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The creation of small-scale research subcritical reactors is necessary, in particular,
for the development of the technology for nuclear waste transmutation in Acceler-
ator Driven Systems. The construction of such facilities will allow the development
of the technology of nuclear waste transmutation without constructing an expen-
sive industrial scale subcritical reactor. The low-cost neutron generator can serve as
adriver for such research subcritical reactors. A two-zone model of subcritical system driv-
en by high-intensity neutron generator is proposed in this work. The proposed system can
use two separated cores with different neutron spectra: fast and thermal. This paper also
represents the main stages of the proposed model of two-zone subcritical reactor develop-
ment. The results of simulations, aimed at optimizing of the geometry and fuel composition
of the two-zone subcritical system, performed in Serpent and MCNP codes are presented.
An overview of the analysis of different facilities that can be used as an external neutron
source for subcritical reactor is shown, however a high-intensity neutron generator based
on D-T reaction was chosen as the optimal neutron source for low-cost research sub-
critical reactor for investigation of nuclear waste transmutation. Generally, it is observed
that the two-zone subcritical system can effectively amplify neutron flux from external
neutron sources.

Introduction

or nuclear waste for a long-term period with the excep-
tion of the experimental facility in Sweden.

After Three Mile Island accident in the United States
(1979), the Chornobyl disaster in Ukraine (1986) and
Fukushima Daiichi disaster in Japan (2011), the safe oper-
ation of nuclear reactors has become a very controversial
topic. Since the mid-twentieth century the huge quantity
of spent nuclear fuel and vitrified nuclear waste obtained
by the operation of conventional nuclear reactors has
been accumulated. Currently, many countries have still
not implemented a strategy for dealing with spent nu-
clear fuel and nuclear waste management. On the other
hand, there are also some countries (such as Sweden and
Finland) which adopted a strategy for the final disposi-
tion of spent nuclear fuel in deep geological repositories,
but so far there is no existing storage of spent nuclear fuel

Over the past twenty years the possibility of solving
nuclear waste problem by means of nuclear waste trans-
mutation has been heavily investigated [1-3]. The nucle-
ar waste can be divided into two main categories: minor
actinides and long-lived fission products [4]. The minor
actinides include isotopes such as: *’Np, *'Am, **Am,
#4Cm etc. The transmutation of minor actinides occurs
mainly as a result of fission reaction. As shown in num-
ber studies, the most favorable conditions for minor ac-
tinides transmutation are observed in fast neutron spec-
trum [5]. Therefore, the fast reactors or the subcritical
systems driven by an external neutron source with suffi-
ciently high neutron energy (Accelerator Driven Systems
(ADS)) are considered to be the most realistic scheme
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for minor actinides transmutation. On the other hand,
the long-lived fission products include some of the follow-
ing isotopes: '*’I, “Tc, *Zr, '**Cs, '**Sn etc. The long-lived
fission products transmutation occurs mainly as a result
of capture reaction. It has been found in several studies
that the most favorable conditions for transmutation
of long-lived fission products are observed in the ther-
mal neutron spectrum [6, 7]. However, the transmutation
of long-lived fission products in the traditional critical re-
actors is complicated due to a number of technical issues.
Therefore, the subcritical systems with thermal neutron
spectrum are a great option to investigate long-lived fis-
sion products transmutation.

The development of neutron-physical model of two-
zone research subcritical reactor driven by high-intensity
neutron generator for investigations of minor actinides
and long-lived fission products transmutation has been
described in the present paper.

Model development

High-intensity D-T neutron generator as a driver
for subcritical core

The analysis of the latest research of subcritical sys-
tems driven by external neutron source (Fig. 1) helps to
summarize what type of facilities of external neutron
source could be used:

1. The proton (cyclotron or linear) accelerator that
uses spallation reactions to produce neutron flux in the sub-
critical reactor [8]. Advantage: high intensity of neu-
tron source; disadvantages: high cost and difficulties
in beam-window construction. MYRRHA project in
the European Union [9] can be given as an example to
this type of facility.

2. Electron accelerators that use photon-neutron re-
actions to produce neutron flux in the subcritical reac-
tor [10]. Advantage: the possibility to obtain sufficient-
ly high current of electrons and therefore the relatively
high intensity of neutron source; disadvantage: high cost.
An example of this type of facility is the KIPT neutron
source facility in Kharkiv, Ukraine [11].

3. High-intensity neutron generator and plasma fo-
cusing (PF) devices that use deuterium-tritium (D-T) re-
actions to produce neutron flux in the subcritical reactor
[12-14]. Advantages: relatively low cost and well-known
technology; disadvantages: relatively low intensity of
neutron source and necessity to have tritium producing
facility. A good example is the YALINA-booster facility
in Belarus [15].

eam of charged
particles

External source of|
charged particles’

Subcritical assembly~"

Fig. 1. Simple scheme of ADS

4. Fusion neutron sources based on the fusion reac-
tion to produce neutrons in the subcritical reactor [16].
Advantage: high intensity of neutron source; disadvan-
tages: still under development, so not ready for imme-
diate use.

In the condition of limiting funds, such as in Ukraine
at present time, it is impossible to develop and con-
struct the expensive high current proton and electron
accelerators, so the option of D-T neutron source is
an optimal solution for the development of experimental
facilities for the investigation of nuclear waste transmuta-
tion in such cases.

Another useful feature of the proposed subcritical re-
actor is the existence of two cores with different neutron
spectra in a single facility (fast and thermal). There are two
major advantages in such a two-zone subcritical system:
1) the ability of more effectively enhancing the neutron
flux from the external source [17]; 2) the fact that it is very
convenient to investigate transmutation of minor actinides
and long-lived fission products, due to the existence of fast
and thermal neutron spectra in a single facility [5, 6].

The using of MCNP Monte Carlo code
for model development

The investigations of two-zone subcritical system
driven by high-intensity neutron generator were per-
formed in Institute for Nuclear Research in Kyiv, Ukraine,
whose scientists had a big experience in high intensity
neutron generators design and production [18], as well
as in study of neutron flux amplification in subcritical
assemblies of different types and different material com-
position [19-22]. The neutron and energy amplification
factor were selected as basic parameters for this study.
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The neutron codes MCNP-4¢ and SCALE-5 as well as 4
ENDF/B-VI nuclear data library were used for the sim- Sl
ulation stage [23].

Thereafter, the research of amplifying abilities of
two-zone subcritical system, geometrical optimization
and optimization of material composition of such sys-
tems were performed [24-27]. It has been found that
two-zone subcritical system can more effectively ampli-
fy the neutron flux from external source than one-zone
subcritical system, from the point of view of neutron

Beryllium
reflector

economy. The optimal geometric and material character- " Outer zone
istics for inner and outer zones of subcritical reactor also
were established.

Nuclear waste transmutation was simulat- Fig. 2. Diagram of the two-zone subcritical reactor
ed using codes MCNP, ORIGEN and Monteburns model developed by MCNP code

for developed MCNP model of two-zone sub-
critical reactor. The transmutation of main mi-
nor actinides in the inner zone with fast neutron
spectrum was carried out along with the trans-
mutation of main long-lived fission products in
the outer zone with thermal neutron spectrum.
The main results for the modeling of nuclear waste
transmutation were presented in our previous publi-
cations [28, 29].

The diagram of the final version of MCNP code
model is presented in Fig. 2. The overall conditions for
the present MCNP model were:

1) geometry and material parameters of fuel ele-
ments for VVER-1000 reactor;

2) the fuel in pins - uranium dioxide with different en-
richments for 2°U (in inner zone — 15 %, in outer zone — 4 %);

3) fuel density - 10.96 g/cm?; Fig. 3. Vertical cross-section view of central part

4) cladding material - zirconium +1 % niobium; for calculated model in MCNP code

5) hexagonal lattice of fuel elements was used in both
zones;

6) coolant of inner zone is helium whereas coolant of
outer zone is light water;

7) the effective neutron multiplication factor is 0.97.
The ENDEF/B-VI nuclear reaction database containing
evaluated (recommended) cross sections was also used
for MCNP calculations.

In addition, there are also MCNP visualizations for
the developed two-zone subcritical model which are pre-
sented in Figs. 3-6.

Serpent Monte Carlo code for model development

The second stage of the presented work was
the model development of the two-zone research subcrit- Fig. 4. Horizontal cross-section view of central part
ical reactor driven by high-intensity neutron generator for calculated model in MCNP code
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Fig. 5. Horizontal cross-section view of outer zone
for the calculated model in MCNP code

Fig. 6. Horizontal cross-section view of the whole core
for the calculated model in MCNP code

using new Monte Carlo Serpent code [30]. Serpent code
has been developed in Finland in VTT Technical Re-
search Centre since 2004. There are two main advantages
of studying the subcritical systems in Serpent Monte Car-
lo code: i) the possibility of modeling of a subcritical sys-
tem with external neutron source and ii) the possibility
of burnup calculation for the simulation of nuclear waste
transmutation.

The first modelling results of the two-zone sub-
critical system with uranium dioxide for homogeneous
case with the help of the Serpent code were presented
in our previous publication [31]. Additional calculation
results of the modelled homogeneous subcritical system
with uranium metallic fuel without coolant and cladding
materials are also presented in this paper. The diagram
of the final version of Serpent code model is shown in

Fig. 7 and visualization Serpent code is displayed in
Fig. 8. The typical conditions for the present Serpent
model were: 1) homogenizing fuel - uranium metal-
lic with different enrichments for ***U (in inner zone —
20 %, in outer zone - 4 %); 2) fuel density — 19.07 g/cm?;
3) effective neutron multiplication factor set to 0.97.
The ENDF/B-VII nuclear data library was used for Ser-
pent calculations.

The optimization results of the two-zone subcrit-
ical system with heterogeneous fuel were presented
in our previous work [32] with the help of Serpent
simulation.

Outer zone
(Uranium metallic fuel
with 4% enrichment)

Target (14 MeV neutrons)

3 Inner zone
B‘g’“"‘“‘ (Uranium metallic fuel
retiechor with 20% enrichment)

Fig. 7. Diagram of the two-zone subcritical reactor
model for homogeneous systems

Fig. 8. The scheme of the calculated homogeneous
model in Serpent code
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MCNP and Serpent modelling results

The modelling of transmutation characteristics
for two-zone subcritical system

Homogeneous mixture of uranium metallic en-
riched in **U for 20 % in the inner zone and a homoge-
neous mixture of uranium metallic with 4 % enrichment
in U in the outer zone were considered as fuel material in
the present model. Zones have neither coolant nor clad-
ding materials, therefore both zones have fast neutron
spectrum in neutron-physical model. Other characteris-
tics for this case are presented in section 2.3. The Serpent
code was used for this modelling.

The following are some of the additional parameters
in the developed model:

diameter of the target is 5 cm;

thickness of stainless steel container wall is 1 cm;

thickness of the beryllium reflector is 5 cm;

diameter-to-height ratio of subcritical core is 1 for
minimization of the leakage of neutrons;

neutron source is isotropic point sources with
14 MeV monoenergetic neutrons;

effective neutron multiplication factor is 0.97;

total number of source neutrons is 50,000;

number of batches is 500.

The seven two-zone subcritical systems with different
geometrical parameters were analyzed as well as the one-
zone subcritical system that was calculated for compari-
son. Every two-zone system has varied radius of the inner
zone given ranging from 9.5 to 15.5 cm. The radius of
the outer zone was selected in such a way that k_ of all
system is equal to 0.97 and in a way to provide a diame-
ter-to-height ratio equal to 1. Radioactive isotopes *’Np
and **Am were chosen as the examples of nuclear waste
for the investigation of transmutation characteristics.
The volume normalized neutron flux integrated over
space and energy (Flux), fission microscopic cross-sec-
tion (of), capture microscopic cross-section (o) and ratio
of these cross-sections («) are used as main parameters in
this work [5]. The fission microscopic cross-section (of)
is the microscopic cross-section of fission reaction for
the chosen isotopes (*’Np and **Am) averaged by inner
or outer zones. The capture microscopic cross-section
(0) is the microscopic cross-section of capture reac-
tion for the chosen isotopes (*"Np and **Am) averaged
by inner or outer zones. In addition, the value («) is the
ratio of the average capture to fission cross section for
the chosen isotopes (*’Np and **Am) in the inner or
outer zones [5]. Finally, the value («) is useful for un-

derstanding transmutation potential of subcritical sys-
tems that are being analyzed. The optimal conditions of
the two-zone subcritical system with respect to the trans-
mutation efficiency (Flux and &) were defined as the main
goal for the present calculation results.

Figs. 9-22 represent the modelling results for homo-
geneous mixture of uranium metallic in the inner zone
enriched to 20 % and in the outer zone enriched to 4 %
for ?*U. The data in the figures are laid out with the data on
the ordinate and the radius of the inner zone in the abscis-
sa, in the two-zone subcritical system. The certain square
marker (point) on figures correspond to the one-zone
subcritical system and they are represented in the figures
for comparison.

First, we analyzed the change of the neutron flux
in inner and outer zones (see Figs. 9 and 10) in case of
changing the inner zone radius (and as the result, the vol-
ume of more enriched uranium).

Fig. 10 represents a natural increase for the neutron
flux in outer zone in case of increasing the volume of in-
ner zone due to increasing the amount of more enriched
uranium (20 % for *°U) in inner zone. And Fig. 9 shows
the peak of the neutron flux with the radius of inner zone
of approximately 14 cm. This indicates that it is possi-
ble to choose the ratio of the volumes of both zones so
that the neutron fluxes in inner and outer zones would
be maximum and, as a result, the number of neutrons
that can be used for the transmutation of minor actinides
would be higher.

Then we investigated the transmutation character-
istics of inner and outer zones with respect to the cho-
sen isotopes which belong to minor actinides: *’Np and
MAm. We attributed the fission microscopic cross sec-
tion, as the cross section of the most important process
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Fig. 9. The volume normalized neutron flux integrated over
space and energy for inner zone
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Fig. 10. The volume normalized neutron flux integrated
over space and energy for outer zone

for the transmutation of minor actinides, to the transmu-
tation characteristics. The capture microscopic cross sec-
tion is important since the capture reaction plays the role
of a competing process with respect to fission and sig-
nificantly affects the “economy” of neutrons. The ratio
of these two cross sections is an excellent indicator
of the transmutation potential of the reactor; it was pro-
posed by Massimo Salvatores in [5].

Microscopic cross sections of fission and capture in in-
ner zone for *’Np and **Am are presented in Figs. 11-14.
In case of increasing the volume of inner zone with more
enriched uranium, the possibility of fission naturally in-
creases for both isotopes. For capture cross section it is
possible to choose the optimal volume ratio of both zones
at which the probability of a capture reaction will be min-
imal. For both isotopes, the optimal volume ratio of inner
and outer zones occurs when the radius of inner zone is
approximately 13 cm.

Figs. 15-18 show fission and capture microscopic
cross sections in outer zone for *’Np and **Am. The fis-
sion and capture cross sections for outer zone increase in
case of increasing the volume of inner zone. As a result,
a change in the geometric parameters of outer zone does
not allow optimizing the transmutation characteristics of
the two-zone subcritical system.

Figs. 19-22 show the ratios of capture and fission
microscopic cross sections in inner and outer zones for
#"Np and **Am. Figures 19 and 20 show that it is possible
to choose such a ratio of the volumes of inner and outer
zones at which the probability of transmutation for both
»7Np and **Am will be maximum. This optimal volume
ratio is observed when the radius of inner zone is approx-
imately 13-14 cm for both isotopes. For outer zone, it is
slightly different (Figs. 21 and 22), here in case of decreas-
ing the volume of outer zone, the probability of transmu-
tation of the chosen isotopes will decrease. But at the same
time, with optimal radii for inner zone, it is possible to
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Fig. 11. The fission microscopic cross-section
of 2Np for inner zone
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Fig. 13. The capture microscopic cross-section
of *Np for inner zone
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Fig. 14. The capture microscopic cross-section
of **Am for inner zone
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maintain acceptable values of the ratios of capture and
fission microscopic cross sections for outer zone.

The presented modelling results show that even
a simple distribution of materials with different nuclear
properties (different enrichment for *U) in the core can
have an effect on the transmutation characteristics of
the system. In this case, it is possible to choose the ratios
of the volumes of different materials in such a way that
these characteristics are optimal. Also, such a distribution
of different materials may, if necessary, reduce the cost of
a subcritical reactor due to a more efficient arrangement
of highly enriched uranium. The presented example of
division into subzones with different materials can be ap-
plied in the internal “fast” zone of the subcritical reactor
shown in Fig. 2.

The Figs. 10, 14, 15, 20 and 21 display the optimal fuel
composition for two-zone subcritical reactor from a view-
point of transmutation efficiency for minor actinides.
The optimization research presented in our previous pub-
lication [32] showed that the optimal fuel composition
could be obtained for two-zone subcritical reactor from
fuel cost perspective. The presented calculation results for
two-zone homogeneous subcritical system without cool-
ant and cladding materials could be a good basis for the
development of effective heterogeneous model for future
research in subcritical reactor systems.

The energy-release calculations for two-zone
subcritical system

If we return to the model of a reactor with separate
zones with fast and thermal neutron spectra, then it is
of interest to consider the distribution of energy-release
in the active core composed of two zones with different
neutron spectra.

The energy-release calculations for two-zone subcrit-
ical system described in Chapter 2.2 were estimated with
the help of the developed MCNP model. The total ener-
gy-release within the entire subcritical system was found
to be 412.67 kW (for intensity of neutron generator =
1-10" neutron/s), while the energy-release in inner zone
was found to be 70.85 kW and the energy-release in outer
zone was 341.82 kW. The energy-release (Q) for each pin
located on x axis from the target to the beryllium reflector
(see Figs. 3-6) is presented in Fig. 9. The energy-release
(Q) in subcritical reactor was calculated with taking into
account total neutron fissions in the core, averaged energy
release from fission (about 200 MeV) and intensity of neu-
tron generator (in this case = 1 - 10" neutron/s).

From Fig. 23 we can identify which pin’s layer has

the maximum and minimum of energy-release. It is clear
that pins in outer zone possess higher energy-release due
to thermal neutron spectrum. In addition, it can also be
noted that the thermal neutron spectrum has influence
on inner zone where pins 13 and 14 have higher ener-
gy-release compared with the other pins in inner zone.

From Fig. 23 we can see that the average energy-re-
lease, and as a result, the fuel burn-up in outer (“thermal”)
zone is about five times higher than the average energy-re-
lease in inner (“fast”) zone. This may conduct additional
difficulties in the operation of the future two-zone subcrit-
ical reactor.

Inner zone i
15 — .= /
/ Outer|zone

o =

0 5 10 15

QW

20

Pin's number for radial direction

Fig. 23. The energy-release for individual pin located
on x axis for radial direction versus the pin’s number

Conclusions

This paper presents the idea behind the develop-
ment of the two-zone subcritical research reactor driven
by high-intensity neutron generator for investigation of
nuclear waste transmutation along with the methodology
and results of the performed simulations by various Mon-
te Carlo codes.

The neutron-physical model of the presented subcrit-
ical reactor with the help of MCNP and Serpent Monte
Carlo codes was developed and the energy-release calcu-
lations with the help of MCNP model were carried out.

The microscopic fission cross-section, microscopic
capture cross-section and ratio of these cross-sections for
»Np and **Am were estimated for the developed model.
It was found that there is an optimal value of ratio of inner
zone volume to outer zone volume from the viewpoint of
transmutation efficiency for minor actinides.

This research was carried out with the financial sup-
port of the State Projects of the National Academy of
Sciences of Ukraine “Study of nonlinear and stochastic
properties of multiplying nuclear systems” (State num-
ber: 0111U001944) and “The neutron distribution and
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Po3po6xa neitrrponHo-disuunoi mopeni
JBO30HHOTO JOCTIAHNIBKOTO NiAKPUTHIHOTO
peaxkTopa Ay TpaHCMYTalii AflepHUX BifIXoiB

CrBopeHHsI HEBEMMKMX JIOCTIHUIIBKUX ITJIKPUTUTHMIX
peakTopiB HeoOXifIHO, 30KpeMa, I PO3POOKM TeXHOMOTIT
TpaHCMYTallil AflepHMUX BiIXOIIB Y MIKPUTHIHUX CMCTEMAX, 1110
KepYIOTbCS 30BHIIITHIM JpKepe/loM HeHTpoHiB. ByliBHMIITBO Ta-
KMX YCTaHOBOK JIa€ 3MOTY PO3pOOUTH TEXHOIOTIO TpaHCMY Tarlii
AflepHMUX Bifixofie Ge3 OYNiBHUI[TBA JIOPOTOTO HMPOMUCIOBOTO

miiKpuTHIHOTO peakTopa. Hemopormii renepatop HeifTpoHin
MOJKe CITYKMTH 30BHIITHIM JPKePe/IoM HeMTPOHIB JUIs TAKKX JIO-
CITIIHUIIBKIX THAKPUTUYHMX peakTopiB. Y po6oTi 3arporoHo-
BAaHO JIBO30OHHY MOJIe/Ib IJIKPUTUIHOT CUCTEeMH, 1[0 KepyeThes
reHepaTopoM HEMTPOHIB BUCOKOI inTeHcnBHOCTI. Taka cucrema
MOJKe BUKOPUCTOBYBATH JIBi OKpeMi 30HM pPeaKTopa 3 PisHMMU
HEATPOHHMMM CIIEKTPaMu: IBUIKMM Ta TerviosnM. Ilpesicras-
JIeHO OCHOBHI eTaIy po3poOKU 3alIpOIIOHOBAHOI MOJIe/ IBO3OH-
HOTO TIKPUTUYHOTO peakTopa. Pesynbraty MojienoBaHHs BU-
KOHaHO B koflax Serpent i MCNP 3 MeTolo orrtimisartii reomeTpii
i cKmajly najmBa y JIBO3OHHIN IiKpUTHMuHii cuctemi. Takox
IIPeJICTAaB/ICHO OIS PISHUX YCTAHOBOK, SIKi MOXYTh OyTH BU-
KOPMCTaHi fIK 30BHIIIHE JPKEPENO HEUTPOHIB JIA MiJKPUTHY-
Horo peaktopa. OffHaK ONTUMaJbHUM JIKEPeIoM HeHTPOHIB
IU1 HEJLOPOTOTO JIOCIHAIBKOTO MJIKPUTUYHOTO peakTopa JILs
HOCTIKeHHsT TPAHCMYTallil sAflepHMX BiXofiB OyB oOpanHuit
D-T reneparop HeATPOHIB BMCOKOI iIHTEHCMBHOCTI. Y LIIOMY
CIIOCTEePIracThes, 1[0 JBO3OHHA IJIKPUTHYHA CUCTEMa MOXKe
epeKTMBHO ITOCKMIIOBATH TIOTIK HEMTPOHIB BiJl 30BHIIIHIX JiKe-
PeIl HeIATPOHIB.

Kniovosi cnosa: THIKPUTUIHI CUCTeMM, 1110 KePYIOThCS
IPMCKOPIOBAYaMHU, I IKPUTUUHMI PeakTop, TPaHCMY Tallist
PajiioaKTMBHYX BiZIXO/[iB, OITHMI3allisf MJKPUTUIHOT 30HM.
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npocn. Hayxu, 47, 2. Kues, 03680, Ykpautna

Paspa6oTka HelTPpOHHO-PU3MIECKOI MOEIN
JIBY X30HHOT'0 MCC/IEIOBATENbCKOTO
MOAKPUTHYECKOTO PEAKTOPA /I TPAHCMY TAII
SJIePHBIX OTXO/IOB

Cosjranye HeOOMBIIMX UCCAEOBATETBCKMX TIOJIKPUTHYE-
CKUX PeaKTOPOB HeoOXOMMO, B 4aCTHOCTH, IS paspaboTKu
TEXHONOTMU TPAHCMYTal[MM SIIEPHBIX OTXOOB B IOJKPUTH-
YeCKMX CUCTeMaX, YIpaB/IseMBIX BHEIITHMMM UCTOYHMKAMU
HEMTPOHOB. CTPOUTENMBCTBO TaKMX YCTAHOBOK ITO3BOJIUT pas-
paboTaTh TeXHOMOTMIO TPAHCMYTAIL[VM AJ[ePHEIX OTXOZIOB Ge3
CTPOUTENBCTBA JIOPOTOCTOAIIETO TTPOMBIIIIEHHOTO TIOIKPH-
THYecKoro peaktopa. Heyjoporoii renepaTop HelfTPOHOB MO-
KT CIY>KUTDH BHENTHMM MCTOUHMKOM HEATPOHOB JUISL TaKMX
MCC/IEIOBATENIbCKUX TTOJKPUTUIECKMX peakTopoB. B anHO
paboTe TIpeUIoNKEHA JIBYX30HHASI MOJIE/IDb ITOJKPUTUUECKON
CHUCTEMBI, KOTOpas YIPaB/SIETCS TeHEPATOPOM HEHTPOHOB
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BBICOKOI MHTEHCUMBHOCTH. JlaHHas cMcTeMa MOXKET MCIIONh30-
BaThb JIBe OT/e/IbHBIE 30HBI PeakTopa ¢ PasHBIMM HeTPOHHBI-
MM CIIeKTpaMu: OBICTPRIM M TeIUIOBBIM. [IpesicTaBieHbI 0CHOB-
Hble 9TAllbl PasBUTUs IIpejjlaraeMoii MOJe/IM J[BYX30HHOTO
HOIKPUTHUECKOTO peakTopa. PesyabraTel Mopie/MpoBaHMs
BBHITIO/IHeHB! B KoflaX Serpent u MCNP c¢ 1jenbro onTuMusarym
reoOMeTPUIM M COCTaBa TOIUIMBA JIBYX30HHOM MOIKPUTHUECKOI
cucremsl. [IpeficraBien 0630p aHa/nM3a PA3IUYIHBIX YCTAHO-
BOK, KOTOPBIE MOTYT OBITH JICIIONb30BAHbI B KaueCTBE BHEII-
Hero MCTOYHMKA HeMTPOHOB JI/Is IOJKPUTUYECKOTO peaKTopa.
OpHako B KauecTBe ONTMMANbHOTO MCTOUHMKA HEMTPOHOB

JUISL HEJIOPOTOTO MCCENOBATENbCKOTO OJIKPUTHUUECKOTO pe-
aKTopa ISl MCCIeoBaHUsA TPAHCMYTAl[MK AZePHBIX OTXOJ[OB
6o BbIOpan D-T reneparop HeATPOHOB BRICOKOM MHTEHCUB-
HOCTH. B Ie0M 11oKasaHo, 4To IBYX30HHAs HOAKPUTHYECKas
cucreMa MoXKeT 3 eKTUBHO YCHIMBATD TOTOK HETPOHOB OT
BHEITHUX UCTOYHUKOB HEHTPOHOB.

Kniouesvie cno8a: MOAKPUTHIECKME CUCTEMBI, YIIPAB/IseMbIe
YCKOPHUTENSMI; TIOIKPUTUICCKUI PeakTop; TPaHCMY TaIysl
PaIMOAKTUBHBIX OTXOLOB; OLTUMMBAINS IOIKPUTHIECKO
30HBI
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