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Abstract Accelerator-driven systems are extensively
developed to generate neutron sources for research,
industrial and medical plans. Different heavy elements are
utilized as spallation targets to produce spallation neutrons.
Computational methods are efficiently utilized to simulate
neutronic behavior of a spallation target. MCNPX 2.6.0 is
used as a powerful code based on Monte Carlo stochastic
techniques for spallation process computation. This code
has the ability to transport different particles using different
physical models. In this paper, MCNPX has been utilized
to calculate the leaked neutron yield from Pb, LBE, W, Ta,
Hg, U, Th, Sn and Cu cylindrical heavy targets. Effects of
the target thickness and diameter on neutron yield value
have been investigated via the thickness and diameter
variations between 5-30 and 5-20 cm, respectively. Pro-
ton-induced radionuclide production into the targets as well
as leaked neutron spectra from the targets has been cal-
culated for the targets of an optimum determined dimen-
sion. 1 GeV proton particle has been selected to induce
spallation process inside the targets. 2 mm spatial FWHM
distribution has been considered for the 1 mA proton beam.
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Uranium target produced the highest leaked neutron yield
with a 1.32-3.7 factor overweigh the others. Dimension of
15 x 60 cm is suggested for all the cylindrical studied
spallation targets. Th target experienced the highest alpha-
emitter radionuclide production while lighter elements
such as Cu and Sn bore the lowest radio-toxicity. LBE
liquid spallation target competes with the investigated solid
targets in neutronic point of view while has surpass than
volatile liquid Hg target.
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Introduction

Neutrons are uncharged and interact with nuclei rather than
atomic electrons. The scattering cross-section varies ran-
domly throughout the periodic table and between various
isotopes. This fact allows an effective discern of light
atoms in the presence of heavier ones, to distinguish
between neighboring elements and to exploit isotopic
substitution (contrast variation) to isolate or highlight
particular features or components. The energies of thermal
neutrons are similar to those of atomic and molecular
dynamics, enabling motions from polymer reptation to
molecular vibrations and lattice modes to be probed. The
neutron magnetic moment enables magnetic structure and
fluctuations to be investigated. Neutrons are highly pene-
trating, enabling the use of complex sample environments.
Neutrons are also non-destructive, allowing studies of
delicate biological materials without damage. Neutrons
perturb the material under study only weakly. This greatly
aids theoretical interpretation, making analysis generally
straightforward and direct [1].
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X-ray is an electromagnetic radiation and its scattering
is a very effective probe in locating electron cloud and
nuclei of high Z atoms in a sample.

Neutrons have also been widely utilized in imaging
systems. Neutron scattering shows some advantages over
previously mentioned X-ray scattering phenomena. Neu-
tron is an effective tool in locating hydrogen atoms in a
molecule due to the fact that neutron—proton scattering
cross-section is large. This is particularly important for the
study of biological samples [2].

The most important procedures in producing neutron
sources are fission reaction in reactors and spallation phe-
nomena in accelerator-driven systems. Spallation neutron
sources are of interest for transmutation of long-lived
actinides and fission products from nuclear waste [3],
plutonium from nuclear weapons [4], or thorium (as an
energy source) [5], used for material research and industry
[6] or medicine for radiotherapy [7].

The ranges of parameters for accelerator-driven systems,
meeting the three main applications of accelerator-driven
systems are transmutation, industrial applications and
power generation. 1-2 MW accelerator beam power can be
used for transmutation of reactor spent fuel, while the other
applications demand higher beam powers mainly
10-75 MW [8].

For neutron spallation sources, the materials which
closely qualify in a point of view of different criteria such
as high thermal conductivity and stress resistance in front
of high-energy proton irradiation are: tin, tungsten, tanta-
lum, and depleted uranium as solid targets and mercury,
lead, lead-bismuth—eutectic, and lead—gold—eutectic as
liquid targets [9].

In principle, since spallation reaction takes place in all
elements by high-energy particle beam injection, all high-
density heavy materials make suitable spallation targets.
Number of released neutrons is proportional to the atomic
number of the elements. In practice, however, there are
number of requirements, which limit the possible choices
considerably.

The most important ones for solid targets are: good
thermal conductivity at the temperature of operation; small
thermal expansion coefficient to minimize thermal stress
(in particular fatigue stress); good elastic properties and
sufficient ductility even after irradiation; resistance to
corrosion even under irradiation; low radio-toxicity and
reasonably good manufacturability and joinability to other
materials (by welding, hipping or other techniques) [10].

Computational codes are extensively being used to
simulate accelerator-driven system (ADS). Among them,
MCNPX™ is a general purpose Monte Carlo radiation
transport code designed to track many particle types over
broad ranges of energies. It is the next generation in the
series of Monte Carlo transport codes that began at Los
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Alamos National Laboratory nearly 60 years ago. MCNPX
2.6.0 includes many new capabilities, particularly in the
areas of transmutation, burn-up, and delayed particle pro-
duction. The code involves extension of neutron, proton,
and photonuclear libraries to 150 MeV; and the formula-
tion of new variance-reduction and data analysis tech-
niques. The program also includes cross-section
measurements, benchmark experiments, deterministic code
development, and improvements in transmutation code and
library tools through the CINDER90 project [11].

Hence, neutronic investigation of different heavy targets
using MCNPX particle transport code to determine an
optimum dimension and most favorable material as spall-
ation target has been proposed in the present research.

Materials and methods

Different targets of 2 8U, Th, Pb, LBE, Ta, W, Hg, Au-
Pb, Cu and Sn have been irradiated by proton beams of
1 GeV, respectively. 1 mA proton beam current (2 mm
spatial FWHM) has been introduced on upper surface of
the targets. The projectile energy has been selected con-
sidering the fact that up to 1 GeV, the neutron yield
enhancement is approximately a linear function of the
energy and for higher energies the yield falls off from the
linear correlation because of the production and non-pro-
ductive decay of n0 particles into pairs of 70-MeV pho-
tons [12]. Although lower energies can be applied, the
selected energy is the upper limit which can obtain
maximum neutron yield.

To determine the optimal thickness, length of the
cylindrical target (5 cm in diameter) has been varied to 5,
10, 15, 20, 25 and 30 cm, respectively. Then, the target
diameter has been changed to 5, 10, 15 and 20 cm in a
constant length value, respectively. Some neutronic
parameters such as the leaked neutron yield and the heat
deposition have been calculated for targets in different
diameters and thicknesses, respectively. An optimum
dimension has been suggested for the targets using the
achieved neutronic data and proton range calculations in
the targets using SRIM code and another formula [13, 14].
Residual nuclei and neutron spectra have been calculated
for the optimized dimension targets. Fg tally has been used
to calculate heat deposition in the spallation targets and F
tally has been used to calculate neutron spectra.

Determination of neutron spectra

To determine neutron spectra in a surface, F; tally can be
employed. Each time a particle crosses the specified sur-
face, its weight is added to the tally, and the sum of the
weights is reported as the F; tally in the MCNP output.
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When problem geometry is voided (zero density), the tally
is useful for verifying conservation of energy and conser-
vation of number of particles. Technically, if J(r, E, Q) =
Q®(r, E, Q) were the energy and angular distribution of the
flow (current vector) as a function of position, the F tallies
would measure:

Fi :/dA/dE/dQn x J(rs, E, Q) (1)
A E  d4n

where n is the outward normal to the surface at r¢ [15].

Determination of heat deposition

In the energy range, where nuclear data tables are avail-
able, the neutron, photon, and proton energy depositions
are determined using the heating numbers from the nuclear
data tables. These heating numbers are estimates of the
energy deposited per unit track length. In addition, the dE/
dx ionization contribution for electrons and/or protons is
added in for MODE E or MODE H.

Above the tabular energy limits, or when no tabular data
are available, energy deposition is determined by summing
different factors. For charged particles, ionization (dE/dx)
energy is deposited uniformly along the track length
(which is an important factor, when creating mesh tallies).
All other energy deposition is calculated at the time of a
nuclear interaction. The energies of secondary particles, if
they are not to be tracked (i.e., not included on the MODE
card) will be deposited at the point of the interaction.
Nuclear recoil energy will be deposited at the point of
interaction, unless heavy ion transport is specified. To
obtain the most accurate energy deposition tallies, the user
must include all potential secondary particles on the
MODE card. PEDEP card can be used to calculate energy
deposition [11]. The tally scores the energy deposition
using Eq. 2 [16]:

dv MeV
Fe :&///H(E)Q(r,E, z)dEdr—( A )
Pe V \g X (Source particle)
v t E

(2)

where p, is atom density (atoms/barn-cm), p, is gram
density (g cm73) and H(E) is the heating response (sum-
med over nuclides in a material). Fg tally for neutrons is
calculated via:

H(E) = o1(E)Hye(E) (3)
which
Hye(E) = E — ZP:'(E) [Eou(E) — Qi + Ei(E)] (4)

and o = total neutron cross-section, £ = neutron energy,
P,(E) = probability of reaction i, E,, = average exiting

neutron energy for reaction i, Q; = Q value of reaction i,
E,; = average energy of exiting gammas for reaction i.

F¢ tally for photons is calculated via the following
equation that the heating number is:

H(E) = o1(E)Hqe (E) (5)
Have(E) = ZPl(E) X (E - EOUt) (6)

i = 1 incoherent (Compton) scattering with form factors,
i = 2 pair production, i = 3 photoelectric [16].

Fj tally has been used to calculate heat deposition into
the targets.

Residual nuclei tally

Histp card has been used to calculate radionuclide pro-
duction in any spallation targets. Histp card presence in
input computational program can produce residual output
file after each run in which the output file is readable using
HTAPE3X execute file. Residual masses have been trans-
ferred to pico-gram (pg) scale by multiplying the NHTAPE
data with A (mass number) x 1.036402E—08 (g) [17].
Large history of particles has been used to reduce the
calculation errors to <0.5 %. INCL4/ABLA model has
been used for residual nuclei calculations. Gas production
into the targets has been considered using IOPT 8 card. The
other carried out calculations has been obtained using the
MCNPX default physical model, Bertini/Drenser.

Different possible spallation targets

Tungsten is one of the materials which present chemically
inert, low corrosion (gas coolant), resistance to radiation
damage (~ 1 year), good availability and low price that are
close to that of an ideal spallation target. In other words,
tungsten is one of the targets that can provide the most
spallation neutron. Although the absorption of neutrons is
an undesirable property of tungsten, it can be outweighed
by its high neutron yield [18]. However, tungsten was
found to corrode with water under irradiation, which is why
Ta-cladding is used [10]. Thermal-induced stresses may
affect mechanical stability of tungsten and thus require
cladding. If the tungsten begins to break apart due to
thermal fatigue, then radioactive solid particulates will be
released in the coolant gas stream. Therefore, both steady
state and transient (thermal cycling) stresses should be
investigated for tungsten target [19].

Due to difficulties in the fabrication of the tungsten
target and foreseen mechanical constraints (large stresses
due to the concentrated energy deposition), it is more
convenient to use tantalum instead of tungsten. Tantalum
offers better machining and mechanical properties and
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similar neutronic characteristics with tungsten, although it
is considerably more expensive [20]. In fact, some tanta-
lum-usage disadvantages make its choice more cautiously
than tungsten based on the fact that W gives the highest
neutron leakage per unit area and unit beam power due to
its low resonant absorption. Relative to tantalum, there is
about a 20 % gain. At the same time, tungsten afterheat and
radioactivity are significantly lower than for tantalum [21].

Molten lead (melting point 327 °C) is a potential
material for a liquid spallation target design. Its high
neutron yield makes some advantage in point of view of its
usage as a preferable spallation target material. Lead and
LBE targets are quite similar in their overall performance,
while LBE target has lower melting temperature (123 °C),
and good thermal/mechanical properties. When the proton
beam bombards LBE, a significant amount of heat will be
deposited within the target and keeping it in a liquid phase
seems easier than the other liquid targets. Preventing the
target from boiling (1,665 °C) is another advantage of LBE
[22].

Unfortunately Pb—Bi is potentially corrosive, and pro-
duces polonium as byproduct of spallation, but the eutectic
alloy lead-bismuth was successfully applied in the
MEGAPIE spallation target at SINQ at the Paul Scherer
Institute [23].

Accelerator-driven test facility (ADTF) center used LBE
as spallation target. According to this report, the target
surface temperature of the structural material in contact
with the LBE was limited to <550 °C to avoid any cor-
rosion problem. This temperature limit was assumed based
on the fact that the coolant chemical structure was closely
controlled to maintain an oxide layer on the structural
surface for corrosion protection. The coolant inlet tem-
perature should be set up to 200 °C, which provides ade-
quate design margin above the LBE melting point of
129 °C. The LBE should maintain oxygen concentration in
the range of 10~ to 107° at % to avoid corrosion problems
[24].

As a part of the ESS Preparatory Phase Project, in the
University of Latvia, the possibility of using the Pb-
17 %Au eutectic (melting point 212 °C) for the ESS target
has been considered. In general, a molten Pb—Au eutectic
alloy can successfully replace mercury within a liquid
target, but the solid tungsten may provide a moderately
higher thermal neutron flux [23].

A liquid mercury target for the MW-scale target is also
being developed because of its advantages of self-circu-
lating heat removal and neutron yield.

In JSNS, mercury was selected as a target material for
neutron generation in consideration of its neutron genera-
tion efficiency and the cooling process [25]. Interaction of
energetic proton beam with mercury target leads to high
heating rates in the target, while its boiling point is
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357.53 °C. Temperature rise is enormous during a brief
beam pulse of 0.7 ps which will be in order of 10’ °C s~
repeated at 60 Hz frequency. Consequently, thermal-
shock-induced compression of mercury leads to production
of large amplitude high-frequency pressure waves in mer-
cury that interacts with mercury target container [26].

Prior to that, JSNS utilized a solid metal target typically
made of tungsten, but the required tenfold increase in
performance which was required from JSNS, demanded an
improved technology. The technical team decided to
employ a liquid mercury target which created significant
technical challenges in material engineering and heat
transfer. The use of a liquid metal target also requires
safety concerns about the possibility of a release of radia-
tion in the event of an accident. In the JSNS report, it has
been demonstrated that there are many tasks and concerns
to be cared on the safety side to make sure that there would
not be any kind of public health or safety risks [27].

There are many problems in using fissile materials as a
fuel in spallation neutron sources. Major problems are
swelling, growth inside the fissile material and delayed
neutrons production, which contribute as a constant time-
independent background in the output flux of neutrons.
These problems could be reduced or eliminated using a
non-fissile element in the target. Tungsten and tantalum are
the attractive materials that could replace uranium in
spallation neutron sources due to their very good and well-
known characteristics beside their high neutron production
per incidence [28]. A uranium solid target could be used,
up to a proton beam power level of about 1 MW. However,
at 5 MW, the above time-integrated current could be
reached only in 3 weeks. Neglecting the radiation-induced
damages, the use of a liquid metal target would be more
practical than a solid target. Service lives of U targets
systems were much shorter than expected, in the worst case
at ISIS the shortest life was reported to be approximately
only 1 month. In case of U targets, the end of the service
life was considered to be when an appreciable, sometimes a
detectable, amount of fission products appeared in the
primary cooling water or in its cover gas. Therefore, it is
believed that the use of a U target using the proton beam
power at present ISIS, 160 kW, would be very difficult and
impractical. Thus, the use of a non-actinide target becomes
a unique solution at a higher power level [29].

The heavy metal spallation targets become “hot cell”
materials after long period of irradiation. The radioactivity
is due to the spallation residuals produced through reac-
tions with various primary and secondary particles. The
estimation of these products is very important due to pro-
duction of some alpha emitting (1468111, 148Gd, 150Gd,
134Dy, 21%p etc.) toxic elements in heavy metal targets.

Irradiation of light targets such as Sn will produce beta
emitters with relatively short half-lives. The estimation of



J Theor Appl Phys (2014) 8:117

Page 5 of 11 117

Fig. 1 Comparison of leaked 30

neutron yield variations in effect ——238-U
of target thickness —=—Sn
er}hancement, the target 251 Pb
diameter 5 cm ——LBE
a —k—W
2 20 Hg
=
E’ Ta —
> Cu
3
% 15 Au-Pb
Q Th
wn
0
=
)
£ 107
%}
Z
5 4
0 ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35

the radioactivity/toxicity is an important parameter to
select the spallation/coolant material. The other advantage
of Tin is that heat as well as neutron distribution is more
spread over tin target volume as compared to LBE. The
neutron yield is 15-30 % lower for the tin isotopes as
compared to that from Pb and/or LBE [30].

Copper has low n/p yield, low atomic number (Z = 29),
low density (8.933 g cm ™), high thermal conductivity
(385 W m~" K™') and high melting point (1,084.62 °C)
[31]. Radiation laboratory of California University used
copper as target material in 1951 and studied nuclear
reactions induced in copper which was irradiated with
charged particles, accelerated to energies of 340 MeV [32].

In the present research, an investigation and comparison
of different neutronic parameters of various spallation
targets have been reviewed.

Result and discussion

Leaked neutron yielded from the spallation target has been
calculated for different target materials using MCNPX
code. The results showed that the highest yield is obtain-
able using 238-U target. The second target which con-
cludes in high neutron yield is W. Then, Pb, LBE and Au—
Pb targets result in identical neutron yields. Ta and Hg
targets have exceeded than the Pb group in this parameter
while there is not much difference between Th and Ta
targets specially in thinner thicknesses of the target.
Lighter elements such as Cu and Sn produce the least
neutron yields than the others. For most of the targets, after
25 cm thickness, there is not much growth in neutron yield
and the relative growth occurred in a factor <5 %, while Pb

Axial length (cm)

group and Sn targets have a noticeable growth mainly
7-9 % after 25 cm (Fig. 1).

Hence, a 30 cm target thickness has been chosen and the
target diameter has been changed from 5 to 20 cm. Com-
putational data demonstrated that the increment of diameter
increases the leaked neutron yield noticeably up 15 cm
diameter for all the investigated targets. After 15 cm
diameter, a maximum of 3 % relative growth will occur in
leaked neutron yield (Fig. 2).

It is considerable that Th and W curves overlap each
other thoroughly, which means thorium spallation target
behaves similarly to tungsten target in neutronic yield,
using these dimensions (Fig. 2).

To choose an optimum target, other factors such as heat
deposition should be considered. As it could be seen in
Fig. 3, the highest heat deposition occurs for 238-U target.
The other targets bear noticeably less heat than uranium
target, which is descending by the target length enhance-
ment. Also, the heat deposition per centimeter for all the
irradiated targets is close to each other by increasing the
target length.

Energetic protons and nuclei interact with matter mostly
by collisions with electrons. These lead to progressive
energy loss.

Bethe’s formula does not allow obtaining an analytic
expression of the projectile range. A common approxima-
tion, which allows reasonable proton range estimates, is the
following:

2054

R = oz (cm) (7)

where A, Z, p are the mass number, the charge and the mass
density of the target nucleus [14].

@ Springer
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The range of 1 GeV protons is calculated by SRIM code
and other formula and is approximately <60 cm; hence,
they should be completely absorbed in 60 cm-long targets
(Table 1). Although proton range is <60 cm in heavier
targets such as >**U, due to neutronic parameters’ com-
parison in identical dimension for all spallation targets, this
length value has been selected for all of them. The 60 cm
height is suggested to provide complete interaction of
1 GeV protons with the spallation target material before
escaping from the spallation target. A 15 x 60 cm cylin-
drical dimension is suggested for the spallation targets in
both neutron yield and thermal hydraulic point of views.

W @ Springer

As the Table 1 denotes, 1 GeV proton injection in a
15 x 60 cm cylindrical target results in the highest heat
deposition in uranium target with value of 26 MeV cm™".
The other investigated targets experience approximately
closed heat depositions in order of 8.08-9.5 (MeV cm™Y).
The leaked neutron yield of Pb group, W, Ta and Hg is in
range 21.1-24.8, the most leaked neutron yields belong to
2331 and Th targets, 36.8 and 27.7, respectively, and the
least leaked neutrons produce by means of Sn and Cu
targets, 15 and 9.74, respectively. Hg and U targets have
the weakest thermal conductivity coefficients (8.3 and
27 Wm~' K™', respectively) while Cu and W targets
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Table 1 Physical and neutronic properties of the different spallation targets, 15 cm diameter, 60 cm length

No. Element H.D. Yield Calculation M.P. B.P. Density T.C. P.R. (SRIM) P.R. [13]
MeV em™")  (n/p) error (%) (°C) (°C) (gem™)  Wm'K)  (cm) (cm)

1 Au-Pb 8.76 21.6 0.58 418.0 1,937 12.21 89.40 47.933 42.46

2 Pb 8.74 21.5 0.59 327.46 1,749 11.35 35.00 53.741 45.85

3 LBE 8.64 21.1 0.60 123.0 1,665 10.52 22.85 57.289 49.10

4 w 9.50 24.8 0.57 3,422 5,555 19.30 173.0 30.705 26.38

5 Th 13.3 27.7 0.61 1,750 4,788 11.72 54.00 53.886 45.08

6 Ta 9.31 235 0.58 3,017 5,458 16.40 57.00 35.878 30.98

7 Hg 9.07 22.0 0.59 —38.83 356.7 13.53 8.300 44.828 37.98

8 Sn 9.42 15.0 0.68 231.9 2,602 7.287 67.00 73.160 62.98

9 Cu 8.08 9.74  0.65 1,084 2,562 8.933 385.0 53.204 50.64

10 U 26.0 36.8 0.59 1,135 4,131 19.10 27.00 33.228 27.76

H.D. heat deposition, M.P. melting point, B.P. boiling point, 7.C. thermal conductivity, P.R. proton range

benefit the highest values (385 and 173 W m~ ! K7,
respectively).

As the Table 1 shows, the calculation uncertainties were
less than 0.6 % in average.

As another result obtained in the Table 1, it should be
mentioned, however, Th and W behaved similarly for
escaped neutron yield using 30 cm spallation target thick-
ness and different radii (Fig. 2), but escaped neutron yield
from Th target surpasses than W wusing 15 x 60 cm
dimension clearly because of its longer stopping power for
1 GeV protons. U spallation target can achieve higher
neutron yield in comparison with the other spallation tar-
gets with a factor of 1.32-3.7.

Other factor for selection of an optimal spallation target
is its minimum radio-toxicity after irradiation. Hence,
radionuclide production has been calculated for all the
spallation targets. According to the obtained data, Th target
experiences the most alpha-emitter radionuclide production
(A > 210) after irradiation. Among the other studied tar-
gets, uranium has the second score in this case. Pb, Au—-Pb
and LBE have approximately identical behaviors in all
mass numbers and high mass number radionuclide pro-
duction (150 < A < 180) is noticeably less in them than Ta
and W. Hg radionuclide production curve is approximately
close to the Pb groups, while up A < 143 its values are
underestimated than Pb groups and after A > 143 are
overestimated. Ta and W behave identically in all mass
number range and their curves are more underestimated
than Hg, Pb, Au-Pb and LBE curves up to 134 mass
number while after the mass number there is a noticeably
overweighing in radionuclide production mass into Ta and
W targets. Au-Pb target experiences less radionuclide
production than Pb and LBE targets up mass number of
144 while after this, the Au—Pb data are overestimated than
both of them. Sn target produces more radionuclides in
mass number range of 88—120 than Hg, Pb, Au-Pb, LBE,
Ta and W targets. Cu target produces more radionuclides in

mass number range of 20-60 than Hg, Pb, LBE, Au-Pb,
Th, U, Ta and W targets. Whereas long-lived alpha-emitter
isotopes (Americium-241, Californium-252, Polonium-
210, Plutonium-236, Plutonium-239, Radium-226, Radon-
222, Thorium-220, Thorium-229, Thorium-232, and Ura-
nium-238) are produced in high mass number ranges,
radio-toxicity of lighter targets such as Cu and Sn is clearly
less than the others (Fig. 4).

Neutron spectra have been calculated for the studied
spallation targets. According to Fig. 5, there are not
noticeable relative discrepancies between the neutron
spectra leaked from LBE, Pb, Au-Pb spallation targets.
Also Ta and W neutron spectra were close to each other,
but W target produces softer spectra than Ta. All the
spallation targets had hard neutron spectra with 9.997 % of
E, > 1 keV, except W and Cu. Fractions of escaped hard
neutron spectra of W and Cu targets are 99.990 and
99.994 %, respectively (Fig. 5).

According to the data obtained in Fig. 5, neutron spectra
peak of U, W and Ta targets are below 1 MeV (about
0.63 MeV), the LBE, Pb, Cu and Au-Pb peaks are above
1 MeV (about 2.5 MeV), Hg and Sn have peaks about
1.58 MeV and Th neutron spectra peak was at 1 MeV.

Gas production is another important factor which should
be considered in target swelling point of view due to long-
time proton irradiations. Figure 6 shows that Cu, W and Ta
experience the most hydrogen, deuterium, tritium, helium
gas production. Th and U targets experience the least gas
production rate via 1 GeV proton induction into the target.
Among the studied targets, Pb group experiences less gas
production than Sn and Hg targets.

Overall, fissionable elements seem not to be practical for
ADS systems. Solid targets are less interesting in the point
of view of thermal hydraulics, especially in high beam
powers. Between the liquid targets LBE presents more
desirable parameters regarding both physical and neutronic
properties. Au-Pb can be regarded as one of the best
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Fig. 4 Comparison of
radionuclide production in
different spallation targets, the
target diameter 15 cm, length
60 cm

Fig. 5 Comparison of neutron
spectra in different spallation
targets, the target diameter

5 cm, length 60 cm

Fig. 6 Comparison of gas
production rate in different
spallation targets, the target
diameter 15 cm, length 60 cm
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Table 2 MCNPX (INCL4/ABLA) and AECL data comparison for neutron yield, proton energy: 960 MeV

Target material Dimension (diameter x height) (cm)

MCNPX Calculation error (%)

AECL experimental Relative discrepancy (%)

[37-40]

B8y 61 x 10.2 33.118
natpy, 61 x 204 21.776
natpp 61 x 10.2 17.910
Sn 61 x 10.2 11.471
Be 91.6 x 10.2 2.445

0.62 40.50 18.22
0.59 20.46 —6.43
0.64 16.46 —8.80
0.71 12.50 8.23
1.18 2.70 9.44

Table 3 MCNPX (INCL4/ABLA) and BNL data comparison for
neutron yield, Pb target dimension: 10.2 x 61 cm

Energy = MCNPX  Calculation  Experimental  Relative

(GeV) error (%) [41] discrepancy
(%)

0.8 14.733 0.70 13.5 -9.13

1.0 18.695 0.63 17.5 —6.82

1.2 21.933 0.59 223 1.64

1.4 24.698 0.57 26.3 6.09

Table 4 MCNPX (INCL4/ABLA) and BNL data comparison for
neutron yield, W target dimension: 10.2 x 40 cm

Energy = MCNPX  Calculation  Experimental  Relative

(GeV) error (%) [41] discrepancy
(%)

0.8 14.895 0.68 15.0 0.70

1.0 19.102 0.59 20.5 6.81

1.4 27.193 0.53 28.5 4.58

spallation targets with less radionuclide production than the
others during 1 GeV proton irradiation, but its application
demands more research in chemical resistance, thermal
hydraulics and economic performances.

ACEL center carried out experimental tests using different
targets of 10.2 cm radius and 61 cm height irradiated by
0.96 GeV protons. These data are in good conformity with the
simulation data obtained in the present research. Comparison
between the experimental data for "™Pb of 20.4 x 61 cm?
dimension and the present research (15 x 60 cm, 1 GeV)
shows about 0.24 % relative discrepancy [33].

Comparison of experimental and computational neutron
yield for different targets irradiated by different
incident energies

To evaluate confidence degree of computational and
experimental data, a comparison between experimental
neutron yield reported by AECL, BNL and theoretical data
obtained by MCNPX 2.6.0 code calculations has been
carried out for different targets.

According to the literatures, INCL4/ABLA model can
obtain more confidence data with experimental data [34—
36]. In this work, the average relative discrepancy between
experimental and theoretical using INCL4/ABLA model
for neutron yield calculations was 7.24 % (Tables 2, 3, 4).

According to the ACEL report, the experimental results
obtained by the foil activation method are believed to be
accurate to within =5 %. The computational obtained data
in this work had an average uncertainty <0.7 %.

A comparison between the experimental neutron yield
achieved from Pb irradiation using 885 MeV proton energy
and simulation using the INCL4/ABLA showed the simu-
lation data of 15.37 n/p are well matched with experimental
14.8 with about 3.85 % relative discrepancy [42].

Conclusion

MCNPX stochastic code can be used to effectively evalu-
ate neutronic behavior of different spallation targets.
Liquid targets can present more desirable performance
circumstances especially using high beam powers, while
their neutronic properties can efficiently compete with
solid targets such as tungsten. An optimized 15 cm diam-
eter and 60 cm height seem to achieve a desirable neutron
yield leakage from the spallation targets irradiated by
1 GeV proton current. However, uranium target produced
the highest leaked neutron yield with a factor of 1.32-3.7
higher than the others, but its application is limited because
of its short operational half-life according to the reviewed
literatures. Among the different liquid spallation targets,
LBE offers more acceptable neutronic and physical prop-
erties while it would not suffer Hg vitality problems and
high radionuclide impurity production.
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