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The H5B is a concept of an accelerator-driven sub-critical research facility (ADSRF)
being developed over the last couple of years at the Vinc¢a Institute of Nuclear Sciences,
Belgrade, Serbia. Using well-known computer codes, the MCNPX and MCNTP, this
paper deals with the results of a target study and neutron flux calculations in the
sub-critical core. The neutron source is generated by an interaction of a proton or deu-
teron beam with the target placed inside the sub-critical core. The results of the total
neutron flux density escaping the target and calculations of neutron yields for differ-
ent target materials are also given here. Neutrons escaping the target volume with the
group spectra (first step) are used to specify a neutron source for further numerical
simulations of the neutron flux density in the sub-critical core (second step). The re-
sults of the calculations of the neutron effective multiplication factor % ¢ and neutron
generation time A for the ADSRF model have also been presented. Neutron spectra
calculations for an ADSRF with an uranium target (highest values of the neutron
yield) for the selected sub-critical core cells for both beams have also been presented in
this paper.
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INTRODUCTION

A conceptual design of an accelerator-driven
sub-critical research facility (ADSRF) was developed at
the Vinca Institute of Nuclear Sciences in Belgrade over
the past few years. The aim of this theoretical work is the
study of modern reactor physics and development of
technologies needed to design a small, fast or thermal,
sub-critical low neutron flux reactor system driven by
neutrons generated in a target by an accelerator beam [1].
The construction of nuclear power facilities is forbidden
by law in Serbia [2]. Also, economic circumstances do
not support the construction of an accelerator-driven
sub-critical power system (ADS). Having in mind the
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current shortage of about 30% of electrical energy, in
prospective, nuclear power plants may become a realistic
option for producing electricity in the country. This con-
ceptual design of a new, inherently safe sub-critical facil-
ity could become a focal point for the concentration and
preservation of an ever smaller community of Serbian
nuclear engineers.

The idea of a reactor with a neutron source gen-
erated by an accelerator beam originated in the late fif-
ties of the 20 century. The modern concept of ADS
has again come into the focus of the scientific commu-
nity in subsequent decades of the 20™ century when H.
Takahashi in USA [3-4] and C. Rubbia in Switzerland
[5-6] proposed their projects. A brief history of ADS
was given in [7]. Large scale research ADS projects
have been initiated world-wide in the last decade of the
20™ century [8-9].

The concept of accelerator-driven systems com-
bines a particle accelerator with a sub-critical core. The
particle accelerator bombards a target which produces a
neutron source. These neutrons can consequently be
multiplied in the sub-critical core which surrounds the
target (fig. 1.). The possibility to operate a reactor core
at a neutron multiplication factor below one opens op-
portunities for new reactor concepts, including con-
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Figure 1. A sketch of an ADS

cepts which would otherwise be ruled out by an insuffi-
cient neutron economy. It appears that ADS have a great
potential for radioactive waste transmutation and that
they open the possibility of “burning” waste materials
from existing reactors [8].

The results of the ADS studies carried out at the
Vinca Institute from 1999 to 2006 can be found in refs.
[1] and [10-16]. The H5B is a concept of an ADSRF
developed at the Vinca Institute of Nuclear Sciences,
Belgrade, Serbia. The H5B is supposed to use low-en-
riched (19.7% 233U) uranium fuel of the TVR-S type
of Russian origin, placed in a lead matrix. The neutron
source is generated by an interaction of a proton or
deuteron beam, to be extracted from the TESLA accel-
erator [17, 18] at the high energy channel H5B, with a
target placed inside the sub-critical core. All basic pa-
rameters and specific data relevant to benchmark cal-
culations of the H5B are given in [19].

This paper deals with the results of a target study
and neutron flux calculations in the sub-critical core us-
ing well-known Monte Carlo computer codes. Simula-
tions of proton and deuteron beam transport through the
target so as to calculate the neutron yield and neutron
emission spectra were carried out using the
MCNPX2.4.0 code [20]. Neutrons escaping the target
volume with group spectra (first step) were used to
specify a neutron source for further numerical simula-
tion of the neutron flux in the sub-critical core (second
step). The MCNPS5 code [21] is used for criticality cal-
culations of the HSB ADSRF sub-critical core.

SIMULATION OF THE
INTERACTION OF
CHARGED PARTICLES WITH
THE TARGET

In most cases, simulations of proton and deu-
teron transport through the target aimed at calculating
the yield and neutron emission spectra were carried

out using the MCNPX2.4.0 code and LA150 or
ENDL92 data library [21]. Where these data libraries
were nonapplicable, an analytical (Isabel) model of
the MCNPX code for the interaction of charged parti-
cles with the target material was used.

With the purpose of neutron source simulations,
a simplified beam model is proposed in which cylin-
drical symmetry and a continual time structure of the
beam is assumed [19]. It has also been accepted that
the radius of the beam circular transversal cross-sec-
tion should be equal to the radius of the cylindrical
source target. In this, extremely simplified model, it is
assumed that the particles within the beam are uni-
formly distributed over the beam radius and that all
particles move parallel to the direction of the beam.
The characteristics of the assumed beam are described
intab. 1. The beam parameters are supposed to be used
for a study of neutron production (yield and spectrum)
of beam impact at the basis of the cylindrical target.
One should note that the final results concerning the
yield of the neutron source are normalized to N,om,
representing the number of ions in the beam hitting the
target per a unit of time. This number depends on the
ion beam current /ye,y, and the degree of ionisation 7 of
asingle ion in the beam. If the charge of each ion is de-
fined by Q = tne, where n is an integer and e is the
electron charge magnitude, then Nyom = lpeam/nEe =
=6.242-10" Tveam/n, where Iy, is given in pA and
Npom 18 given in s

Table 1. Beam specifications

Beam particle| Eo [MeV] Lnax [WA] Noom [57']
Proton (p) 73 5 3.12:10"
Deuteron (d) 67 50 3.12-10"

For the interaction of a charged particle beam
with the target material, an idealized, cylindrical target
of different, natural occurring materials in a vacuum
(with no reflections of surrounding materials) is as-
sumed. In each of the cases, the impact of the beam at
the target basis is assumed to lie along the central axis of
the cylindrical target, as shown in fig. 2. The impact
area at the axis of the cylinder basis is assumed to be
equal to the beam profile area (defined by the beam di-
ameter). The model in question does not assume a win-
dow at the impact surface between the beam and the tar-
get.
Target dimensions are determined according to:
— available space inside the sub-critical core (maxi-
mum target diameter being 2.5 cm),

— arange of 73 MeV proton and 67 MeV deuteron in
the target material (minimum target length), and

— basic cooling (thermal capacity) target requirements
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Figure 2. Sketch of an ion beam impact on the target

The ranges of charged particles with maximum
beam energy in selected target materials, density of the
target material, and specifications for a cylindrical tar-
get (material and dimensions) are given in [19].

Results for calculations by the MCNPX2.4.0
code were obtained for simulations of the interaction
of beam particles with the target, sampling 1 000 000
initial particles, allowing a 1% deviation from the ba-
sic beam energy, E,,. The neutron flux escaping the tar-
get surfaces was calculated to belong to the 62 energy
group. Energy boundaries of the neutron group struc-
tures are given in [19].

The results of the calculations for the total neu-
tron flux escaping the target and neutron yields for dif-
ferent target materials obtained by the MCNPX2.4.0
code are given in tabs. 2 and 3, respectively. Statistical
errors for the neutron yield calculation results, i. e., the
standard deviations o are shown here, too.

The highest values of the neutron flux ¥(E) were
obtained for the uranium target, for both beams. The
particle flux escaping the uranium target bombarded
with deuteron and proton beams is given in figs. 3 and
4. Energy boundaries of the deuteron and proton group
structures are the same as the neutron group structure.
There is no deuteron flux escaping the target bom-
barded with a proton beam.

Neutron yields are calculated as the number of all
neutrons leaving the target surfaces per an incident
charged particle. The highest values of the neutron yield
were obtained for the uranium target with a proton beam
and for the beryllium target with a deuteron beam.

Table 2. Neutron flux obtained from different target
materials

Proton beam Deuteron beam
Target

materijal Neutr02n t;lux o |N eutron fl'lux o
[em™s™] [%] | [em™s ] | [%]
Lead 1325107 | 0.52 | 4.242.10* | 1.15
Uranium 2452107 | 0.53 | 7.125-10* | 0.88
Thorium 2.092-10° | 0.54 | 5.844.10™* | 0.87
Bismuth 1.412:10° | 0.51 | 4.074-107* | 0.82
Lithium 7.421-10° | 033 | 4.402-10° | 0.47
Beryllium | 1.080-107° | 033 | 7.948-10° | 0.47
Tungsten | 1.535-10> | 0.50 | 4.967-10™ | 0.80
Pb-Bialloy | 1.415-10° | 0.51 | 4.306:10* | 0.80

Table 3. Neutron yield obtained from different target
materials

Neutron yield
Target material [%]
Proton beam Deuteron beam

Lead 14.985 4.797
Uranium 27.728 8.058
Thorium 23.660 6.609
Bismuth 15.970 4.608
Lithium 13.429 7.966
Beryllium 12.210 8.989
Tungsten 17.357 5.617
Pb-Bi alloy 16.006 4.810

(1) Neutron flux
(2) Proton flux
(3) Deuteron flux
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Figure 3. Particle flux escaping an uranium target —
deuteron beam
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Figure 4. Particle flux escaping an uranium target
— proton beam

The number of neutrons in an energy group per
second and per squared centimetre ¥, escaping the
target’s surfaces within the boundaries of a given en-
ergy group are given in figs. 5 and 6.

The graphs are normalized per one incident par-
ticle, so that the integral bellow W(E) — E graph (sum
of products ¥, E,) is normalized to one (eq. 1).
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Figure 5. Neutron flux (normalized) for different target
materials — deuteron beam
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Figure 6. Neutron flux (normalized) for different target
materials — proton beam
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Peaks of the escaping neutron spectra for both
beams are in the energy range of 0.2 MeV to 4 MeV for
all targets except beryllium and lithium. For these two
targets, the peaks of the escaping neutron spectra are in
the energy range of 1MeV to 10 MeV. There are no
neutrons with energies bellow 1 keV, i. e., there is no
termalization of neutrons within the target material.
This is a consequence of a simplification made in the
simulation [15].

SIMULATION OF ANEUTRON
FLUX IN THE SUB-CRITICAL CORE

The MCNPS5 code is used for criticality calcula-
tions of the HSB ADSRF with the combination of the
LA150 (neutron £, ,, = 150 MeV), used for major avail-
able nuclides, and ENDL92 (neutron £, ,, = 30 MeV)
neutron cross-sections data libraries [21]. Only for a few
nuclides  (impurities in the ADS materials)

ENDF-B/VLS (neutron £, ,, =20 MeV) data are used.

A three-dimensional (3-D) model of the H5B
ADSREF and a 3-D model of the TVR-S type fuel ele-
ment for the MCNP code were developed and verified
earlier [1]. The fuel element used for the HSB ADSRF
design is the TVR-S type, produced at the Novosi- birsk
Chemical Concentrate Plant, Novosibirsk, Russian
Federation. It is a tubular-type fuel element with clad-
ding made of the aluminum alloy SAV-1. The fuel layer
is designed as uranium dioxide dispersed in an alumi-
num alloy matrix. This design supposes that 19.7% 23U
enriched LEU fuel elements are available. Seven
TVR-S fuel elements are placed into one fuel assembly
(FA) tube filled with a primary moderator. Demineral-
ised water was used as a primary moderator. The
sub-critical core was assembled inside the cylindrical
tank made of stainless steel (SS). The inner and outer di-
ameters of the tanks are 1000 mm and 1050 mm, respec-
tively. The tank wall has the same thickness as the bot-
tom cylindrical plate of the tank: 25 mm. For the
purposes of the model, the tank height is assumed to
match exactly the total height of the core and both axial
reflectors, i. e., to be 1037 mm. The core section was as-
sembled using 109 FA arranged within a regular 11x 11
matrix in the central part of the tank. The pitch of this
square lattice is 50 mm. The central FA is coaxial with
the tank axis. The total number of LEU TVR-S fuel ele-
ments used for the core design is 759. Each of the 109
FA has 7 fuel elements, as described, except the central
one. The central FA has only three fuel elements placed
at the bottom of the tube, covered by demineralised wa-
ter. This FA tube has a hole (of a diameter of 30 mm) at
the top plug for the penetration of the beam guide tube
made of SS. A target is placed at the bottom of the beam
guide tube, in high vacuum. The core is moderated and
reflected by lead that, for the purposes of the model,
matches exactly the inner wall of the core tank. Detailed
core description and material specifications are given in
[19].

Neutrons escaping the target volume with group
spectra obtained in the MCNPX2.4.0 code (first step)
are used to specify the neutron source distribution for
further numerical simulations of the neutron flux in the
sub-critical core (second step). In this (second) step of
the calculation by the MCNP5 code, 2000 neutron ac-
tive cycles have been run with 2500 neutrons per cycle,
after 200 initial ones. The neutron spectra in various
cells of the ADSREF lattice were calculated in 58 energy
groups. Energy boundaries of the neutron group struc-
tures are given in [19]. The results of the calculations of
the neutron effective multiplication factor k. and neu-
tron generation time A for the HSB ADSRF model are
given in tabs. 4 and 5, including the uncertainty equal to
the statistical standard error o in calculations with a
coverage factor equal to 1.

The calculated neutron effective multiplication
factor kg 1s less than 0.98 for the ADSREF, for all tar-
gets and both beams, so the prerequisite for the inher-
ent safety of the sub-critical reactor has been kept. All
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Table 4. Neutron effective multiplication factor k.

Target hon £ 01
Proton beam Deuteron beam

Lead 0.97444 £ 0.00032 0.97440 + 0.00033
Uranium 0.97358 £0.00032 0.97374 £ 0.00032
Thorium 0.97384 £ 0.00033 0.97399 + 0.00034
Bismuth 0.97432 £ 0.00033 0.97431 + 0.00033
Lithium 0.96849 + 0.00034 0.96910 + 0.00033
Beryllium 0.97450 £ 0.00033 0.97447 £ 0.00034
Tungsten 0.97306 £ 0.00033 0.97309 + 0.00033
Pb-Bialloy | 0.97440 +0.00033 0.97450 + 0.00033

Table 5. Prompt neutron removal life-time

Atoy

Target [ps]
Proton beam Deuteron beam
Lead 77.183 £0.045 77.306 + 0.044
Uranium 77.180 £ 0.044 77.226 £ 0.047
Thorium 77.130 £ 0.045 77.187 £ 0.045
Bismuth 77.241 £0.045 77.222 +0.045
Lithium 76.847 £ 0.045 76.858 + 0.046
Beryllium 77.305 £ 0.045 77.202 £ 0.045
Tungsten 77.065 £ 0.046 77.149 £ 0.046

the values of k. are close to 0.97, meaning that the
conditions for neutron multiplication are good.

In the H5B ADSREF, neutron spectra with the
uranium target (highest values for the neutron yield es-
caping from the target), for the following cells, for
both charged particle beams (deuteron and proton), are
calculated as follows:

— bellow the target,

— beside the target in the radial direction,

— atthe core edge to the reflector, at the core height of
the target, and

— at the reflector cell at the tank edge, at the core
height of the target.

Neutron spectra in the HSB ADSRF with an ura-
nium target, for the above mentioned cells, are given in
figs. 7 and 8. All the curves of the core cells have al-
most the same shape. Neutron spectra for the reflector
cell at the tank edge in the highest energy range (more
than 1 MeV) are slightly different from those from the
core cells in the same energy range.

The total neutron flux escaping the cells of the
H5B ADSRF with an uranium target is given in tab. 6.
The uncertainty equal to the standard statistical error o
for calculations with a coverage factor equal to 1 is
shown, too. It is obvious that the highest values of the
neutron flux are obtained in cells closest to the target.
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Figure 7. Neutron flux in HSB ADSRF with an uranium
target and a deuteron beam
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Figure 8. Neutron flux (normalized) in HSB ADSRF with
an uranium target and a proton beam

Table 6. Total neutron flux in cells for HSB ADSRF with
an uranium target

Proton beam Deuteron beam

Cell Neutron flux| o |Neutron flux| o
em?s'] | [%] | [em?s'] | [%]

4.86754-10%| 0.36 |4.87829-107/0.36

Below the target

Beside the target

4 4
in a radial direction 4.91460-107| 0.36 |4.94015-107]0.36

Core edge to the
reflector, core
height of the target

Reflector cell at the
tank edge, core
height of the target

3.00569-107*| 0.48 {3.00500-10°*|0.47

7.01147-107] 1.02 | 7.06248-10° | 1.03

CONCLUSION

Simulations of proton and deuteron beam trans-
port through the target with the aim of calculating neu-
tron yield and neutron emission spectra were carried
out using the MCNPX Monte Carlo code. The highest
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values for the neutron yield were obtained for the ura-
nium target with a proton beam and a beryllium target
with a deuteron beam. The peaks of the escaping neu-
tron spectra for both beams are in the energy range of
0.2 MeV to4 MeV for all targets, except those made of
beryllium and lithium, the said targets being in the
range of 1 MeV to 10 MeV.

The MCNPS Monte Carlo code is used for criti-
cality calculations of the sub-critical core of the H5SB
ADSREF. The total neutron flux in some of the repre-
sented cells of the HSB ADSRF core with an uranium
target is also presented here. As expected, the highest
values of the neutron flux are obtained in cells closest
to the target. The calculated neutron effective multi-
plication factor kg is around 0.97 for HSB ADSREF, for
all studied targets and both charge particle beams.
Neutron spectra in the HSB ADSRF with an uranium
target for the selected cells are given, too. All neutron
spectra in core cells exhibit an almost identical shape.
Neutron spectra in the reflector cell at the tank edge are
slightly different from those in the core cells in the
highest energy range.
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NBana ABPAMOBWh, Munan IIEININHR

MNOTKPUTUYHO UCTPAXKHUBAYKO ITOCTPOJEBE CA
HUCKOOBOTAREHUM IOPUBOM Y OJOBHOJ MATPULIA ITIOKPETAHO
IIOMORY AKIEIIEPATOPA - IMPOPAYYH HEYTPOHCKOI ®JIYKCA

XaS5Bbe (H5B) je KOHIENT MOTKPUTHYHOT MUCTPAKMBAUYKOT MOCTPOjerha MOKPETaHOT MOMOohy
akieyepaTopa KOju je pa3BHjeH y MOCIEAHhUX HEKOJUKO roguHa y MHCTUTYTY 3a HyKJeapHEe Hayke
,Bunua” y Beorpaay. Y pamy cy npHKa3aHH pe3yiTaTH MpopadyHa TYCTHHE HEYTPOHCKOT (uykca
NOOMjEHOr Y METH M HOTKPUTHUYHOM je3rpy momohy goOpo nosHaTtux MonTe Kapno padyHapckux
nporpama (MCNPX 1 MCNP). HeyTpoHcKE U3BOp ce TeHepHIlle NHTEPaKIXjOM TPOTOHA WIIH IeyTepOHa 13
aKIIeJIIEpaTOPCKOT CHOMA Ca METOM ITOCTABIbEHOM Y IMOTKPHUTHYHO je3rpo. IlpmkaszaHu cy pesyiaratu
npopadyyHa I'yCTUHE HEYTPOHCKOr (piIyKca KOjU M3/1a3U U3 METa Kao U IPUHOC HEYTPOHA 332 METE Off
pasnuuuTor Marepujana. ['pymHu cekTap HeyTpoHa KOjU HAIyIITajy MeTy (MPBH KOpPaK y MpOopadyHy)
kopuitheH je 3a Ae(UHUNHU)Y U3BOPA Y AaJbOj HYMEPUIKOj CUMYIAlUji T'YCTHHE HEYTPOHCKOT (pyKca y
HNOTKPUTUYHOM je3rpy (Apyru Kopak y npopauyny). [Ipukaszanu cy pe3yaraTu npopauyHa e(eKTHBHOT
¢akTopa yMHOKaBamwa k. U BpeMe CTBapama HeyTpoHa A. [TpopauyH rycTuHe HEYTPOHCKOT hiykca y
NOTKPUTUYHOM je3rpy ypabeH je 3a mocTpojere ca METOM Off ypaHujyMa (MeTa ca HajehuM BpeqHOCTIMA
T'YCTHHE M3J1a3HOT HEYTPOHCKOT (hiIyKca) 1 3a 00€ BpCTe aKIeIepaTOPCKOT cHoMa (IPOTOHY ¥ /ISy TEPOHH).

Kwyune peuu: yukaotipoH, ilocitipojerse oKpeiaHo aKueaepaiiopom, UCIUPaXUBAUKU peaKiiop,
2yciiuna HeympOHCKOZ (hayKca, Z0pUBHU enemMeHill



