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Abstract: Using the Fluka Monte Carlo code, the comparison study between granular target and mono-

lith target in neutron and proton leakages, neutron and proton fluxes, energy deposition density and

residual radioactivity as well as gamma dose rates were presented. Results shows that the neutron flux

and energy deposition in tungsten spheres target are more homogeneous along the axial direction than

monolith target. What’s more, the granular target has a more lateral neutron yield and a relatively

small amount of neutrons in the backward direction. In addition, the total radioactivity is found to be

comparatively lower in granular target, although for some nuclei, the value of their activities are similar

for both targets. So the above features make the granular target more suitable as a ADS target.
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1 Introduction

High power beam of protons has applications in
the production of high intensity secondary beams of
neutrons, muons, kaons and neutrinos as well as in nu-
clear waste transmutation and accelerator-driven sys-
tem (ADS)M. Transmutation of nuclear waste in ADS
system typically requires 350 MeV ~ 1 GeV accelera-
tors delivering proton flux of 5 ~ 10 mA for demonstra-
tors, and 20 ~ 50 mA for larger industrial Systernsm.
Thus it means that higher power (>1 MW) targets are
required to be built for ADS of exceptional reliability.

Although there is only a relatively small number
of spallation neutron sources currently in operation
world wide, substantial efforts are being made to de-
velop target systems that can serve in a new genera-
tion of facilities whose proton beam power is of several
megawatts[?’]. Major concern with solid target is the
ability to cool at proton beam power above 1 MWM,
considering about 50% of beam energy is deposited
in the target. A few alternative target systems are
under consideration, like rotating solid targetm, flow-

ing liquid metal target[ﬁ], plate targetm, rod target[g],

Received date: 18 Oct. 2015;

DOI: 10.11804/NuclPhysRev.33.03.330

segmented target and granular target.
tating solid target is an option in certain cases but
still has to cope with the instantaneous load levels(®.
Liquid target like mercury target has been operated
in SNS under 1.4 MW irradiation, although liquid

target has the difficulty in cavitation, corrosion and
[9-10]

Using a ro-

splashing A stationary granular target has been
proposed by Seviers to solve this problem used for neu-
trino factory[llfm and the test experiment of the gran-
ular target has been made in High Radiation to Ma-
terials facility (HiRadMat) at CERN™. This target
configuration was also proposed to be used in beam
dump[14] and neutron sourcel .

In summary, the advantages of the packed-bed tar-
get are as follows: (a) large surface area for heat trans-
fer with coolant, which is able to access areas with high-
est energy deposition; (b) minimal thermo-mechanical
and inertial stresses; (c) potential heat removal rates

at the hundreds kilowatt level with high helium flow

A mercury target and a stationary target made
up of tantalum pellets, irradiated by a 2.2 GeV, 4
MW proton beam, are compared from a radiological
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point of view by Agosteo[m. While the monolith tar-

get and the granular target have never been compared
before, so in the present work, we compared the mono-
lith tungsten target with a stationary target filled with
the tungsten spheres and helium under the irradiation
of 1 GeV, 1 mA proton beam from the same point
of view. An estimation of proton flux, neutron flux,
power density and induced activity was also performed
for both targets. Furthermore, the major nuclei con-
tributing large amounts of total activity were listed
and the reason leading to the discrepancy of activity
in two targets was also analyzed.

2 The granular target and the mono-
lith target

The granular target was approximated as an ho-
mogeneous cylinder (55 cm length, 15 cm radius) made
of tungsten with an effective density of 11.165 g/cm?®.
In addition, a 0.5 cm thick layer of 316L stainless steel
(Fe 75%, Ni 12%, Cr 8%, Mo 2%, Mn 2% and Si 1%)
was used to enclose the small tungsten spheres. There
are about 43 067 pellets of a 5 mm diameter with a
total weight of 433 844 g cooled by helium under stan-
dard atmospheric pressure.

The monolith target had the same dimensions but
with a natural tungsten’s density (19.25 g/cm®). The
projected range in tungsten is 31 cm under incident
protons of 1 GeV. While considering the lower stop-
ping power in the granular target, the length here was
set as 55 cm. Sectional'views of the modeled geometry
are shown in Fig. 1.

Target
spheres ™~

Beam I

(a) Granular target

Beam I

(b) Monolith target

Fig. 1 Schemes of Granular target and Monolith target.

3 Monte Carlo simulation

The Monte Carlo cascade code FLUKAM 9 yag
used here to estimate proton flux, neutron flux, power
density and induced activity expected in two targets.
The source term has been defined as a 1 GeV proton
beam of an annular profile (r = 3.0 c¢cm), without the
momentum spread of divergence. A total of 1000000
primary histories were simulated in every run.

First of all, the IRRPROF card was used to set
up a time profile of irradiation with 1 mA beam cur-
rent after one month of operation, then 12 cooling
times; 0 s, 1, 10 h, 1, 2, 10, 30 d, 6 months, 1, 2,
5 and 10 a after the beam shutdown were defined by
the DCYTIME card. The induced activity was then
estimated by using the RESNUCLE card while the
residual gamma dose rates were estimated at the same
cooling times by using the USRBIN cards, following
with the AUXSCORE card to obtain the ambient dose
equivalent at surfaces. Afterwards, the spatial distri-
butions of neutron flux, proton flux and power density
were all recorded by USRBIN card. Finally, the mech-
anisms of coalescence and evaporation involved in the
reaction were then correspondingly activated by COA-
LESCE and ECAPORAT in the PHYSICS cards.

4 Results and discussion

4.1 Neutron yield and neutron flux

[20] , radially, the

neutron (proton, power density) distribution is deter-

Just as expected by the theory

mined essentially by the intensity profile of the incom-
ing beam (3 c¢cm radius beam spot here), which widens
somewhat as it travels down the length of the target.
Axially, after the building up of neutron yield (proton
yield, power density) at target head due to intranuclear
cascade(INCL), neutron yield decreases exponentially
along the axis of the target caused by competing pro-
cesses such as ionization losses below 100 MeV, pair
production and other effects at the high energy end.
The simulated results shown in Fig. 2 fairly agree
with the prediction of the theory, and so do the proton
flux and power density seen from Figs. 3 and 4. As can
be seen in Fig. 2, neutron leakage from the granular tar-
get that has lower stopping power is higher than that
from the monolith target, especially in the forward di-
rection. The maximum value of neutron flux in later
target (2.26 x 10'® n/(s- cm?- mA) at 5 cm) is higher
than that in the granular target (1.09x10'% n/(s- cm? -
mA) at 5.5 cm). This is due to the higher macroscopic
cross-section for nuclear interactions in the monolith
case that have a higher density. The leakage of neu-
trons (protons, gammas) from the target boundary is
also listed in Table 1, which is in coincidence with the
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Fig. 2. Forward leakage of neutrons are negligible in
comparison to lateral neutron leakage for both targets,
while the backward leaked neutrons account for a sig-
nificant portion of neutrons. This can be explained as
there is a neutron buildup near the front face of the tar-
get, neutrons scatter more easily backward than in any
other directions. This is a major drawback that the
backward neutrons may reach the beam tunnel caus-
ing activation problems in the beam line structures®”.
In the backward direction, the granular target produce
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Fig. 2 Contour plots of neutron flux in the granular
and monolith targets irradiated by 1 GeV protons.
Here we only depict its upper half-space due to
the axisymmetric distribution of neutron flux.
The following contour plots of proton flux, energy
deposition and induced activity are handled in the
same way.
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Fig. 3 Proton flux in the granular and monolith targets
irradiated by 1 GeV protons.
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Fig. 4 Energy deposition density (GeV/cm®) in the
granular target and monolith targets irradiated by
1 GeV protons.

less neutrons. So the granular target is more suitable
choice for ADS target from this point.

Table 1 The production yields of neutron, proton and photon along the forward, lateral and backward directions

for both targets.

Production Forward Lateral Backward Total

Granular Monolith Granular Monolith Granular Monolith Granular Monolith
Neutron 6.17x10"1  9.04x10~2 1.57 x 101 1.22x101 4.84x100 7.34 %100 2.12x 10! 1.96x 101
Proton 1.28x1073  1.24x10~% 1.66x1072 3.49x1073  8.68x1073 881x1073 2.65x1072 1.24x102
Photon 4.83x1072  6.41x1073 1.33 x 109 7.26x10! 8.15x10~1 9.71x 1071 2.19 x 100 1.70% 109

4.2 Proton flux and power density

Figs. 3 and 4 show the distributions of proton flux
and power density in the granular and monolith tar-
gets. Two targets have the similar distribution that
the location of maximum is closer to the front surface
compared with the neutron flux. For more than 60%
of the total energy of the incident 1 GeV proton beam
is dissipated in the target. The maximum power den-
sity is about 0.00089 MW /cm?® per mA (at 2.5 cm) in
the granular target while 0.001 6 MW /cm?® per mA (at
1.5 c¢m) in the monolith target. Correspondingly, the
total energy deposition in the granular case is about
0.68 MW per mA, more than 8% decrease in compar-
ison with the monolith case (0.74 MW per mA). This
means that the 8% beam power is carried away by
the additionally leaking particles, most of which are

neutrons. In fact, it can be also seen in Table 1 that
lateral neutron yield for the granular target is greater
by about 22%, with respect to the monolith target.
What’s more, Figs. 2 and 4 indicate that the neutron
flux and power density are better homogenized along
the length of the granular target, another feature ex-
pected by the ADS.

4.3 Induced activity

In Fig. 5, a typical contour plot of residual activ-
ity is shown, which is similar with the nuclide chart
but no stable nuclei.
not only neutrons but also protons and other light nu-
clei are emitted. As a result, the residual nuclei are
not only neutron-poor isotopes of the parent nucleus
that decay into lower Z elements, but these elements
created directly in the spallation process and even for

During the spallation process,
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fission products of the medium-heavy and light nuclei
from excited nucleus®”’. The light nuclei, medium-
heavy nuclei, heavy nuclei created by those processes
can also be found in Fig. 5 with different radioactivity.
The radionuclide inventory after one month of opera-
tion is determined not only by its decay constant but
also its generation rate. Therefore it is easy to under-
stand that some nuclei with high decay constant but
with low radioactivity as shown in Fig. 5.
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Fig. 5 A contour plot of the residual nuclei formed in
the granular target.

The simulated and empirical results of the total
activity generated in both targets as a function of de-
cay time are shown in Fig. 6. In addition, the con-
tour plots of residual activity for two targets after one
month irradiation are also depicted in Fig. 7. The
overall activity comes down by about four orders of
magnitude as the cooling time increases from 1 h to
10 a. After ceasing the facility, the total activities, con-
tributed by several nuclides, are about 6.45 x 10*° Bq
and 1.07 x 1017 Bq separately for the granular target
and monolith target. However, the empirical relation
proposed by Sullivan!! gives a result more by a factor
1, when compared with the simulated result.

The induced activity (S, Bq) in heavy element tar-
get after irradiation in a beam of ® protons per cm?
per second is

S=18x10"3Vps[t 4 —(T+6)"°*] , (1)

where V' and p separately refer to volume and density,
T and t are irradiation and cooling times respectively
in days.

As presented in Fig. 6, the induced activity ap-
pears higher in the monolith target at the time of

shutdown. This result can be also referred by the leak-
age of neutrons, protons and photons in Table 1. It
is evident that more secondary particles are emitted
from granular target. Moreover, the number of inelas-
tic interaction (stars) scored in the granular target is
3.73 595 stars per proton, while 4.47 673 stars in the
monolith target. Consequently, it is an advantage for
granular target for further reduction in activation and
damage problems.
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Fig. 6 Induced activity (Bq) in the granular and mono-
lith targets after one month of operation, as a
function of cooling time. Also given the results
obtained from an empirical relation proposed by
Sullivan. The suffix 1 here refers to the granular
target, and the suffix 2 to the monolith target.
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Fig. 7 Induced activity (Bq/cm®) in the granular and
monolith targets irradiated by 1 GeV protons of 1
mA beam current after one month of operation.

The major nuclides in two targets, contributing
more than 1% of the total activity, are listed in Table 2.
The discrepancy of activity of those nuclides leads to
the discrepancy of total activity for two targets. Those
produced nuclides are mainly contributed by neutron
interactions with energies below 20 MeV??. For in-
stance, 18"W is produced through the neutron capture
reaction of *8SW (n,y) ®"W. However, there are some
nuclides (listed in Table 3) that they almost have the
same value of activity for two targets due to the high
energy proton interactions.

The discrepancy of radioactivity between two tar-
gets becomes small with the evolution of time as shown
in Fig. 6. This variation can be explained that most
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of nuclides listed in Table 2 are short-lived (less than
10 days) and decay on a short time scale.

Table 2 The most important radioactive nuclei scored
in the granular target and in the monolith target
after 30 days of operation. All results have an
uncertainty lower than 0.5%.

. . Activity Ap—A
Residual nuclei (><1010 Bq/cn13) pw g
Isotope Half life Granular ~ Monolith (%)
187w 23.7h 10.0 27.3 63.2
185y 75.1d 4.07 9.36 56.5
179w 2230 s 3.65 4.68 22.0
178w 21.6 d 2.00 2.54 21.2
17w 2.20 h 2.03 2.51 19.2
176w 2.50 h 1.76 2.16 18.4
178y, 2.36 h 2.44 3.08 20.7
177y, 2.35d 2.99 3.68 18.7
176y, 8.09 h 2.53 3.08 17.9
175y, 10.5 h 1.91 2.25 15.1
Total radioactivity 166 275 39.6

Table 3 The residual nuclei in granular target and
monolith targets have the almost equivalent activ-
ity after 30 days of irradiation. All results have
an uncertainty lower than 5%.

. . Activity Apm—A
Residual nuclei (x108 Bq/em®) B v ¢
Isotope Half life Granular  Monolith (%)
172Re 55.0 s 1.62 1.61 -0.595
165y, 31.0s 4.39 4.35 -0.955
1624 11.4s 8.86 8.77 -0.993
155y 45.0 s 3.19 3.17 -0.891
157Ey 1120 s 22.7 22.7 -0.049
153Ho 558 s 5.58 5.56 -0.306
157Dy 8.14.h 27.0 27.0 -0.093
150 348 h 12.7 12.6 -0.643
47 Th 1.70 h 7.82 7.76 -0.724
146y, 23.0 s 2.12 2.11 -0.722
147Gd 1.59 d 16.6 16.6 -0.380
4Ty 24.1d 9.70 9.63 -0.784
45Ey 5.93 d 12.0 11.9 -0.653
140Nd 3.37d 5.60 5.60 -0.114
137Nd 2310 s 2.86 2.85 -0.337
140py 203 s 5.64 5.64 -0.114
139py 441 h 3.28 3.28 -0.049
129Cg 1.34 d 1.12 1.11 -0.440

4.4 Gamma Dose Rates

Fig. 8 shows the gamma ambient dose equivalent
rates (H *(10)) from the front, lateral and back tar-
get surfaces. The total ambient dose equivalent rate at
surfaces after irradiation of 30 days is 3.56 x 10*2 pSv /s
for granular target while 3.36x 102 pSv/s for monolith
target. Photons are emitted either promptly during
intranuclear cascade process, or during de-excitation
stage of the pre-fragments produced aftermath of spal-
lation reactions. Due to the influence of INCL mech-
anism, both targets have an anisotropic gamma spec-

trum distribution. In addition, most of the residual
nuclei are concentrated at the beginning of the tar-
get. The dose rates here in the backward direction are
much larger compared to those in the forward or lat-
eral directions, which also occurs in the LBE target[%}.
However, in forward direction, gamma dose rates in
the monolith target are reduced by about a factor of
1 when compared with those in the granular target,
which is in coincidence with Table 1 and Fig. 8. It
should be underlined that both targets have a long

]

distance to the recycling limit®* after 10 years decay-

ing.
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Fig. 8 Residual gamma dose rates (pSv/s) along the
lateral, forward and backward directions in the
granular (suffix 1) and monolith (suffix 2) targets
after one month of operation, as a function of
cooling time.

5 Conclusion

The comparison between granular target and
monolith target in flux profile, residual activity and
gamma dose rates, under irradiation of 1 GeV protons
for after one month of irradiation, has been made by
using the FLUKA Monte Carlo code. Neutron produc-
tion is more homogeneous along the axial direction in
the case of granular target. What’s more, the granu-
lar target effectively enhances the lateral neutron yield
and decreases the neutrons leaked in the backward di-
rection. In addition, it has a relatively small amount
of deposited energy and the special construction make
it easier to cool. So the granular target is more suit-
able to be as a ADS target under MW level irradia-
tion. The total radioactivity in the granular target is
lower than that in the monolith target. Although for
some radioactive nuclei, their activities in the former
case are nearer to those in the later case. Finally, the
gamma dose rates for two targets at three directions
are also analyzed. Both targets have a long distance
to recycling limit and need more decay time.

This is a preliminary study of granular target from
the aspects of radiation protection under the MW level.
The target considered here is an idealized target that
the helium is in a status of static at a pressure of 1
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atm but not of a velocity of 100 m/s at 20 atm pro-
posed by Seviers for neutrino factory. Further studies
are therefore necessary to consider the effect of helium
transverse cooling under high pressure condition.
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