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The subcritical reactor driven by external neutron source could apply as useful instrument for
modern nuclear energy applications requiring high-level irradiation of different materials by
the high-energy and high-intense neutron flux (e. g., nuclear waste transmutation,
radiopharmaceutical production, efc.). The propagation of neutron pulses through the
subcritical nuclear system was considered in the present paper. Simple homogeneous
subcritical systems and a model of two-zone subcritical reactor were computationally investi-
gated using Monte Carlo MCNP4c transport code. The propagation of one initial neutron
pulse and series of one hundred neutron pulses through the presented subcritical nuclear
models were simulated. In this study, the neutron multiplication factor, the neutron flux, the
energy amplification factor, the total energy of neutrons in initial pulse, ezc. were obtained and
analyzed. The presented calculations have shown that the considered pulse subcritical systems
can be successfully used as effective amplifiers of neutron flux from the initial source. The
modeling results indicate that there is an achievement of a stable, high level of neutron flux
caused by the accumulation of delayed neutrons from previous pulses in series of one hundred

pulses for both homogeneous and heterogeneous systems.
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INTRODUCTION - SOME GENERAL
CONCEPTS OF USES OF THE SUBCRITICAL
MULTIPLYING SYSTEMS

A great number of modern applications require
high-level irradiation of different materials by a
high-energy and high-intense neutron flux (for exam-
ple, problem of nuclear waste transmutation, produc-
tion of medical radionuclides for nuclear medicine,
etc.)[1, 2]. The usual way to solve this problem lies in
irradiation of these materials by neutron flux inside a
research nuclear reactor or inside an industrial power
reactor. The second way is used by providing the pos-
sibility of the access to the nuclear reactor core during
operation of the reactor, which is highly problematic.
So, the further alternative possibilities to solve this
problem are highly welcomed, especially in the view
of problems with contemporary nuclear reactors. In
general, most of the world's neutron sources were built
decades ago, and although the uses and demand for
neutrons have greatly increased throughout the years,
just a few new neutron sources have been built.

* Corresponding author; e-mail: volodymyr gulik@ukr.net

One of the alternative possibilities to obtain high
neutron flux lies in the use of neutron generators [3].
Neutron generators are neutron source devices which
contain linear accelerators that produce neutrons by
fusing isotopes of hydrogen together. The D-T nuclear
reaction is used in the majority of such devices, where
fusion of a deuteron *H and a triton *H nuclei (D + T)
results in the formation of alpha particle “He and a
neutron with kinetic energy of approximately 14.1
MeV. But, the yield of neutrons in the D-T reaction is
limited by the current strength of the deuteron beam,
inside the accelerator tube of neutron generator. Thus,
average neutron yield in the majority of neutron gener-
ators amounts to 108-10° neutron/s, which is abso-
lutely not enough for application purposes. But in ad-
dition, there is some information about neutron
generators that produce average neutron yield
~103-10'* neutron/s [4, 5].

Another alternative possibility to obtain high
neutron flux, lies in the use of nuclear spallation pro-
cess. In nuclear physics, spallation is the process in
which a heavy nucleus emits a large number of nucle-
ons, particularly neutrons, as a result of being hit by a
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high-energy particle, thus greatly reducing its atomic
weight. For example, protons or deuterons being ac-
celerated up to ultra-high energies ~1 GeV may pro-
duce a large number of neutrons by the spallation
process on heavy metal nuclei [2, 6] (energy of
~25-40 MeV is required to produce one neutron). In
this connection, Spallation Neutron Source (SNS) at
US Oak Ridge National Laboratory, can be mentioned
as an example [7].

In general, a lot of different projects of
subcritical systems driven by proton accelerators, ex-
ist in the world. A subcritical reactor is a nuclear fis-
sion reactor concept that produces fission without
achieving criticality. Instead of a sustaining chain re-
action, a subcritical reactor uses additional neutrons
from an outside source. The neutron source can be a
nuclear fusion machine or a neutron source, producing
neutrons through spallation of heavy nuclei by
charged particles such as protons accelerated by a par-
ticle accelerator. Such a device with a reactor coupled
to an accelerator is called an accelerator driven system
(ADS). Thus, an ADS is, in general, a neutron source
created by coupling a proton accelerator, a spallation
source and a subcritical core. For example, European
project FREYA (Fast Reactor Experiments for hybrid
Applications) involves development and creation of
ADS MYRRHA [8].

Let us also note that experimental low-power
subcritical assembly “YALINA-BOOSTER?”, driven
by D-T neutron generator, is already built in Joint In-
stitute for Energy and Nuclear Research (Sosny,
Minsk, Belarus) [9]. The yield of neutrons in both
aforementioned cases is essentially limited by the cur-
rent strength of the particle beam inside the accelera-
tor, while increase of the current strength up to a value
needed for applications is a rather complicated prob-
lem [10]. Thus, subcritical source-injected multiply-
ing systems are today proposed as a viable and accept-
able nuclear means for producing energy and
transmuting actinide and fission products produced by
conventional reactors [11]. A large effort is devoted
worldwide to assessment of ADS, where source neu-
trons are produced by spallation reactions caused by
high energy protons impinging on a heavy-nuclide tar-
get.

Despite the fact that many research ADS pro-
jects consider an external neutron source, based on
spallation reaction, authors of the present paper think
that DT neutron generators with high intensity
(10'-10" neutrons/s) deserve alternative consider-
ation instead of high-energy proton accelerators, first
of all from the viewpoint of cost parameter of neutron
source.

Another important ADS aspect is the discontinu-
ity of the charged particle beam in most accelerators,
which is a consequence of the pulsating nature of the
neutron source in ADS. In this regard, questions arise
about the formation of the neutron pulse for the source

(in the target) and of the passage of the neutron pulse in
the subcritical reactor — establishing the average neu-
tron flux, relaxation times, the influence of delayed
neutrons, efc.

Therefore, within analysis of propagation of
neutron pulses through the subcritical systems in
the present paper, we will consider monoenergetic
14.1 MeV neutrons from D-T reaction as external par-
ticles for subcritical reactor.

SOME ASPECTS OF PROPAGATION OF
NEUTRON PULSE THROUGH THE
SUBCRITICAL NUCLEAR SYSTEM

We can also use the amplifying property of
subcritical multiplying systems in order to enhance
neutron flux of the external source. The quantity of
neutrons n in the steady-state subcritical multiplying
system, within the framework of the point model of
nuclear reactor, can be determined by the expression

D90 _ Mgy, M=l+k+k’+.. (1)
T

This means that in a time 7 number of neutrons ¢°
emitted by the external source increases k times. Here 7
is the neutron generation time, which is connected to the
lifetime of the neutrons in the system 7, by the relation
7=1,/k, while k is, as usually, the effective neutron mul-
tiplication factor. Once again, let us note that eq. (1) is
valid only for the steady-state subcritical systems in the
one-velocity point approximation. Let us also note that
subcritical systems require an external source to main-
tain a steady-state, and the resulting neutron distribu-
tion is dominated by source injections, rather than by
the neutrons emitted through the inner multiplication
process [11].

Generally speaking, the property of the
subcritical system to amplify neutron flux of the exter-
nal source is used in most cases in the steady-state
subcritical systems [12, 13]. Therefore, it would be of
great interest to investigate and analyze the problem of
amplifying properties of the subcritical system in the
case of pulsed neutron sources. The efficiency of the
subcritical system to amplify neutron flux of the
pulsed neutron source, until to now is in question. Let
us note that pulsed neutron sources (spallation
sources, neutron generators or reactors) do not emit a
continuous neutron beam, but pulses. For spallation
sources this is an intrinsic feature, whereas reactors
can be forced to produce pulses — in order to achieve a
higher neutron flux density. Thus, in order to increase
the maximum neutron flux, special pulsed reactors
were developed. Spallation sources and neutron gen-
erators, in general, are pulsed because they run in con-
nection to a pulsed particle accelerator.

Propagation of neutron pulses through the
subcritical system was widely investigated earlier, in
connection with the problem of criticality measure-
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ments in subcritical systems (see for ex. [ 14]). The re-
sults of those investigations show very clearly that
neutron pulse is damped as it propagates through the
subcritical system. Damping of pulse wave, obviously,
is determined by the properties of multiplying me-
dium, whereas the damping time period is specifically
determined by both prompt fission neutrons and de-
layed neutrons. In other words, neutron pulse is
quickly damped during the initial time interval accord-
ing to the law of exponential decrease, where the de-
crease coefficient & is given by

_B-p

T

a
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Here 3 is a portion of delayed neutrons, p is nu-
clear reactivity of the system. After the fast decrease
caused by prompt neutrons, the long overextended fail
ofthe neutron pulse is formed due to delayed neutrons.

If the frequency R of propagation of neutron
pulses satisfies the relation @ << R <<A, where A is the
characteristic decay coefficient of the emitter of the
delayed neutrons, with the maximum lifetime, then the
system comes to a steady-state (see, e.g., [14]). Let us
remind that a system in a steady-state has numerous
properties that are unchanging in time. In this specific
case of the steady-state process, the number of the de-
layed neutrons ny, within the interval between pulses,
comes to a flat plateau that is unchanging in time. This
number of the delayed neutrons n,4 is determined by

1/R
R
R nddtzfaﬁlf 3)
0
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Thus, in the case of a pulsed neutron source, we
should observe amplification of neutron flux, both
during the time period of prompt neutron pulse and
during the time period of the delayed neutrons flat pla-
teau. The number of the prompt neutrons n,,, during the
prompt neutron pulse, is determined by

[ nyde =T0F )
B-p

Therefore, amplification of neutron flux is
higher during the time period of the delayed neutrons
flat plateau than during the time period of prompt neu-
tron pulse. The latter statement is a consequence of the
fact that number of the delayed neutrons during the
time period of the flat plateau is, among other factors,
determined by contribution of the delayed neutron

tails arising from the previous neutron pulses.
Generally speaking, the previous analyzed pic-
ture of propagation of neutron pulses through the
subcritical system lacks many important details. Firstly,
as a sequence of the use of one-velocity approximation,
we did not take into account neutron multiplication due
to fast neutrons. This would probably make a substan-
tial difference in the case of neutron source devices
which use the D-T nuclear reaction producing neutrons
with a kinetic energy of approximately 14.1 MeV. An-

other example of the significance of taking into account
the fast-neutron multiplication effect, comes from the
use of spallation neutron sources, which can produce
neutrons with the energy up to 300 MeV, depending on
the energy of protons or deuterons being accelerated up
to high energies, as mentioned above. Fast multiplica-
tion factor for the spallation neutrons may considerably
exceed the value 1.2, which is typical for fast neutron
reactors. Secondly, the previous analysis does not take
into account the neutron pulse propagation in space,
whereas knowledge of the spatial distribution of the
neutron flux in the reactor core is needed to choose the
best and optimal location of targets and detectors.
Thirdly, the previous discussion does not make clear the
picture of saturation attainment, which is observed in
the process of propagation of pulse group through the
subcritical system. Fourthly, the papers [15-17] demon-
strated how the amplification factor is affected by the
presence of two different material zones in the system.
Moreover, this influence is mainly determined by the
multiplication factor of each zone. However, according
to our calculations, the amplification factor is also sub-
stantially affected by the material composition of each
zone. The latter fact is explained by neutron multiplica-
tion due to fast neutrons, as previously mentioned.

MODELS FOR CALCULATION
AND METHODS

In this study we investigate some general physi-
cal properties and characteristics of the pulsed
subcritical amplifier of neutron flux, within the frame-
work of different design models of nuclear reactor,
starting with some simplified homogeneous models of
the subcritical reactor, and finishing with more realis-
tic heterogeneous reactor model, which is close to ac-
tual construction of the future subcritical research re-
actor driven by high-intensity neutron generator.
These models have been developed in the framework
of the research and development project of the
subcritical research nuclear reactor at Institute for Nu-
clear Research of the National Academy of Sciences
of Ukraine and at Institute for Safety Problems of NPP
of the National Academy of Sciences of Ukraine.

It is reasonable to investigate and analyze the
propagation of neutron pulses through the nuclear
subcritical system with the help of computational ex-
periment that completely simulate the system under
consideration. Simulation experiment of this kind
should involve a choice of simulation method, and
also total definition and specification of the prototype
system, including nuclide composition of the system,
its geometry, characteristics of pulsed neutron source,
boundary conditions, and so on.

The following considerations should be taken
into account in the course of the choice of the simu-
lated system.

Firstly, the system under consideration must be
subcritical enough to meet the requirements of regula-
tory authorities for the totally safe nuclear reactor sys-
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tems. It means that the effective multiplication factor
of the system should not exceed the value k ;= 0.97.
Theoretically, we can also consider the prototype sys-
tem with a higher value of the quantity &g, primarily to
estimate possible benefits of such increase.

Secondly, the quantity of fissile material (such as
235U) should be as minimal as possible. Consequently,
certain steps must be taken to reduce the amount of fis-
sile material in order to make system more cheap and
safe. Among these steps we can mention the use of the
most effective neutron reflectors, beryllium coming
up in the first place due to efficiency of nuclear reac-
tion (7, 2n) inside this material. We should also use the
most optimal ratio of the fissile material quantity to the
moderator material quantity. As a result, the most ef-
fective ratio of the amount of 23U nuclei to the amount
of hydrogen nuclei is 1:500, according to reference
books (see, e. g., [18]).

Thirdly, it is advantageous to use the property of
some heavy nuclei, first of all of 23U, to be fissionable
due to absorption of fast neutrons with energy higher
than fission threshold. Let us remind that 23U is
known to be the most common isotope of uranium
found in nature. It is not fissile, but is a fertile material:
it can capture a slow neutron and after two beta decays
become fissile 2*°Pu. Though 238U is fissionable with
fast neutrons, it cannot support a chain reaction be-
cause inelastic scattering reduces neutron energy be-
low the range where fast fission of one or more
next-generation nuclei is probable. In summary, the
initial slowdown of the neutrons should be performed
inside of the heavy material, such as 233U or 3>Th. The
secondary slowdown of the neutrons should then be
performed inside of the good moderator mixed with
the fissile material. It is important to note that analyti-
cal analysis of such a system, in the framework of the
one-velocity approximation, is impossible.

Homogeneous calculation models

We start the consideration with the following
simple configurations of homogeneous systems. The
point neutron source is placed in the center of a spheri-
cal subcritical nuclear assembly and it emits either a
single pulse of the monoenergetic neutrons with the
energy of 14 MeV and duration of about 108 s, or a
group of such pulses with interpulse period, i. e. pulse
repetition interval, of about 10~*s. Subcritical nuclear
assembly is a homogenized fuel system, and is built up
from a number of concentric spherical layers. The in-
ner layer of the assembly is composed of either natural
uranium or depleted uranium, which is fissionable by
fast neutrons. Let us remind that around 99.3 % of nat-
ural uranium is 23U, while depleted uranium has even
higher concentration of *8U. The next (external) layer
ofthe assembly is composed of water solution with the
dissolved 23U, where the ratio of the amount of 23U

nuclei to the amount of hydrogen nuclei is 1:500, or so.
The layer thicknesses are chosen on the basic principle
that the effective multiplication factor of the system
should not exceed unity. On the other hand, the layer
thicknesses and, respectively, design of the assembly
are chosen on the principle that the amplification fac-
tor of neutron flux coming from the source should
reach a maximum value.

Heterogeneous calculation model

It is also of great interest to study propagation of
neutron pulses through the realistic subcritical nuclear
system close to actual nuclear reactor. For this pur-
pose, we shall use the suggested neutronic design
model of two-zone research subcritical nuclear reac-
tor, which is developed in the framework of the State
Project of the National Academy of Sciences of
Ukraine Study of non-linear and stochastic properties
of multiplying nuclear systems [19-22]. Design model
of this reactor is a two-zone subcritical system driven
by high-intensity neutron generator (see fig. 1). The
internal zone of the proposed reactor has fast neutron
spectrum, while the external zone of the reactor has
thermal neutron spectrum. Such a design of the reactor
core allows to perform different types of research in-
vestigations on transmutation of the whole spectrum
of radioactive wastes, i. e. both on transmutation of
minor actinides in the internal zone with fast neutron
spectrum [23-25], and on transmutation of long-lived
fission products in the external zone with thermal neu-
tron spectrum [26]. A great variety of different experi-
ments and studies could also be available at such a re-
search facility. It is also of great importance that
well-optimized two-zone subcritical system makes it
possible to scale down a request to the external neu-
tron source and to bring down the cost of the
subcritical research reactor, as demonstrated in [27,
28].

Geometrical and material characteristics of the
subcritical reactor system are chosen on the basis of

Evacuated tube

Stainless steel

Beryllium
reflector

External zone

Internal zone

Figure 1. The scheme of the two-zone research
subcritical reactor
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simulation, investigation and optimization of the sys-
tem performed in [20-22, 24]. The effective multipli-
cation factor of the system takes the value k. =0.97.
External deuteron beam travels through a vacuum tube
in the center of the system. This vacuum tube is made
of stainless steel SS304 [29]. Tritium-saturated tita-
nium target is placed in the center of the vacuum tube.
The target diameter coincides with the inner diameter
of the tube and amounts to 5 cm [30]. The processes
occurring in a target under deuteron bombardment,
namely the D-T nuclear reaction, produce neutrons
with a kinetic energy of approximately 14 MeV. As a
result, we get an intense 14 MeV neutron source in the
center of the subcritical system. Titanium target is
placed on a copper base cooled by water, and in turn,
water cooling pipes are placed in the lower part of the
central tube, under the target.

The internal zone with fast neutron spectrum,
surrounding the central tube, is placed in the tank
made of stainless steel SS304. Thickness of the steel
wall of the tank amounts to 1 cm. The internal fast zone
ofthe system is composed of the reactor WWER-1000
shortened fuel pins cooled by the helium coolant. The
whole internal zone has a diameter of 45.3 cm and
height of 50 cm. The external thermal zone of the sys-
tem, surrounding the fast zone, is also composed of the
reactor WWER-1000 shortened fuel pins, but cooled
by the water coolant. The whole external zone has a di-
ameter of 73.6 cm and the same height of 50 cm. Clad-
ding of the fuel element of the reactor WWER-1000
has a diameter of 0.91 cm, while fuel pellet has a diam-
eter of 0.786 cm. Chemical composition of the clad-
ding is zirconium-1 % niobium alloy.

Calculation results show that optimal enrich-
ment of uranium in the internal fast zone is 15-20 % in
235U, while optimal enrichment of the uranium in the
thermal zone comprises 4 % in >3U. Therefore, fuel of
the fuel elements in the fast internal zone is uranium
dioxide, which has 2*U concentration of 15 %. Fuel of
the fuel elements in the external thermal zone is ura-
nium dioxide with enrichment of4 % in >3U. Fuel pins
in both zones of the subcritical reactor are arranged in
a square lattice with lattice pitch 1.275 cm. Such type
of arrangement of fuel pins into assemblies, based on a
square lattice, is typical for thermal nuclear reactors.
Efficient beryllium reflector of 10 cm thickness is
placed on the outside border of the reactor core. Tri-
tium production, destined for saturation of the neutron
generator target, takes place in the lithium units, which
are allocated at the top and at the bottom of the beryl-
lium reflector (see fig. 1). Tritium is produced, as
usual, in nuclear reaction by neutron activation of °Li.
This is possible with neutrons of any energy, and is an
exothermic nuclear reaction yielding tritons according
to the scheme [28]

SLi+n >T+*He+E (5)

CALCULATION METHOD
AND MCNP CODE

The computational experiment lies in direct sim-
ulation of source neutron transport through analyzed
reactor system with the help of Monte Carlo method.
This method is implemented in MCNP code, which
was developed in the Los Alamos National Laboratory
(LANL, N. Mex., USA) [31, 32].

The Monte Carlo method simulates the transport
of particles (neutrons, photons, electrons) through me-
dia subjected to all possible interactions between par-
ticles and nuclei of media. The interactability of a spe-
cific type is formed on the base of macroscopic
cross-sections. These cross-sections are calculated in
accordance with the macroscopic data of a specific
task and in accordance with the evaluated microscopic
cross-section libraries. With the help of this method
we can trace a specific particle (e. g. neutron) from its
generation to absorption or leakage from the system.
After accumulation of the data for a certain number of
particle histories, the user can obtain particle distribu-
tion in the system and calculate other physical quanti-
ties.

The Monte Carlo method prevails over deter-
ministic methods of transport equation solutions be-
cause it is well-suited for reactor systems with com-
plex structure and geometry [33]. The accuracy of
obtained results for Monte Carlo method depends on
accuracy of input parameters and, of course, statistical
uncertainty of simulated process. This uncertainty can
be reduced by increasing the number of particle histo-
ries. As a rule, the accuracy for Monte Carlo calcula-
tions can reach 1-3 % in comparison with experimen-
tal data.

RESULTS AND DISCUSSION

Results for the homogeneous
subcritical systems

The MCNP4c code can apply for two types of
calculations: the estimation of neutron multiplication
factor and the solving of tasks with different types of
neutron sources. There is an option of simulation for
time-dependent tasks in the second type of calcula-
tions. Initially, we launch series of criticality tasks for
obtaining of the neutron multiplication factor for dif-
ferent reactor systems. Thereafter, the simulation of
pulse propagation in nuclear reactor and obtaining of
the amplification factor of subcritical system is carried
out in the most interesting subcritical configurations
under consideration. Thus, calculations for both the
homogeneous and the heterogeneous systems were
done with the help of MCNP4c¢ Monte Carlo transport
code, which employs the ENDF/B-VI nuclear data li-
brary.



V. Babenko, et al.: The Pulsed Subcritical Amplifier of Neutron Flux Driven ...
6 Nuclear Technology & Radiation Protection: Year 2019, Vol. 34, No. 1, pp. 1-12

The spherical systems for MCNP simulation had
the following conditions: the first internal sphere is
natural uranium with different radii R, and the second
external spherical layer is water solution of 300 g 233U
with different ratios of concentrations Ny/Ny; = 1:500;
1:600; 1:400. These two neutron multiplication zones
are enclosed into the outer spherical beryllium reflec-
tor with different thicknesses d. The calculation results
for neutron multiplication factor for the 1% and the 2"¢
cases are presented in tabs. 1 and 2 correspondingly.

The values of neutron multiplication factor kg
for the subcritical system with the ratio of number of
235U atoms to number of Hydrogen atoms in water so-
lution H/U =400 and the radius of the internal sphere
of natural uranium R = 5 c¢m, were also calculated.
These values comprise k. = 0.939, 0.968, 0.984 for
the beryllium reflector thicknesses d = 20, 30, 40 cm,
respectively.

Tables 1 and 2 show that with increasing thick-
ness of the beryllium reflector, the neutron multiplica-
tion factor increases, as expected. Moreover, the ob-
tained results show the decrease of the neutron
multiplication factor following the increase of the
thickness of internal sphere with natural uranium. The
presented results also confirmed the well-known con-
clusion about optimality of ratio Ny/Ny; = 1:500, from
viewpoint of efficiency of neutron moderation.

Five reactor systems A-E (see tab. 3) were se-
lected for study of the simulation of the neutron pulse
propagation through subcritical zone. This particular
choice of the systems A-D to be analyzed was made on
the basis of tabs. 1 and 2, calculations in a way to meet
the requirement of the slight subcriticality of the sys-
tems (k g~ 0.98-0.99) and possibly to obey the rule of
optimal H/U ratio. In addition, the system £ (only in-
ternal zone — water solution) with k. = 0.999 was
brought up into consideration for obtaining more in-
formation with regard to the dependence of energy
amplification factor vs. the increase of neutron multi-
plication factor kg The thicknesses of water solution
is chosen on the basic principle that the effective mul-
tiplication factor of the system should not exceed
unity.

For the calculation of pulse propagation through
considered subcritical systems, for both the homoge-
neous and the heterogeneous systems, the following
characteristics were used: the number of neutrons for
one pulse n,,,; = 10'* neutrons, the pulse width is equal
to 10 s, and the neutron energy is 14 MeV. The neu-
tron angular distribution of the initial pulse is chosen
to be isotropic. Time distribution of the initial pulse is
stepwise. The average number of neutron histories,
used in simulations, was chosen to be not less than one
million, depending on the obtained uncertainties of

Table 1. The value of neutron multiplication factor k. for subcritical system with ratio of number of 235U atoms to number
of hydrogen atoms in water solution H/U = 500. R, — the radius of the internal sphere of natural uranium.
R, — the outer radius of the second external spherical zone. d — the thickness of the beryllium reflector

Ry [om] Ry [om] Lo
d=20cm d=25cm d=30cm d =40 cm
0 11.123 0.989 - 1.015 1.027
1 11.126 0.988 - 1.014 1.024
2 11.145 0.983 - 1.012 1.024
3 11.196 0.973 - 1.003 1.016
4 11.293 0.957 0.980 0.990 1.000
5 11.451 0.942 - 0.974 0.986
6 11.677 0.919 - 0.954 0.964
7 11.979 0.896 - 0.931 0.941

Table 2. The value of neutron multiplication factor k. for subcritical system with ratio of number of 235U atoms to number
of hydrogen atoms in water solution H/U = 600. R, — the radius of the internal sphere of natural uranium.
R, — the outer radius of the second external spherical zone. d — the thickness of the beryllium reflector

etr
Ry [em] R> [em] -
d=20cm d=30cm d=40 cm
0 11.818 0.976 1.0013 1.0119
1 11.821 0.974 1.0012 1.0117
2 11.840 0.971 0.998 1.0084
3 11.882 0.965 0.992 1.003
4 11.969 0.954 0.980 0.989
5 12.109 0.938 0.968 0.979
6 12.313 0.922 0.953 0.963
7 12.586 0.899 0.930 0.942
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Table 3. Geometry and material composition of the subcritical systems considered for simulation of the neutron pulse
propagation. Water solution is chosen with the optimal ratio Ny/Ny=1:500 from the viewpoint of the efficiency of neutron

moderation
System Internal zone External zone Ry [cm] R, [cm] d [cm] ketr
A Natural uranium Water solution 4 11.293 25 0.980
B Natural uranium | Water solution 4 11.293 30 0.990
C Natural uranium | Water solution 5 11.451 40 0.986
D Depleted uranium | Water solution 4 11.456 25 0.981
E Water solution - 11.123 - 23.1 0.999

Table 4. The parameters of pulse subcritical homogeneous assemblies

Parameters System 4 keir=0.980 | System B k= 0.990 | System C ke = 0.986 | System D ko= 0.981 | System E ko= 0.999
ngi(neutrons) 4.715-10" 7.768:10" 9.506-10" 4.964:10" 7.196:10"
@y (neutrons per cm?) 2.345-10" 3.863-10" 3.026-10" 2.469-10" 4.628:10"
? [em™] 2.509-10" 3.981-10" 3.088:10" 2.611-10" 6.936:10"
ng (neutrons) 3.341-10" 5.783-10' 5.087-10' 3.652:10" -
Pg [em™?] 2.085-10" 3.608:10" 3.087-10" 2.279-10" -
@ [em?] 2.355:10" 4.004-10" 3.309-10" 2.529-10" -
N (fissions) 2.822:10" 4.843-10"° 3.995-10" 3.069:10" 4.934-10"
Or[MeV] 5.104-10" 8.760-10" 7.227-10" 5.551-10" 8.926:10"7
G 364.6 625.7 516.2 396.5 637.57

calculations, with larger numbers used for heteroge-
neous calculations accordingly — at least five million
neutron histories for heterogeneous case (see later). It
is also important to provide the information on maxi-
mal statistical uncertainties of the calculated results.
Here, we note that maximal standard deviation for crit-
icality calculations does not exceed the value of
0.0005, whereas maximal standard deviation, for time
domain analysis and the external source calculations,
does not exceed the value of 0.001.

The following parameters were estimated in the
MCNP calculations: the number of neutrons that cross
sphere 1 (sphere of natural uranium) — n;, the number
of neutrons for surface unit of sphere 1 — ¢, the aver-
aged neutron flux in spherical zone 1 — @, , the number
of neutrons that cross sphere 2 (sphere of water solu-
tion of 233U) — ng,, the number of neutrons for surface
unit of sphere 2 — ¢,,, averaged neutron flux in spheri-
cal zone 2 — ¢,, the total number of fissions in sphere
with water solution of 233U — N, the fission energy, re-
leased in sphere with water solution of 2**U- Qy, en-
ergy amplification factor G = Q¢/0,,, where O, — the
total energy of neutrons in initial pulse. Obtained re-
sults are presented in tab. 4. Let us remark here that
spatial averaging of the quantities given in tab. 4
means volume or surface averaging for the corre-
sponding volume zone, or surface quantities, respec-
tively, whereas time averaging is understood in this
case as averaging on the infinite time interval.

The typical time dependences of pulse propaga-
tion through subcritical assembly are presented in figs.
2 and 3 for System E with k= 0.999. The time in figs.
2 and 3 is presented with using of shakes — special unit

of time measurement for MCNP code (1 shake =108
s). The damping of averaged neutron flux, in the zone
of water solution of 2*>U, is demonstrated in fig. 2. The
neutron pulse propagation across the outer spherical
surface with water solution of 22U, is demonstrated in
fig. 3. Let us also note that the calculated neutron flux
for all computer time analysis simulations was nor-
malized, or rather averaged, in such a way that all neu-
tron history simulation results are falling into the same
time interval/bin of the width of 1 shake form a single
unified averaged result. All the below figures in the
present paper are prepared with the help of MCNP
plotter [31]. Obviously, the times of damping are dif-
ferent for every considered system and depend on k.

1.10"
1 Ll

1-10'"

Average neutron flux [cm=2s7"]
1-10'°

1-10°

[
/
T T

1-108
|
JI

20 60 8

0 100
t, [shakes]

Figure 2. The time dependence of the averaged neutron
flux in zone of water solution of ***U for System E with
ke = 0.999 in case of one initial pulse
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Figure 3. The time dependence of the neutron flux across
outer boundary sphere 1 of water solution of >*U for
system E with k.= 0.999 in case of one initial pulse

For example, the total time for damping of neutron
pulse in System D is 0.04 s, and in System Cis 0.12 s.
The obtained results for simulation of System £ with
ko= 0.999: energy amplification factor G= 1351 and
total time for damping of neutron pulse is 0.21 s.

Therefore, the obtained results show that consid-
ered subcritical systems with sufficiently small
amount of fissile material (~300 g 2>3U) could be used
as effective amplifier of source neutron even in the
case of one pulse.

It is logical to assume that the energy amplifica-
tion factor from the series of pulses (providing that the
pulse repetition frequency would be sufficiently high
and the time between following pulses would be much
less than the time for damping of neutron pulse) should
greatly exceed the amplification factor for one pulse.
Calculation results for the series of pulses, given be-
low, confirm these assumptions. The simulation of
propagation of one hundred pulses, with relative pulse
duration of 10~ s through the System B, is carried out.
The averaged neutron fluxes across the spheres 1 and
2, see fig. 4 (the calculated neutron flux normalized on
time interval = 100 shakes), and 5 (the calculated neu-
tron flux normalized on time interval = 10000 shakes),
the energy amplification factors, were calculated.

Figure 5 shows that the number of neutrons and,
therefore, amplification factor increases significantly
in the case of one hundred pulses compared with the
case of a one pulse. Besides, the saturation was not
reached after one hundred pulses. The increase of am-
plification after series of one hundred pulses is caused
by the accumulation of delayed neutrons from previ-
ous pulses.

Thus, using of the subcritical systems for ampli-
fication of neutron pulses from external neutron
source could be applicable, besides, the value of am-
plification could be enough for practical application
(for example, production of radiopharmaceuticals).

110"

Average neutron flux [em %s7]

| L
ot el PRI ey, _J"w\-\.wu.,..,.,““ LT PR |

1. 109 T T T T
0.95 0.96 0.97 0.98 0.99 1
t, [million shakes]

Figure 4. The time dependence of averaged neutron flux
across sphere 1 of natural uranium for System B in case
of one hundred neutron pulses. The figure shows the
time interval for the last five pulses of series
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Figure 5. The time dependence of averaged neutron flux
in zone of water solution with **U for System B in case of
one hundred neutron pulses

Results for the heterogeneous
subcritical systems

The calculation of pulse propagation through the
considered subcritical heterogeneous systems the fol-
lowing characteristics have been used: the number of
neutrons for one pulse 7, = 10'* neutrons, the pulse
width equal to 107® s, and the neutron energy 14 MeV.
At least five million neutron histories were modeled for
all calculations. At first, the propagation of one neutron
pulse through the presented subcritical model (see fig.
1) was done and the averaged neutron fluxes in internal
and external zones, due to one pulse for time interval =
= 100 shakes, are shown in fig. 6 (the calculated neu-
tron flux normalized on time interval = 1 shake) and fig.



V. Babenko, et al.: The Pulsed Subcritical Amplifier of Neutron Flux Driven ...

Nuclear Technology & Radiation Protection: Year 2019, Vol. 34, No. 1, pp. 1-12 9
110" Lo iiaen c 110104 T T R
=] - =]
Nm ) - N(A -
} }
5 11074 E s |
5 1\ i s
£ 3 ]
2 110° 4 R L 2 1
g : s
g ] o g (
4 o 8
2 1 I z 110 1
1-10° 4 B S I ]
] [ T\ N
1107 : : : : (1" NE— e i s
0 20 40 60 80 100 0 2000 4000 6000 8000 10000
t, [shakes] t, [shakes]

Figure 6. The time dependence of averaged neutron flux
in the internal zone of subcritical reactor in case of one
neutron pulse
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Figure 7. The time dependence of averaged neutron flux
in the external zone of subcritical reactor in case of one
neutron pulse

7 (the calculated neutron flux normalized on time inter-
val = 1 shake).

The comparison of homogeneous subcritical
system (see fig. 2) and heterogeneous subcritical sys-
tem (see fig. 6) demonstrate that there is a decreasing
of level of neutron flux for the case of heterogeneous
model. The figs. 6 and 7 also show that there is a little
peak of averaged neutron flux at first 10 shakes for het-
erogeneous model. This effect is explained by the time
of passage of pulse from the target to the internal and
external zones.

Secondly, the propagation of one neutron pulse
through the presented subcritical model was done for
time interval = 10000 shakes. The averaged neutron
fluxes for internal and external zones are shown in fig.
8 (the calculated neutron flux normalized on time in-
terval = 100 shakes) and fig. 9 (the calculated neutron
flux normalized on time interval = 100 shakes) respec-
tively.

Figure 8. The time dependence of averaged neutron flux
in the internal zone of subcritical reactor in the case of
one neutron pulse
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Figure 9. The time dependence of averaged neutron flux
in the external zone of subcritical reactor in the case of
one neutron pulse

The figs. 8 and 9 show that there are differences
between the averaged neutron fluxes in the internal
and external zones with regard to time and to the level
of neutron flux. The averaged neutron flux is higher
immediately after the pulse in the internal zone than in
the external zone. But the averaged neutron flux is
higher at the flat plateau of pulse (after 4000-5000
shakes) in the external zone than in the internal zone. It
could be explained by the fact that there is more in-
tense thermal-neutron fission, due to thermal neutron
spectrum, in the external zone.

The simulation of propagation of one hundred
pulses, with pulses duty cycle 10~ s through the heter-
ogeneous subcritical system, is also carried out within
the scope of the presented paper. The averaged neutron
fluxes for internal and external zones for time interval
=1000000 shakes are shown in fig. 10 (the calculated
neutron flux normalized on time interval = 10000
shakes) and fig. 11 (the calculated neutron flux nor-
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Figure 10. The time dependence of averaged neutron flux
in the internal zone of subcritical reactor in the case of
one hundred neutron pulses

malized on time interval = 10000 shakes), respec-
tively.

The figs. 10 and 11 show that there are not essen-
tial distinctions between the averaged neutron fluxes
in the internal and external zones with regard to time
and to the level of neutron flux. In addition, the com-
parison of homogeneous subcritical system (see fig.
5) and heterogeneous subcritical system (see figs. 10
and 11) demonstrate that there is a decrease of level of
neutron flux for the case of heterogeneous model.

CONCLUSIONS

Therefore, the considered pulse subcritical am-
plifier of neutron flux could combine, on the one hand,
the advantages of subcritical assembly driven by ex-
ternal neutron source with, on the other hand, the ad-
vantages of conventional pulse nuclear reactor. Such
systems will maintain the following advantages of tra-
ditional ADS, that operate in a steady state mode:
subcritical (safe) operating mode; the possibility for
transmutation of nuclear waste from conventional nu-
clear reactors, the potential use of different types of
nuclear fuel. Also, such systems will maintain the fol-
lowing advantages of pulse reactor: high power and
high-intensity neutron flux for short time intervals.
The proposed pulse systems can be used for a number
of research goals and experiments. It should also be
emphasized that construction of a pulsed neutron
source driven by high-intensity neutron generator
could be cheaper and easier than construction of con-
ventional ADS driven by linear proton accelerator in a
steady state mode. Also, there is a significant experi-
ence for construction and operation of high-intensity
neutron generators in Institute for Nuclear Research
(Ukraine) [30].

Figure 11. The time dependence of averaged neutron flux
in the external zone of subcritical reactor in the case of
one hundred neutron pulses

Thus, we have considered a subcritical system
that can be described as a booster in which the power
pulse is initiated by the initial neutron pulse, or a series
of neutron pulses, from external source, and the neu-
tron multiplication in the core is reducing during the
damping fission chain reaction after power cutoff. In
this case, the neutron pulse width is longer than the ex-
ternal source width to the order of 7/(1-k), where 7 —
lifetime of prompt neutrons, & — effective neutron mul-
tiplication factor. The number of neutrons generated in
a pulse exceeds the number of neutrons of the source
by 1/(1-k) times.

The presented calculations have shown that the
considered pulse subcritical systems can be success-
fully used as effective amplifiers of neutron flux from
initial source. Thus, the calculated amplification fac-
tor, from series of neutron pulses, greatly exceeded the
amplification factor from one neutron pulse, which,
however, is quite natural. In general, the conducted in-
vestigations and the obtained results show that using
of MCNP code allows areliable calculation of realistic
subcritical nuclear systems and propagation of the se-
ries of neutron pulses from external neutron source
through these systems. In other words, we could con-
sider the temporal dynamics of occurring processes in
the subcritical system.

The homogeneous and heterogeneous subcritical
systems were considered in the present paper. The neu-
tron-physical model of two-zone subcritical reactor with
different neutron spectra was developed with the help of
MCNP4 Monte Carlo code. The propagation of one neu-
tron pulse and series of one hundred neutron pulses
through different subcritical models was calculated. The
modeling results indicate that there is an achievement of
a stable, high level of neutron flux, caused by the accu-
mulation of delayed neutrons from previous pulses in se-
ries of one hundred pulses, for both homogeneous and
heterogeneous systems. The presented results indicate
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that the zone with thermal neutron spectrum has a good
potential for amplification of neutron flux due to more in-
tense thermal-neutron fission.
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Baaguvunp BABEHKO, Boaopumup ITABJIOBUY, Boaogumup I'YJIUK

NMITYJICHUA NOTKPUTNYIHU TTOJAYABAY HEYTPOHCKOI' ®JIYKCA
INOKPETAH I'EHEPATOPOM HEYTPOHA BUCOKOI MTHTEH3UTETA

[TOTKpUTHYHN peakTOp MOKPEeTaH EKCTEPHWM HEYTPOHCKUM H3BOPOM MOKe Hahu CBOjy
ynoTpeOy Kao KOPUCTaH HHCTPYMEHT y MOJIEPHO] IPUMEHH HYKEJIapHE €HEPrije Koja 3aXTeBa 03paulBambhe
pa3IMYNTHX MaTepujalia HeyTPOHCKNM (hIIyKCeBIMa BICOKUX €HEpruja M MHTeH3uTeTa (Ha IpuMep, KOj
TpaHCMyTalldje HyKJIeapHOT OTHa/a, y IPOU3BOIKY pagrnodapMaleyTuKa, UTH). Y OBOM pajiy pa3MaTpaHo
je MpocTupame HEYTPOHCKOT UMITyJIca KpO3 IOTKPUTUYHU HykKjeapHu cucteM. [Tpumenom Mounre Kapio
MCNP4c¢ TpaHCIOPTHOT IPOrPaMCKOT aKeTa UCIIUTAH j€ jeJHOCTAaBaH MOJEJ XOMOT€HOT IIOTKPUTUYHOT
cucTeMa U MOJIeN JBO30HCKOr MOTKPUTUYHOI PEakTopa. 3a OBe MOJEe CUMYJIUPAHO je& NMPOCTUPAE
jeHOr WHUIUjaTHOT UMIIyJica HEYyTPOHA U cepHje Off cTO mMmyica. [IpuKynbeHu Cy U aHAIU3MpaHH
pe3yaTaTy 3a MyJITUINIMKAIMOHU (paKTOp HEYTPOHA, HEYTPOHCKHU (hJIyKC, (paKTOp Mojayama €HEPruje u
YKYIIHY €HEPrujy HEYTPOHA Y MHUIMjATHOM MMIYJCy. AHalu3a NpUKa3aHUX IIpopavyyHa Mokasyje fa ce
pa3MaTpaHu UMIYJICHA MOTKPUTUYHU CUCTEMHU MOTY YCHEIIHO KOPUCTUTU Kao e(peKTUBHHU NOjayaBay U
HEYTPOHCKOT (piIyKca Off MHUIUjalHOT HM3BOpa. Pesynratm MopenoBama yKasdyjy Ha OCTBapHUBAHE
CTaOUTHOI HEYTPOHCKOr (hiIyKca BUCOKOI HUBOA M3a3BAHOI aKyMyJlallMjOM 3aKacHEJIUX HEYTPOHA Off
IPETXOAHUX UMITYJICA U3 CEPH]j€E Of] CTO y3aCTOMHUX UMITYJICA U KOJ XOMOT€HUX U KOJ] XeTEPOreHUX CUCTEMA.

Kwyune peuu: cuciiem loxpeian axyeaepaitiopom, Monite Kapao iipopauym, umityacnu
uctipaxcusaduxu peaxiuop, D-T HeyilipoHcKu 2ZeHepaitiop



