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The accelerator driven system is an innovative reactor which is being considered as a dedicated
high-level waste burner. The function of the spallation target in accelerator driven system is to
convert the incident high-energy particle beam to low-energy neutrons. One of the quantities
of most interest for practical purposes is the number of neutrons produced per proton in a
spallation target. However, this vital value depends not only on the material, but on the size of
the target as well, due to the internuclear cascade. The MCNPX 2.4 code can be used for
spallation target computation. Some benchmark results have been compared with MCNPX
2.4 simulations to verify the code's potential for calculating various parameters of an accelera-
tor driven system target.

Using the computation method, neutron interaction processes such as loss, capture and (n,
xn) into a spallation target have been studied for W, Ta, Pb, Bi, and LBE spallation targets in
different target dimensions. With relative errors less than 10%, the numerical simulation pro-
vided by the MCNPX code agrees qualitatively with other simulation results previously car-
ried out, qualifying it for spallation calculations. Among the studied targets, W and Ta targets
resulted in a higher neutron spallation yield using lesser target dimensions. Pb, Bi, and LBE
spallation targets behave similarly regarding the accessible leaked neutron yield on the outer
surface of the spallation target. By use of a thicker target, LBE can compete with both W and

Ta targets regarding the neutron yield parameter.
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INTRODUCTION

Accelerator Driven System. Accelerator driven
system (ADS) utilize neutrons produced in a
spallation target by a high-energy proton beamto drive
a blanket assembly containing both fissionable fuel
and radioactive waste. The novel feature of ADS is the
presence of a neutron spallation target in the core of
the reactor which always operates under subcritical
conditions.

The spallation target is ideally conceived as con-
sisting of a high atomic mass material and high-den-
sity liquid metals like lead and lead bismuth eutectic
(LBE) that fit this requirement extremely well [1].

There is a powerful incentive for improving the
precision of code predictions used to simulate the pro-
duction of neutrons during spallation reactions and the
transportation of high and low-energy neutrons within
the target material. More realistic codes would ascertain
the use of ADS in the future. However, at the moment,
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there is a need for validating the computational tools
and nuclear data for the existing ADS applications.

The MCNPX 2.4 code. The continuous energy of
the Monte Carlo code MCNPX 2.4 can be used for
modeling neutron transport in critical or subcritical re-
actors [2].

The MCNPX 2.4 code is a coupling of two previ-
ous calculations codes: Los Alamos high-energy
transport code (LAHET) [3] and the Monte Carlo
N-particle transport code (MCNP) [4]. It allows the
treatment of transporting problems in a large range of
energies, from a thermal energy of 25 meV to a few
GeV.

LAHET generates cross-sections for individual
processes, transport nucleons, pions, muons, and
antinucleons with an energy £ < 20 MeV, while the
MCNP is able to model the transport of neutrons (and
photons and electrons) within the energy range of
107" MeV < E <20 MeV. It uses libraries of evaluated
data as a source for determining the cross-sections.

The MCNPX simulation of spallation reactions
has three stages with a special model used for each of
them. The first stage is the intra-nuclear cascade (INC)
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coinciding with the pre-equilibrium stage. This is fol-
lowed by an equilibrium evaporation that competes
with the fission channel (fission fragments undergo an
evaporation stage that depends on their excitation en-
ergy). After evaporation, a de-excitation of the resid-
ual nucleus follows, generating gammas. The
MCNPX code enables us to choose different models
for the description of individual stages of the
spallation reaction. The primary aim of the study pre-
sented here is to evaluate, via the comparison between
the code output data and experimental works, the un-
certainty of the MCNPX code.

Since gaining a better knowledge of neutron
economy may have significant consequences regard-
ing the design of high-intensity neutron facilities, the
evaluation of the neutron yield of certain heavy tar-
gets, while using the MCNPX code, has been in the fo-
cus of our work aimed at optimizing spallation targets
for ADSR systems.

The spallation process. Spallation is a nuclear
reaction in which a relativistic light particle like a pro-
ton or aneutron hits a heavy nucleus. The energy of the
incoming particle usually varies between a few hun-
dred MeV and a few GeV per nucleon. Spallation is
thought to take place in two stages. In the first stage
(the intranuclear cascade phase), the incident proton
creates a high-energy particle cascade inside the nu-
cleus. During this intranuclear cascade, some high-en-
ergy (>20 MeV) secondary particles and low-energy
(<20 MeV) cascade particles escape from the nucleus.
After the intranuclear cascade, the nucleus is typically
left in a highly excited state. In the second stage (the
evaporation phase), the excited nucleus relaxes, pri-
marily by emitting low-energy (<20 MeV) evapora-
tion neutrons [5].

In many existing codes, the intranuclear cascade
(INC) model is used as a basis for first stage calcula-
tions. The description of the nucleon — nucleus reaction
in terms of binary nucleon — nucleon collisions inside
the nucleus is the basic assumption of the model. In
principle, the approach of single INC particles is justi-
fied as long as the de Broglie wavelength A of the cas-
cade particles is smaller than the average intranuclear
distance in the nucleus itself (=1.3 fm).

Intranuclear cascade calculations follow the his-
tory of individual nucleons involved in nucleon — nu-
cleon collisions in a semiclassical manner. In other
words, the momenta and coordinates (trajectories) of
these particles are treated in a classic manner. The only
quantum mechanical concept incorporated into the
model is the Pauli principle. The first code of the INC
has been created by Bertini [6] in 1963. Later on,
Bertini's concept was used in other codes, as well, e. g
by Yariv in his ISABEL code [7].

The main features of the standard INC approach
may be listed as follows: the initial positions of target
nucleons are chosen randomly, in a sphere of a radius

R=1.12 4" fm, where 4 is the mass number of the tar-
get nucleus.

The momenta of the nucleons are generated in-
side a Fermi sphere of Py = 270 MeV/c. Neutrons and
protons are distinguished according to their isospin. All
nucleons are positioned in a fixed and constant, attrac-
tive potential well of a V; =40 MeV depth, inside the
nuclear target volume. The depth value is taken as being
a bit higher than the Fermi energy (EF = 38 MeV) so
that the target remains stable during the reaction [6].

MATERIAL AND METHOD

The spallation target is one of the most important
components of ADS. Since a large amount of neutrons
is produced by the spallation reaction, one of the es-
sential conditions for selecting the target material is
the neutron production rate.

In this study, the MCNPX code system packages
have been used to report an uncertainty study on the
neutron yield using the Bertini model for a lead target
irradiated by 800 MeV protons.

A lead target (diameter 20 cm, height 60 cm) has
been simulated by some researchers as a benchmark
study using other particle transport codes, such as
HETC, SHIELD and so on (tab. 1).

To compare the MCNPX simulation data with
other simulation data obtained by different authors,
the neutron yield per incident proton of 800 MeV has
been calculated for the Pb target. It was evaluated in
two energy divisions (<20 MeV and >20 MeV).

This benchmark study has been proposed to de-
termine the neutron yield, number of leaked neutrons
of the target surface, leaked neutron spectra, axial dis-

Table 1. Benchmark study of a lead target using different
codes [8, 9]

Research group The used code
ANSALDO (Genoa) | Moving source model + MCNP

SITHA = Linear transport

JINR (Dubna) ¢q+ ENDLS2

CDF (Paris) GEANT + FLUKA + GHEISHA
INFN (Milano) FLUKA + PEANUT

INR (Moscow) ?—}]IBII]\SI]AB = INC + DEECitation
ENEA (Roma) HETC(NEA) + MCNP

IAERI (Japan) MNTC(JAERI) + MCNP

LANL (Los-Alamos) | LAHET + MCNP

KFA (Julich) HERMES = HETC(KFA) + MORSE
KfK-1 (Karlsruhe) | HERMES = HETC(KFA) + MORSE
KfK-2 (Karlsruhe) | HERMES = HETC(KFA) + MCNP
KfK-3 (Karlsruhe) | HERMES = HETC(KFA) + MCNP
PSI-1 (Villigen) HETC(PSI) + TWODANT

PSI-2 (Villigen) HETC(PSI) + 05R
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tribution of the leaked neutrons and, finally, the yield
distribution of spallation products into the target ac-
cording to their mass number; for the final analysis,
Bertini, ISABEL, and CEM models have been used.
The comparison between the computational data ob-
tained in this work and computational benchmark
problems previously outlined by other authors have
shown a relative discrepancy.

Regarding target parameters, their material and
size determine neutron multiplicity. In principle, the
heavier the target nucleus is, the larger the amount of
neutrons being produced. The gain factor between heavy
and light targets is around a factor of five [ 10]; however,
the radiotoxicity induced in the spallation target can be
significantly reduced when using lighter targets [11].

The choice of the optimum spallation target,
neutron production rate, unstable residual nuclei pro-
duced, as well as target thermal conductivity and its
thermal resistance, are parameters of such importance
that they warrant special attention.

So, in the second section of this work, the neu-
tron yield per incident proton of 1000 MeV energy has
been calculated for Ta, W, Pb, Bi, and LBE targets and
the Bertini model used for the simulations.

According to tab. 2, a length of 200 cm has been
selected for all the targets so as to minimize the axial
neutron leakage and neutron yield calculated for 5, 10,
20, 30, 40, 50, 70, and 100 cm radii of the cylindrical
targets with a height of 200 cm.

RESULTS AND DISCUSSION

Neutron yield and leaked neutron number
determination. Whereas the number of neutrons pro-

Table 2. Target material characteristics

Phase state of | Melting Densit Range of
Mat. | the spallation point [gem %’ 1400 MeV
target at 454 °C|  [°C] g protons [cm]

"¥1Ta Solid 3017 16.60 58.39
W Solid 3420 19.30 50.37
Pb Liquid 327.5 10.44 95.35
29B; Liquid 271 9.83 101.55
LBE Liquid 123 10.11 98.60

duced inside the spallation target and the number of
neutrons leaked from the target surface are important
parameters, both have been determined in >20 MeV
and <20 MeV regions of an 800 MeV proton beam.

The data obtained by MCNPX modeling has
been compared with the benchmark study (tab. 3). Ac-
cording to tab. 3, most of the benchmark studies
showed the leaked neutron numbers being underesti-
mated in comparison to the ones produced in the target
for proton energies of >20 MeV and <20 MeV.

Protons have a parallel angular distribution in-
side the beam. Additionally, the initial direction of the
proton beam is parallel to the axis of the target cylinder
and has a uniform spatial distribution over the circular
base of the target cylinder.

The statistical uncertainty associated with the
Monte Carlo transport simulation results presented in
this paper, is less than 4%.

Asseenin fig. 1, MCNPX calculations for the to-
tal neutron yield have an acceptable agreement with
the benchmark data in most of the cases, with an aver-
age discrepancy of 8.63%; MCNPX overestimates
benchmark data, with the exception of the 2, 6, and 7
group data.

Table 3. Comparison of the benchmark study and MCNPX calculations for neutron production and leakage in the lead
target; (target dimensions: radius = 20 cm, height = 60 cm) [9]

Research group Number of produced neutrons in the target Number of leaked neutrons of the target surface
E,>20 MeV E, <20 MeV Total E,>20 MeV E,<20 MeV Total
ANSALDO (Genoa) 0.21 10.32 10.53 - - -
JINR (Dubna) 0.72 19.47 20.19 0.66 17.33 17.99
CDF (Paris) 1.06 8.43 9.49 - - -
INFN (Milano) — — - - - -
INR (Moscow) 2.28 19.46 21.74 0.88 15.43 16.31
ENEA (Roma) 0.95 18.75 19.70 1.3 19.73 21.03
IAERI (Japan) - - - 0.77 19.77 20.54
LANL (Los-Alamos) 2.5 15.79 18.29 1.17 15.02 16.19
KFA (Julich) 1.98 14.59 16.57 0.90 13.37 14.27
KfK-1 (Karlsruhe) 1.98 14.59 16.57 0.80 13.06 13.95
KfK-2 (Karlsruhe) 1.98 14.94 16.92 - - -
KfK-3 (Karlsruhe) 1.98 14.69 16.67 - - -
PSI-1 (Villigen) 0.11 16.36 16.47 1.5 12.37 13.83
PSI-2 (Villigen) 0.11 16.52 16.63 1.5 14.47 15.97
This work 2.3494 16.375 18.725 1.0748 15.4386 16.5134
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Figure 1. Comparison of total neutron yield achieved
some benchmark study and MCNPX code; the lead
target dimension: radius = 20 cm, height = 60 cm

Produced and leaked neutron
spectra from the target surface

Neutron spectra are the other differential param-
eter of a spallation target that should be taken into ac-

count. As seen in fig. 2, the leaked spectra are softer
than the neutron spectra produced in the lead target.

Computational neutron spectra obtained in this
work had more agreement with the KFA, LANL, and
KfK-1 data.

The axial distribution of the leaked neutrons was
determined using MCNPX code calculations. These re-
sults were then compared to those obtained otherwise.
The axial distribution of the leaked neutrons achieved
by the MCNPX code proved to be well-matched with
KFA, LANL, and KfK-1 data (fig. 3).

Yield distribution of spallation products. Other
important parameters studied in this work are the
spallation products predicted by MCNPX. The resid-
ual nuclei prediction for the Pb cylindrical target was
estimated to be of a 20 cm radius and a 60 cm thick-
ness. The prediction obtained by various intranuclear
cascade (INC) models in the MCNPX code, such as
the Bertini, ISABEL, and CEN codes, were compared
to each other and to the LANL data, as well.
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Figure 2. Comparison of neutron spectra achieved some benchmark study and MCNPX code; the lead target dimension:

radius = 20 cm, height = 60 cm [9].
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Figure 3. Comparison of axial leaked neutron spectra achieved some benchmark studies and MCNPX code; the lead

target dimension: radius =20 cm, height = 60 cm [9]

The said products spread over two regions of the
nuclides chart (fig. 4).

The upper right part corresponds to the heavy,
proton-rich residues produced by evaporation
(spallation-evaporation products); the central part cor-
responds to the medium-mass residues produced by
fission (spallation-fission products).

As can be seen in the results presented in fig. 4,
the data achieved by the Bertini model, overlapped the
LANL data more sharply than the others.

According to fig. 4, the yield estimation of
spallation products using different models of the
intranuclear cascade resulted in more agreements for
the Bertini and ISABEL models, with a relative dis-
agreement of less than 5%.

Residual nuclei production using the Bertini
model insertion for MCNPX runs has been compared
with data obtained by other computation codes (fig. 5).

The results achieved through the use of different
codes showed MCNPX code data as well-matched to the
LANL and KFA data for estimating the residual nuclei
yield.

In accordance with fig. 5, PSI and INR obtained
data exhibited noticeable disagreements with the
MCNPX results, especially for nuclei 40 < 4 < 180.

Overall, code calculations overlap most of the
benchmark problems in relative discrepancies of less
than 10%.

Calculation of the neutron yield of spallation
targets using the MCNPX code. The dimensions of the
target play an important role in neutron yield because
of the fact that the enhancement of the target radius in-
creases the production of secondary particles involved
in another spallation or (n, nx) reaction.

An increase in the radius results in a decrease in
the neutron yield via the absorption process. Thus, an
optimized radius should be suggested for the
spallation target.
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Figure 4. Residual nuclei production in a Pb target by a
0.8 GeV proton beam; the lead target dimension:
radius = 20 cm, height = 60 cm
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Figure 5. Comparison of residual nuclei production in a
Pb target by a 0.8 GeV proton beam using MCNPX code
and benchmark studies using other codes; the lead target
dimension: radius = 20 cm, height = 60 cm
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Figure 6. Comparison of neutron interactions in a Pb, Bi, W, Ta, and LBE targets by a 1 GeV proton beam using MCNPX

code; height: 200 cm

Different spallation neutron parameters, such as
the escaped neutron yield (n, nx) and neutron absorp-
tion yield into the spallation target, have been studied
for different spallation targets of a 200 cm height and
differentradii (5, 10, 20, 30,40, 50,70, and 100 cm).

Where the atomic number and density of tanta-
lum and tungsten are close to each other during a
spallation process, an approximately similar behavior
can be predicted. It also seems that lead, bismuth, and
lead-bismuth alloys exhibit similarities in prospective
neutron yield values. MCNPX outputs for calculating
the parameter showed W and Ta accomplishing more
total neutron yields than Pb, Bi, and LBE of identical
dimensions. However, W and Ta produce less neutron
leakage than Pb, Bi, and LBE of identical dimensions.
On the other hand, leaked neutrons from a W or Ta sur-
face are noticeably poor because of their high neutron
absorption cross-sections (fig. 6).

Tungsten has a higher mass density so that its neu-
tron yield overestimates LBE in identical radii of the
targets. In case of a tungsten target, maximum leaked
neutrons are obtainable up to a 10 cm radius and more
thickness will not exceed the leaked neutron yield no-
ticeably. In contrast, the LBE neutron yield undergoes
an obvious enhancement, even up the 50 cm target ra-
dius (fig. 7).

Figure 7 clearly indicates that the W target has a
markedly higher neutron loss due to the capture pro-
cess than the LBE in identical radii.

However, the high density and mass number of
tungsten can be concluded in a higher neutron yield as

aresult of more spallations and (n, nx) reactions occur-
ring inside the target.

Liquid targets are more preferable since they are
more flexible and withstand mechanical and thermal
shocks better.

As for thick targets, high-energy particles escap-
ing from the nucleus over the course of an INC can in-
duce further spallation reactions and generate
intranuclear cascades. This pertains chiefly to neu-
trons, because they do not lose their energy through
ionization losses. Thus, among all emitted particles,
neutrons penetrate into the target material to the great-
est degree. For some target materials, low-energy
spallation neutrons (i. e., low-energy cascade plus
evaporation neutrons) can enlarge neutron production
by (n, xn)-reactions. Target materials with a higher
density, such as W and Ta, can thus provide a higher ef-
ficiency of (n, xn) (fig. 8).

A producible net neutron yield depends not only
on the target's mass density, but is also affected by the
neutron loss into the target through the capture pro-
cess. Pb, Bi, and their alloy, LBE, have poorer neutron
capture cross-sections than W and Ta. Therefore, tar-
get dimension can be expanded without noticeably de-
creasing the number of neutrons via the capture pro-
cess (fig. 9).

As has been mentioned, of the three studied tar-
gets, Ta and W provide the highest neutron yield into
the spallation target. The neutron yield produced in a
W target grew by 6% for a thickness between 40-50
cm, while above 50 cm, the neutron yield curve behav-
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Figure 7. Comparison of neutron yield in W and LBE targets by a 1 GeV proton beam using MCNPX code; height: 200 cm
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Figure 8. Comparison of neutron number produced via
(n, nx) in W, Ta, Pb, Bi, and LBE targets by a 1 GeV
proton beam using MCNPX code; height: 200 cm

ior seems to be linear. Clearly, after achieving maxi-
mum thickness, the neutron yield will decrease as a re-
sult of the inability of low energy neutrons to keep up
the spallation process or contribute to (n, nx) reac-
tions. The neutron yield produced in a Ta target rose
for 3% within the 40-50 cm thickness range. This
means that the linear behavior of the curve is activated
above the thickness of 40 cm. Pb, Bi, and LBE exhib-
ited highly similar behavior in relation to various de-
grees of thickness; even up to a thickness of 100 cm,
their curves did not show any signs of linear behavior.
A striking result of the calculation is that a LBE 50 cm
thick can provide the same neutron yield as the one
produced in a 20 cm thick W target.
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Figure 9. Comparison of neutron loss number via cap-
ture in W, Ta, Pb, Bi, and LBE targets by a 1 GeV proton
beam using MCNPX code; height: 200 cm

A 100 cm thickness of all compared targets has
resulted in approximately identical neutron yields, the
maximum discrepancy amounting to 6.5% (fig. 10).

Overall, Ta and W create the highest neutron
yield into the target. But, their high neutron absorption
cross-sections allow maximum leakage withina 10 cm
thickness, with a 22.5 n/p. Despite their lower neutron
yields, within the 50 cm range, Pb, Bi, and LBE pro-
duce the maximum leaked neutron yield of 30 n/p.

LBE exhibits characteristics similar to Pb and
Bi. Hence, its low melting point, 123.5 °C, makes it a
choice of interest in view of liquid target handling in
ADSR systems.
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CONCLUSIONS

As apowerful computational tool, MNCP 2.4 can
provide precise estimations for the determination of the
best dimensions for different spallation targets which
can result in maximum contained neutron yields.

The neutron yield obtained by the MCNPX code
for lead targets showed that the data have an accept-
able agreement with the benchmark data obtained by
authors using different computational codes, the aver-
age discrepancy amounting to 8.63% in most cases.

Among different benchmark studies carried out
on neutron spectra emerging from a lead spallation tar-
get, KFA, LANL, and KfK-1 data had more agreement
with the neutron spectra obtained in the present work.
Results show that the MCNPX code is well-matched
with LANL and KFA data in estimating the residual nu-
cleiyield. Overall, the code calculations overlap bench-
mark problems in relative discrepancies of less 10%.

Simulation data show that W and Ta exhibit sim-
ilar neutronic behavior and that, although they pro-
duce the highest neutron yield, because of their high
neutron cross-sections, their escaped neutron yield no-
ticeably decreases in radii higher than 10 cm.

The study presented here has shown that Pb, Bi,
and LBE exhibit similar neutronic behavior and that,
up to a 50 cmradius, there is not much relative discrep-
ancy between the total and the escaped neutron yield.

Regarding the complexities of an ADS target,
LBE is suggested because of its low absorption
cross-section and highly accessible neutron leakage
from the target surface.
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Cejen AMUP XOCEHUH ®EIIN, 3opex TOTAM3AJIEX

MCNP CUMYJAIIMJA HEYTPOHCKUX ITPOPAYYHA META 3A CIHAJAIIAJY

CucreM ynpaBsbaH akleJepaTopoM, HOBH je OOJUK peakTopa O KOME ce pa3MHIl/ba Kao
HaMEHCKOM caropeBayvy pajitOaKTUBHOT OTINajia BUCOKOT HUBOA. DYHKIIM]a CaallIOHe METe Y CUCTEMY je
Jla KOHBEPTYje YIalHu CHOIl YeCTHIIa BUCOKUX EHEPIHja Y HICKOCHEePreTcKe HeyTpoHe. JeiHa of BelnunHa
KOja je of HajBeher mHTEpeca 3a MpaKTUUHY IPUMEHY je 6p0j HEYyTPOHA MPOU3BENICH IO jJeTHOM IPOTOHY Y
cnananuoHoj Metu. MebyTuMm, ycnep MHTepHYKJeapHe Kackajie, Opoj HeyTpoHa 3aBHUCH HE caMoO Of
Marepujana Beh u of BenmumHe mete. [Iporpamcku nmaker MCNPX 2.4 kopumtheH je 3a mpopauyyH
cnanmanuoHux Meta. PesynraTu Hekux tect npumepa ynopebenu cy ca MCNPX 2.4 cumynanujom kako 6u
ce MOTBPAMIa MOIYhHOCT OBOT IPOrpaMCKOr ITaKeTa 3a IPOpaydyH pa3HUX lapaMeTapa MeTe.

PauynapckoMm cuMyiianijoM Ipoy4daBaHU Cy IPOLECH HHTEpaKIyje HeyTpoHa Kao LITO Cy I'yOUTaK,
3axBaT W (n, Xn) MHTEepaKIHje y crnajanuoHoj MeTH, 3a Matepujaiie W, Ta, Pb, Bi u onoBHO-OGU3MyTHY
eyrektnuky cmeiny (LBE) u 3a paznuuure numensuje meta. Ca peaTuBHOM IrperikoM MamboM o1 10%,
cumyranmja Kojy maje nporpamcku naker MCNPX cnaxke ce ca pe3yntatuMa pyrux CUMyJanuja Koje cy
pannje o0aBJbeHE —YnMe ce KBam@uKyje 3a mpopauyHe criananuje. Mete o W u Ta crBapase cy Behu 6poj
HEyTpOHA IPY crajianuju, ynorpedbomM Mmeta Mmamux auMmensuja. Pb, Biu LBE meTe nonarmase cy ce cnnano y
noryieqy Moryher fonpuHoca cTBapamby HEYTPOHA Ha CHOJballlbUM NOBplIMHama MmeTe. Kopuithewmem
ne6me mete, LBE ce moxke mopenntu ca metama o W u Ta y morseny npuHOca HEyTpOHa.

Kwyune peuu: MCNPX uipozpanm, iteciti iipumep, puHoc HeYiipoHa, meilia 3a ciaiayujy




