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We report the results for neutronic calculations (effect of target shape and
material) on various bare targets to be implemented in a next generation
pulsed spallation neutron source in Japan Atomic Energy Research Institute.
A flat target gives a much higher leakage neutron intensity than a cylindrical
one and a mercury target gives a higher leakage neutron intensity than a
leadbismuth eutectic target. The effect of the target shape on the leakage
neutron intensity is discussed to determine the optimal shape and size, al-
though rigorous calculations on whole systems of target-moderator-reflector is
indispensable to asses accurate neutronic performance. The nuclear heating in
a light water sample located at 2 cm from the target surface was also esti-
mated as a function of target depth, in order to obtain a rough information on

energy deposition in cryogenic moderators.
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1. Introduction

We started extensive studies on concept of target-moderator-reflector system for the JAERI 5
MW pulsed spallation neutron source". In this paper main purpose is to gain the information of
bare target neutronics, which is important for coupling and optimization of target-moderator-
reflector system. As the first step, we performed neutronic calculations for various targets in
order to provide primary information for further studies on target-moderator-reflector systems.
In the present study we focused on liquid heavy metal targets of lead-bismuth (Pb-Bi) and mer-
cury (Hg) as references. This report describes the results of the studies, especially on the axial
distribution of leakage neutrons and protons from bare targets of different materials and shapes.
The axial distribution of energy deposition in a 1 cm® water (H,0) sample located at 2 cm from
the side surface target was calculated to estimate approximate values for the energy deposition
in cryogenic moderators.

2. Calculational model

Table 1 summarizes the main parameters of incident proton beam, target shapes and materials
considered in the present study. The calculational models for different targets (in shape/size and
material) with beam profiles are schematically illustrated in Fig. 1. The lateral sizes or a diam-
eter of the target are larger than those of the proton beam profile. The radial or lateral thickness
of the target region out of the proton beam is one of the most important parameters because the
neutronic performance and the nuclear heating in cryogenic moderators strongly depend on this
thickness; thinner the better from the total neutron yield point of view, while thicker the better to
reduce the nuclear heating in cryogenic moderators.

In the present study we assumed that this thickness is 1.5 cm for cylindrical targets, while for
rectangular targets 1.5 cm to the vertical direction (towards the moderators) and 2.0 ¢m to the
horizontal direction. The required thickness should be finally determined from technical points
of view, e.g. the spatial stability of the proton beam on the target and the nuclear heating of
cryogenic moderators at the minimum cost in neutron intensity. The model targets have a sort of
dome window with a hemisphere shape as illustrated in Fig. 1 and the length of the targets was
fixed at 40 cm in all cases. We assumed that the maximum acceptable current density of the
proton beam is 48 pA/cm? judging from the maximum acceptablé thermal stress in the incident
window; this value is also accepted recently at other intense spallation neutron source projects.
We also studied for a lower current density of 24 uA/cm? by keeping the total proton beam
current at the same value. We assumed uniform (flat) profiles of the proton beam in all cases,
since the beam size can be minimized with an uniform profile compared with parabolic or Gaussian
cases. A smaller beam size, accordingly a smaller target cross section will provide a higher
leakage neutron intensity. On the other hand, a smaller beam size, accordingly a smaller target
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will result in a higher mechanical stress due to higher center temperature. The effect of an uni-
form beam profile on the mechanical stress of the Hg target container, especially in the incident
window will be discussed elsewhere?.

3. Calculations

We performed some neutronic calculations using both code systems NMTC/J AERI"” which
treats the high energy hadron transport (above 20 MeV) and MCNP-4A” with cross section set
(FSXLIB-JEFF, FSXLIB-JFNS and THERXS) which handles the neutron transport below 20
MeV. The latter is a Monte Carlo code which has most widely been used at various neutronic
calculation. The total number of the energy group mesh was 81 as shown in Fig. 2. In the case of
a mercury (Hg) target, cross sections recently evaluated at JAERI were used®. The total number
of protons incident upon the target to produce neutrons was about 8 x 10° in each Monte Carlo
simulation in NMTC/JAERI. The number of protons was determined so that the maximum stati-

cal error of neutron intensity per unit energy bin was less than 1%.
4. Calculated results
4.1 Cylindrical targets

Figure 3 shows the axial distributions of leakage neutrons from the cylindrical Hg target of
the diameter of 12.36 cm for both low energy ( < 20 MeV) and total energy neutrons. The
distributions can be characterized by the peak position, the peak intensity and the width (full
width at half maximum, FWHM), and they are followed by an exponential decay (characteristic
attenuation length). It can be seen from this figure that the peak appears at about 8-10 cm from
the incident surface with a width of about 26 cm and an attenuation length of about 14 cm.
Although the peak region is somewhat broader than the case of 800 MeV protons in LANSCE
(the Los Alamos Neutron Science Center), which has highest proton energy in existing spalla-
tion neutron source facility. It is still too narrow if we want to position two moderators on each
side (above or below the target) of the target as described in the succeeding paper”. The region
of 8-10 cm from the incident surface is considered to be most effective to supply source neu-
trons to a moderator. For a reference we also plotted the axial distribution of leakage protons
from the target.

The neutron energy spectra (at Z = 8-10 cm depth) from various targets, including some
water-cooled solid targets, are compared in Fig. 4, where the intensities are in the absolute unit
(flux spectrum). As well known each spectrum composes of, at least, two components, i.e.,
evaporation/fission (< 20 MeV) and high energy (> 20 MeV) neutrons. The peak positions in the
energy spectra from the Hg target and the solid targets of W and Ta appear around at the same

_2...
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energy, while the Pb-Bi eutectic target exhibits a harder spectrum with a lower peak intensity.
Two solid targets with cooling water (homogenous mixture of 10 % H,0) exhibit much softer
spectrum. The softening of energy spectrum itself does not affect on a slow neutron intensity
from a moderator when we install a moderator adjacent to the target. Because the total neutronic
performance can not be discussed only from the above results. Hence full calculations of a
target-moderator-reflector system is indispensable to optimize target shape and material, as will
be discussed in the succeeding paper”.

Figures 5 and 6 show the spectral intensities at four regions of different axial positions along
the target axis (see the insets) for cylindrical Hg and Pb-Bi targets of a diameter of 12.36 cm,
respectively. The spectral intensity (at Z = 8-10 cm from the both targets) gives the highest
intensity of low energy neutron region (< 20 MeV). At farther distances from the incident sur-
face the intensity of high energy neutrons is more pronounced due to a forward angular distribu-
tion of high-energy neutrons.

Figure 7 compares the spectral intensities from the Hg and the Pb-Bi targets of different target
diameters. It can be clearly seen that at higher energies above the peak position the intensities
are almost the same (independent of target size and material), while at lower energies, the Hg
targets provide a higher intensities. The difference in target size (diameter) does not bring about
an appreciable difference in the log-log plots. On the other hand, there is a considerable material
dependence at the low energy region.

We also studied on leakage protons from the targets. Figure 8 compares the spectral intensi-
ties of leakage neutrons and protons from the cylindrical Hg target of 12.36 ¢cm in diameter at Z
= 8-10 cm from the incident surfaces. The ratio of proton in total leakage particle is small, about
0.4 % however it causes nuclear heating out of the target.

In Fig. 9 we compare the axial distributions of leakage neutrons and protons from various
targets. The Hg target of a smaller diameter gives highest neutron intensity than those of the
other targets. The intensities from the Hg targets are higher than those from the Pb-Bi targets.
The axial distributions of leakage protons integrated over an entire energy range are also plotted
in this figure.

Figures 10 and 11 show the spectral intensities of leakage protons from different regions of
the targets as indicated in the insets. At farther distances from the incident surface, the spectra at
higher-energies are much enhanced. These data provide information on the optimal position of a
cryogenic moderator from a point of nuclear heating.

Figure 12 shows the spectral intensities of leakage protons from the various cylindrical tar-
gets. Pb-Bi targets give slightly higher proton intensities than the Hg targets, while the smaller

targets (smaller diameter) give much higher proton intensities than the larger ones.
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4.2 Rectangular (flat) targets

Figure 13 shows the neutron spectral intensities from a rectangular (flat) Hg target of 9.88" x
14¥ cm? at four different axial positions along the target axis as indicated in the inset (at the
“center” region as indicated). The energy spectrum are almost the same as those of cylindrical
targets, but with a higher intensities because of luminosity region of flatter target shape.

Figure 14 shows the spectral intensities of leakage neutrons at Z = 8-10 cm and at three
different regions on the rectangular Hg target of 9.88" x 14.0% cm?. Each region, “center”,
“middle”, and “outer”, corresponds to one third of the area on the target as depicted in the inset.
The intensities from “center” and “middle” are almost comparable and those from “outer” are
about 60 % of the others, suggesting that the higher intensity region is fairly large over the
lateral length.

We also studied the dependencies of material and the size of the rectangular targets on the
spectral intensities at Z = 8-10 cm. The results are shown in Fig.15. The spectra from the targets
of different shapes (9.88%x 14¥ cm?and 6.44" x 24% cm?) are almost the same. A full calculation
for a complete target-moderator-reflector system, however is indispensable in the next stage to
judge which shape is the optimal.

Figure 16 shows the axial distributions of neutrons and protons from the rectangular Hg target
(9.88"x 14% cm’) in three different regions “center”, “middle” and “outer”. Again the intensity
difference between “center” and “middle” is small.

Figure 17 shows similar results from the thinner Hg target (6.44" x 24% cm?). From the com-
parison of both results (Figs. 16 and 17), the peak intensities are almost comparable ( the thicker
target provides slightly higher intensity). On the other hand, thinner target gives slightly higher
leakage proton intensities than thicker one.

Figure 18 compares the axial distributions of leakage neutrons from all targets studied of
different materials and shapes. The results for the cylindrical targets are also plotted for com-
parison. A Hg target (9.88"x 14¥ cm?) in center region provides a higher leakage neutron inten-

sities than other targets as far as bare target neutronics are concerned.
4.3 Energy Deposition in water sample at 2cm from target surface

In order to estimate approximate values for the nuclear heating of cryogenic moderator, we
surveyed the energy deposition using a small H,O sample at a distance of 2 cm from the target as
a function of axial length Z as shown in Fig. 19. The axial dependence is more or less similar to
that of the leakage neutron intensity. There is no appreciable difference between the two differ-
ent flatness. The material dependence of the targets on the energy deposition is also small. How-
ever at larger distances the Pb-Bi targets give higher values due to a smaller atomic number
density compared with that of Hg.
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5 Conclusions

From the present studies we arrived at the following conclusions :
(1) As far as bare target neutronics are concerned, a Hg target gives a higher leakage neutron
intensity by 20-25 % than a Pb-Bi target (Fig. 18).
(2) A flat target provide a higher leakage neutron intensity by 30-35 % than a cylindrical target
(Fig. 18).
(3) The effect of the target height on leakage neutron intensity in rectangular targets is rather
small, i.e., a rectangular target of the larger height (9.88" x 14¥ cm?) provides a slightly higher
intensity only by 4 % at the peak in the “center” but more in the “middle” and “outer” (Figs. 16
and 17).
(4) The results on the energy deposition in the 1 cm? H,O sample show the maximum nuclear
heating in the cryogenic moderator is about 23-25 W/cm? in H,O equivalence, suggesting that a
great deal of efforts must be devoted to the cryogenic engineering in order to handle such a
higher power.
(5) The conclusions (2) and (3) suggest that a flat target will provide much higher slow neutron
intensities than a cylindrical one, not only due to a higher peak intensity but also to a larger area
of highest luminosity region.

However in order to judge which rectangular target (a larger or smaller height) gives a higher
slow neutron intensity from a moderator and to determine the optimal dimensions, full calcula-

tions on target-moderator-reflector systems are indispensable.
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Target shapes and dimensions

Cylindrical (¢ cm, L cm) Rectangular (Wx Hx L cm3)

(16.23, 40) (12.36, 40) (14 x 9.88 x 40) (24 x 6.44 x 40)

Proton beam cross section

Cylindrical (¢ cm) Rectangular (W x H cm)
10 x 6.88, 20x 3.44

Tally region
Cylindrical Rectangular
' Center
Middie ==
Outer

Fig. 1 Geometries of target and proton beam profile (Positions of

tally are also indicated)
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Energy group number

Fig. 2 Relation of energy mesh and energy group number

<
S
>

0.01

Neutron flux (n/cmz/proton)

002f f

(energy group structure)

0.04 ————— I ] l
Neutron _
| < Total neturon
Neutron (< 20 MeV) B}
Proton ~
-....°"-T)
.--l. 1 1 ] I 1 1 1 L I L 1 L 1 l 1 L 1 1 [ 1 1 1 1
0 10 20 30 40 50

Distance from target surface (cm)

Fig. 3 Axial distribution of neutron and proton intensities
leaking from a cylindrical Hg target (¢=12.36cm)

_8_

0.001
-
0.0008 3
Q
=
o
0.0006 &
)
(@]
0.0004 3.
o]
3
S
0.0002 &
0



Neutron intensity (n/cm’/proton/MeV)

Neutron intensity (n/cmzlproton/MeV)

JAERI—Research 99—010

10-1 E\' AR AR T LR | vorrTTH
o~ m Tally (Z=0-8 cm)
2 [ .= 7
10 —_—=>
........... PI‘OtOIl I T T
------------ = Target
107 [ -
10% L eeeeeeen .
10° | -
F ----- Ta(10% H20) ;
— -W (10% H20)
10-6 L 1 lllll‘ 1 Il llllll 1 Ll l]ll 1 llll
10 10" 10° 10' 107 10’
Neutron energy (MeV)
Fig.4 Comparison of leakage neutron from various
cyrindrical targets (¢=12.36 cm)
10-1 F'_'—”"'ml ! | | ! T I |
102 _ oS Z (cm)
E —_—f —0-2
3 F = — - BRI v, h —8-10
10° ¢ T
........... 'II -----18-20
1074 h 38-40
i
10° B
1076 m Tally position
_Z, o v
107 Proton® = = & '!:]
=) Target sz,
10° L
104 10° 10?7 10" 10° 100 100 10° 10*

Neutron energy (MeV)

Fig. 5 Position (axial) dependence of spectral intensities of leakage
neutrons from a cylindrical Hg target (¢=12.36 cm)

_9_



JAERI—Research 99—010

Neutron intensity (n/cm’/proton/MeV)

| = Tally position ]
10 E | Z LLL\LLL 5 . 3:
C —= X J

107 | Proton = ' R 1
F = Target Tlg b 3

10_8 i Ll |I]IuJ 11 ullul 1Ll lllllll -l llLLu] Ll llild Jod lllllll 1 L1 i 1 Lill

Neutron energy (MeV)
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Fig. 18 Spatial (axial) distribution of neutron and proton spectral

Nuclear heating (W/cm3)
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Fig. 19 Axial distribution of nuclear heating in a 1 cm’ H2O

sample at 2 cm from target surface faced to moderator

for proton beam power of 5 MW
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