 1.600E+07 1.408E+07 1.508E+07 1.626E+07

237Np(n, f ) 5.450E+03 5.889E+03 6.133E+03 6.695E+03 1.066E+04 8.689E+03 8.243E+03
238Pu(n, f ) 5.957E+05 6.118E+05 6.377E+05 6.705E+05 6.103E+05 6.460E+05 6.896E+05
239Pu(n, f ) 2.276E+07 2.325E+07 2.428E+07 2.528E+07 2.306E+07 2.426E+07 2.615E+07
240Pu(n, f ) 1.245E+05 1.281E+05 1.331E+05 1.391E+05 1.315E+05 1.361E+05 1.455E+05
241Pu(n, f ) 2.768E+07 2.846E+07 2.973E+07 3.111E+07 2.789E+07 2.958E+07 3.191E+07
242Pu(n, f) 3.780E+03 4.071E+03 4.436E+03 4.747E+03 8.043E+03 6.474E+03 5.937E+03
244Pu(n, f ) 2.835E+03 3.101E+03 3.333E+03 3.646E+03 6.523E+03 5.107E+03 4.651E+03

241Am(n, f ) 1.140E+05 1.154E+05 1.204E+05 1.252E+05 1.217E+05 1.238E+05 1.311E+05
242mAm(n, f ) 1.469E+08 1.518E+08 1.583E+08 1.661E+08 1.472E+08 1.573E+08 1.694E+08
243Am(n, f ) 8.297E+03 8.722E+03 9.079E+03 1.661E+08 1.256E+04 1.134E+04 1.091E+04
243Cm(n, f ) 1.668E+07 1.711E+07 1.776E+07 1.857E+07 1.691E+07 1.788E+07 1.910E+07
244Cm(n, f ) 4.195E+04 4.430E+04 4.496E+04 4.779E+04 5.106E+04 4.970E+04 5.065E+04
245Cm(n, f ) 4.335E+07 4.508E+07 4.698E+07 4.965E+07 4.329E+07 4.657E+07 5.029E+07
246Cm(n, f ) 1.014E+04 1.057E+04 1.101E+04 1.160E+04 1.538E+04 1.355E+04 1.340E+04
247Cm(n, f ) 5.622E+06 5.684E+06 5.920E+06 6.204E+06 5.746E+06 6.047E+06 6.409E+06
248Cm(n, f ) 1.406E+07 1.458E+07 1.518E+07 1.600E+07 2.338E+04 2.180E+04 2.042E+04

238U(n, f ) 1.722E+04 1.766E+04 2.004E+04 1.976E+04 1.484E+03 1.150E+03 1.082E+03
238U(n, g) 5.968E+02 6.933E+02 7.754E+02 8.581E+02 6.488E+05 6.610E+05 7.055E+05

55Mn(n, g) 6.325E+05 6.794E+05 5.819E+05 6.525E+05 1.502E+06 1.600E+06 1.716E+06
63Cu(n, g) 1.490E+06 1.536E+06 1.597E+06 1.674E+06 4.472E+05 4.698E+05 5.096E+05

197Au(n, g) 4.357E+05 4.538E+05 4.744E+05 4.922E+05 7.000E+06 7.591E+06 7.839E+06
176Lu(n, g) 6.834E+06 6.853E+06 7.038E+06 7.073E+06 1.435E+08 1.519E+08 1.622E+08
68Zn(n, g) 1.419E+08 1.453E+08 1.518E+08 1.576E+08 1.199E+05 1.244E+05 1.310E+05
32S(n, p) 1.129E+05 1.160E+05 1.203E+05 1.268E+05 2.069E+03 1.572E+03 1.609E+03

58Ni(n, p) 8.215E+02 9.779E+02 1.116E+03 1.244E+03 1.775E+03 1.348E+03 1.370E+03
27Al(n, a) 7.074E+02 8.396E+02 9.567E+02 1.063E+03 2.019E+01 1.649E+01 1.721E+01
19F(n, 2n) 9.044E+00 1.166E+01 1.395E+01 1.348E+01 5.552E-03 8.346E-02 3.041E-01
64Zn(n, p) 8.907E-02 1.767E-01 1.713E-01 8.555E-01 5.164E+02 3.930E+02 4.043E+02
64Zn(n, g) 2.058E+02 2.449E+02 2.809E+02 3.119E+02 8.111E+04 8.603E+04 9.171E+04
115In(n, n') 7.854E+04 8.182E+04 8.388E+04 8.878E+04 1.681E+02 1.311E+02 1.153E+02
115In(n, g) 7.173E+01 7.662E+01 8.205E+01 8.907E+01 2.555E+07 2.582E+07 2.591E+07

115In(n, 2n)(2) 2.373E+07 2.377E+07 2.387E+07 2.504E+07 9.742E+04 9.975E+04 1.002E+05
113In(n, g) 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 1.2345×10+7; (2) Val ues in clude RR of 115In(n, 2n) plus RR of 113In(n, g) in aim to be com pa ra ble to the
mea sured RR at trib uted to the 115In(n, 2n)



of SN as 27Al(n, a), 115In(n, g), 64Zn(n, p), and
115In(n, 2n), which (de vi a tion) reach an or der of

mag ni tude in case of 115In(n, n') and 68Zn(n, g) re -

ac tion rates. It con firms that fur ther work on the
par tic u lar neu tron re ac tion cross-sec tions data of
these iso topes is nec es sary.
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Ta ble 4. Val ues of the mean squared de vi a tion fac tor <Fk> for MAKET lat tice 21-1-5(M2)

ACE li brary endf71 jeff32 tendl2014 ads20 irdf2002 irdff-1.05 jendl40 rosfond Maslov
235U(n, f ) 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11 –(1)

237Np(n, f ) 1.21 1.49 1.25 1.23 1.20 1.19 1.25 1.19 –
238Pu(n, f ) 1.01 1.04 1.00 – – – 1.02 1.02 1.49
239Pu(n, f ) 1.07 1.08 1.07 1.07 1.07 1.07 1.07 1.07 –
240Pu(n, f ) 1.02 1.03 1.03 1.07 – – 1.03 1.03 –
241Pu(n, f ) 1.02 1.02 1.02 1.02 – – 1.02 1.02 –

242mAm(n, f ) 1.34 1.34 1.55 1.34 – – 1.33 1.33 1.32
243Cm(n, f ) 1.19 1.19 1.15 – – – 1.20 1.16 –
245Cm(n, f ) 1.01 1.01 1.06 1.04 – – 1.01 1.05 –
247Cm(n, f ) 1.30 1.30 1.44 1.28 – – 1.30 1.18 –
238U(n, g)(2) 2.23 2.22 2.23 2.23 2.25 2.19 2.21 2.17 2.16
55Mn(n, g) 1.12 1.11 1.12 1.12 1.12 1.12 – – –
63Cu(n, g) 1.16 1.16 1.15 1.16 1.16 1.16 – – –

197Au(n, g) 1.08 1.09 1.08 1.08 1.09 1.09 – – –
176Lu(n, g) (2) 1.19 1.21 1.21 1.19 – – – – –

68Zn(n, g) 10.70 10.78 10.78 – – – – – –
27Al(n, a) 1.63 1.63 1.66 1.63 1.63 1.64 – – –
64Zn(n, p) 1.25 1.14 1.14 – 1.15 1.13 – – –
64Zn(n, g) 1.05 1.04 1.04 – – – – – –

115In(n, n')(2) 14.27 14.27 18.99 14.27 – – – – –
115In(n, g)(2) 2.59 2.58 2.59 2.59 – 2.68 – – –

115In(n, 2n)(2, 3) 2.71 2.67 2.72 2.71 – – – – –

Notes: (1) Char ac ter '–' in di cates that no RR cross-sec tion data of the nu clide ex ists in the ACE li brary; (2) Not ac counted for the self-shield ing
ef fect due to sam ple real size; (3) Re ac tion rate value shows 115In(n, 2n) plus 113In(n, g)

Ta ble 5. Val ues of the mean squared de vi a tion fac tor <Fk> for MAKET lat tice 21-2

ACE li brary endf71 jeff32 tendl2014 ads20 irdf2002 irdff-1.05 jendl40 rosfond Maslov
235U(n, f ) 1.20 1.20 1.20 1.20 1.20 1.19 1.20 1.19 –(1)

237Np(n, f ) 1.13 1.28 1.16 1.14 1.12 1.12 1.14 1.14 –
238Pu(n, f ) 1.02 1.08 1.04 – – – 1.01 1.05 1.44
239Pu(n, f ) 1.12 1.13 1.12 1.12 1.12 1.13 1.13 1.13 –
240Pu(n, f ) 1.05 1.06 1.06 1.09 – – 1.04 1.04 –
241Pu(n, f ) 1.05 1.05 1.05 1.05 – – 1.04 1.04 –

242mAm(n, f) 1.40 1.40 1.63 1.40 – – 1.41 1.42 1.42
243Cm(n, f ) 1.30 1.30 1.25 – – – 1.31 1.27 –
245Cm(n, f ) 1.01 1.01 1.07 1.04 – – 1.01 1.03 –
247Cm(n, f ) 1.46 1.46 1.63 1.43 – – 1.47 1.30 –
238U(n, g)(2) 2.16 2.16 2.16 2.16 2.18 2.10 2.30 2.36 2.17
55Mn(n, g) 1.08 1.08 1.08 1.09 1.09 1.09 – – –
63Cu(n, g) 1.05 1.05 1.04 1.05 1.05 1.05 – – –

197Au(n, g) 1.06 1.07 1.06 1.06 1.06 1.07 – – –
176Lu(n, g)(2) 1.16 1.17 1.17 1.16 – – – – –

68Zn(n, g) 10.62 10.68 10.69 – – – – – –
27Al(n, a) 1.52 1.52 1.54 1.52 1.52 1.46 – – –
64Zn(n, p) 1.30 1.17 1.17 – 1.18 1.15 – – –
64Zn(n, g) 1.04 1.04 1.04 – – – – – –

115In(n, n')(2) 13.83 13.83 18.41 13.83 – – – – –
115In(n, g)(2) 2.87 2.86 2.87 2.87 – 2.87 – – –

115In(n, 2n) (2, 3) 1.65 1.62 1.66 1.65 – – – – –

Notes: (1)  Char ac ter '–' in di cates that no RR cross-sec tion data of the nu clide ex ists in the ACE li brary; (2) Not ac counted for the self-shield ing ef -
fect due to sam ple real size; (3) Re ac tion rate value shows 115In(n, 2n) plus 113In(n, g)
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VALIDACIJA  FISIONIH  NEUTRONSKIH  PRESEKA  MINOR  AKTINIDA

Validacija fisionih nuklearnih preseka mi nor aktinida iz nedavno dostupnih
evaluiranih biblioteka nuklearnih podataka izvr{ena je pore|ewem brzina nuklearnih reakcija
izra~unatih programskim paketom MCNP6.1 sa eksperimentalnim vrednostima. Eksperimentalni
uzorci, koji su sadr`avali tanke slojeve 235U, 237Np, 238,239,240,241Pu, 242mAm, 243Cm, 245Cm, i 247Cm,
naparene na metalnu podlogu, folije od 235U (pseudo-legure 27Al + 235U), 238U, natIn, 64Zn, 27Al i
vi{ekomponentne uzorke legure 27Al + 55Mn + natCu + natLu + 197Au, ozra~eni su u kanalima u tanku koji
su sadr`ali soli fluora (0.52NaF + 0.48ZrF4). Ovi kanali, ozna~eni kao Micromodel Salt Blan ket,
postavqeni su u centru re{etke na kriti~nom sistemu sa te{kom vodom MAKET u Institutu
teorijske i eksperimentalne fizike u Moskvi. Ovaj rad je nastavak nau~noistra`iva~kih
aktivnosti zapo~etih na validaciji fisionih neutronskih preseka za aktinide za koje se
pretpostavqa da }e se koristiti za ispitivawe kvaliteta nuklearnog goriva za potkriti~ne
reaktore pogowene akceleratorom i fisione brze nuklearne reaktore, odre|ivawe brzina
transmutacije, kao i odre|ivawe parametara rada ovih fisionih sistema. Ove
nau~noistra`iva~ke aktivnosti su ra|ene u okviru projekata koje su podr`ali Me|unarodni
nau~ni i tehnolo{ki centar i Me|unarodna agencija za atomsku energiju kroz koordinirane
istra`iva~ke projekte, u periodu od 2005‡2010. godine. Dobijeni rezultati potvr|uju da su daqa
istra`ivawa u evalucijama potrebna da bi se ostvarili boqi podaci za neutronske preseke za mi -
nor aktinide i izabrane nuklide koji mogu biti kori{}eni u potkriti~nim reaktorima
pogowenim akceleratorom i fisionim brzim nuklearnim reaktorima.

Kqu~ne re~i: biblioteka nuklearnih podataka, ADS, brzi reaktor, aktinid, brzina reakcije,
.........................MAKET, MCNP6.1


