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An optimization study on the premoderator, the reflector material choice and a
length of the liner is carried out for the design of high performance decoupled hydrogen
moderator. NMTC/JAM and MCNP-4C are used for the neutronics calculation. The result
indicates that, assuming premoderator dimensions and decoupling energy is controlled, the
decoupled hydrogen moderator with a premoderator can provide better pulse characteristics
than that without the premoderator for a Be reflector. On the selection of the reflector
material, it is clearly shown that Pb and Hg reflectors give merits in using the premoderator
for higher intensity and reduction of energy deposition in moderator. It is also shown that a
H:20 premoderator provides a short tail while a D20 premoderator provides the high peak

intensity. Minimum liner length is evaluated to be 20 cm from the viewpoint of neutronics.
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1. Introduction

The Japanese spallation neutron source (JSNS) with 1 MW power is going to be
constructed as the major experimental facility under the project of JAERI (Japan Atomic
Energy Research Institute) and KEK (High Energy Accelerator Research Institute). In a
MW-class spallation neutron source, only hydrogen is feasible candidate for the moderator
material because other candidate materials cannot be used under high radiation conditions.
Three-moderators system is considered to be implemented, namely, a coupled moderator (for
high intensity), an unpoisoned decoupled moderator and a poisoned decoupled moderator (for
high resolution) to satisfy various neutron pulse characteristics requested by neutron
scattering experiments. The decoupled moderator supplies the cold and thermal neutron
pulses with a narrow peak (high peak intensity and small FWHM (Full Width of Half
Maximum) with a small tail. The poisoned decoupled moderator is used to provide a
narrower pulse and a smaller peak. The concept of the target moderator reflector assembly
(TMRA) in JSNS is described in Ref. [1] in detail. It was suggested in the coupled moderator
study that a premoderator provided the high intensity and reduced the heat deposition of the
moderator in a Pb (lead) reflector without sacrificing pulse shape characteristics, and that a
premoderator extension was very effective [2]. In the decoupled moderator, it is well known
that the Pb reflector gives longer neutron pulse tails (longer decay times) in the
slowing-down region than the Be (beryllium) reflector. This is because Pb reflector has a
longer slowing-down time than Be one. It has already been thought that a premoderator for a
decoupled Hz moderator gave no merit (or attenuation) in the neutron time-integrated and
pulse peak intensities with the Be reflector. On the other hand, the study indicated that a
premoderator provided the high intensity without sacrificing pulse shape in the Pb reflector
[3,4]. To realize a better neutronic performance, an optimization of premoderator geometry
and thickness is necessary and a choice of the premoderator material is important. Further,
as the premoderator effect is closely related to decoupling energies which are sensitive to a
tail of pulse, it should be taken into account. Length of a liner, which is important on
viewpoint of both neutronics and engineering, is dependent on premoderator extension.

In viewing above, we have studied the premoderator optimization for the decoupled hydrogen
moderator for following items:

(1) Optimization of premoderator geometry and thickness,

(2) Decoupling energy dependence of premoderator effect,

(3) Reflector material dependence of premoderator effect,

(4) Premoderator material dependence,

(5) Influence of premoderator on moderator induced neutron flux,

(6) Optimization of liner length,

(7) Comparison of simple model with detailed model.
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2. Calculation Model and Method

2.1. Basic Model of Calculation

For the neutronic calculation, a high-energy nucleon-meson transport code
“NMTC/JAM” (neutron energy range above 20 MeV) [5-9] and a neutron transport Monte
Carlo code “MCNP-4C” (below 20 MeV) [10] were used. Cross section data used in the
MCNP-4C code is based on the JENDL-3 evaluated library [11,12]. The calculation model is
schematically shown in Figs. 1 (3-dimensional view) and 2 (2-dimensional view). For an
unpoisoned decoupled liquid Hz moderator, the dimensionis W 12cm x H 12 cm x L 5 em, we
assumed that the Hsz is the normal hydrogen at 20 K and the ortho/para ratio is 3:1. The
moderator was placed under the mercury target which had a dimension of W 40 cm x H 8 em
x L. 60 cm. As shown in Fig. 3, the size of the viewed surface of moderator is 10 x 10 cm? and
the vertical position of near side is same as that of near side of moderator. Instead of vessels
of the target and the moderator, gaps are taken into account. Proton beams of 3 GeV, 25 Hz
and 333 pA (13 pA/pulse) were injected into the target, as shown in Fig. 8. The proton
incident beam profile of 13 x 5 cm?2 rectangle shape with a uniform distribution was assumed.
The moderator was decoupled with the reflector by 3 mm thick B4C (boron carbide) decoupler.
The same material and thickness as decoupler were used for liner. By controlling the BsC
density, the decoupling energy was adjusted down to 1 eV. The premoderator of HoO (light
water) surrounding the moderator and extending to the neutron beam hole was placed at the
outside of decoupler shown in Fig. 2. The reflector material studied in this report was mainly
Pb. The size of it is 120 cm in diameter and 120 cm in height, as shown in Fig. 4. A neutron
detector is located at the 2 m distance from the moderator surface. In this study, one

decoupled moderator is modeled in the calculation, and other moderators were neglected.

2.2. Model of Each Study
2.2.1. Optimization of Premoderator Geometrical Shape and Thickness

Geometrical shapes and thickness of premoderator are optimized in terms of the
neutron intensity gain. In the calculation model, the premoderator is divided into 2 parts, Z.e.,
the main premoderator and the extended premoderator. Eight values of thickness or length,
which define geometry of these premoderators are used as parameters. The values are shown
in Fig. 5. In the analysis, firstly, parameter (D is searched and fixed to get the highest
neutron intensity. Next, parameter @ is searched to get the highest neutron intensity with
the fixed parameter . Other parameter is searched in the same way and 8 parameters are

determined to obtain the highest neutron intensity.
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2.2.2. Decoupling Energy Dependence

Increase of the decoupling energy in the Pb reflector improves pulse tail to be small
strongly though the neutron intensity decreases. This effect is smaller than that in the Be
reflector. Neutron intensity and FWHM are calculated with different decoupling energies.
Decoupling energies are changed by using BsC or Cd (cadmium) decouplers with the fixed

thickness and by adjusting their density.

2.2.3. Reflector Material Dependence

Candidates of the reflector material are Pb and Be at present moment. Teshigawara
et al. indicated that Hg (mercury) could be one of a good reflector material that provided a
sharp pulse tail because Hg has a function as a weak decoupler and is available to use itself
as coolant [13). For the Be and the Hg reflectors, geometry and thickness of premoderator are
optimized with change of decoupling energies by the same way in the case of Pb reflector (see
Sec.2.2.2).

2.2.4. Premoderator Material Dependence

Along with H20, D20 (heavy water) is a candidate for the premoderator. Ooi et al.
indicated that D20 was effective on neutronic performance for a decoupled moderator [14]. In
this study, the pulse shape with the H20 premoderator is compared with that with the D20
premoderator. Thickness of the D20 premoderator optimized in the Ref. [14] is used as 2.0 cm
for @), 5.0 cm for @ and @, and 0 cm for others.

2.2.5. Influence of Premoderator on Moderator Induced Neutron Flux

We consider the softening effect which leads to a neutron intensity gain. Energy and
time spectra of neutrons coming to the moderator through each moderator surface are
calculated for the Pb reflector in case without premoderator, with the H20 premoderator and
the D20 premoderator. Geometrical shape and thickness of these premoderators used are

optimized in each case.

2.2.6. Optimization of Liner Length

We suppose that the length of liner is related to the premoderator extension. Though
a long liner makes the pulse tail small, a short liner is preferred on the view point of
engineering because cooling of liner becomes critical. Thus, the pulse shape is calculated by
changing the length of liner. As shown in Fig. 6, assumed liner lengths are 0 cm (no liner
case), 20 cm (liner case of 20 cm in length) and 50 cm (all liner case). In this calculation,

geometrical shape and thickness of the premoderator are optimized at decoupling energy of
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leV.

2.2.7 Comparison of Simple Model with Detailed Model

As mentioned in the calculation, we have adopted simple models. However, as the
practical system is so complicated, we have to examine a possible difference between the
simple model and a more realistic detailed model, for example, for reflector missing due to
other moderator beam holes. Sakata et al. indicated that the reflector missing caused a
possible intensity loss of about 10 % for the coupled moderator [15]. The calculated result in

the simple model is compared with these in the detailed model [16].

3. Results and Discussions
3.1 Optimization of Premoderator Geometrical Shape and Thickness

Figure 7 shows a gain of neutron intensity with increase of the premoderator
extension and thickness. The intensity is normalized to that with no premoderator. Figure 7
shows that the premoderator at near side to the target gives more gain of intensity than that
at far side with respect to the target, and the main premoderator is more effective on the
intensity gain than the extended premoderator. The optimized premoderator gave an
increase up to 40 %. Parameter set of the optimized premoderator is shown in Table 1.
Figure 8 shows the pulse shape for the optimized premoderator, comparing to that of no
premoderator. It is clear that the premoderator increases the peak intensity without
sacrificing any pulse tail. As shown in Table 2, the heat deposition in the moderator is
reduced by 37% from that of no premoderator. Other merits by using the premoderator are
found in the separation between the moderator and the target. Larger separation between
the moderator and the target, in general, provides a better S/N ratio for the neutron
scattering experiment. In this case, the neutron intensity becomes smaller generally.
However, the premoderator can automatically provide the larger separation without loss of
the neutron intensity. Maekawa et al. indicated that the background caused by a fast

neutron flux for the experiments was reduced with increasing the separation [17].

3.2 Decoupling Energy Dependence

Figure 9 shows the neutron intensity with increase of the decoupling energy for no
premoderator, the optimized premoderators at decoupling energy leV, and the optimized
premoderators at different decoupling energies. The optimization results in addition to no
decoupler case, which is equivalent to the coupled moderator case [2], are summarized in
Table 1. Optimized premoderators provide the highest intensity at each decoupling energy,

and the intensity decreases with increase of the decoupling energy. As the decoupling energy

._4__



JAERI—Research 2001—016

increases, the neutron intensity in both the case with the premoderator and the one without
the premoderator similarly decreases. Especially, for the optimized premoderator at the
decoupling energy of 1leV, the premoderator causes a loss of neutron intensity at decoupling
energy 100 eV. This is because the softening effect for the neutron flux is too much. Though
by using the optimized premoderator at a corresponding decoupling energy gives a gain of
neutron intensity, the gain is decreased with increasing decoupling energy. Figure 10 shows
the peak intensity at different decoupling energies in both no premoderator and optimized
premoderators with corresponding decoupling energies. Though FWHM is not changed much
with increase of the decoupling energy, the peak intensity shows the same tendency of the
neutron intensities as shown in Fig. 10. Figure 11 indicates that the pulse tail component
decreases with increase of the decoupling energy in no premoderator and the optimized
premoderator. There is no significant difference in the pulse tail in each case.

Figure 12 shows the pulse shape with the Pb reflector using the optimized premoderator and
with the Be reflector using no premoderator as a function of the decoupling energy. At the
same decoupling energy, the pulse tail with the Pb reflector is longer than that with the Be
reflector. However, when decoupling energy is adjusted for the Pb reflector to be the same tail
shape for the Be reflector, the peak intensity with the Pb reflector is higher than that with
the Be reflector.

3.3 Reflector Material Dependence

In the same way for the Pb reflector case, premoderators were optimized for the Be
and Hg reflector at each decoupling energy. The parameters are summarized in Tables 3 and
4. As shown in Table 2, heat deposition can be also reduced by using premoderator in these
reflectors. The o/ values, which are defined as the neutron intensity integrated in the time
and the Maxwellian energy region, increase by using the premoderator shown in Fig. 13. For
the Be reflector, it is clear that the premoderator gives little merit in increase of the intensity.
On the other hand, for both the Hg and the Pb reflectors, intensity gains by using the
premoderator, and the decoupling energy dependency show the almost same tendency and

the premoderators give large merit in increasing intensity.

3.4 Premoderator Material Dependence

The time-integrated neutron intensity for the H2O premoderator is 10 % lower than
that for the D20 premoderator. As shown in Fig. 14, the peak intensity for H20 is also 5 %
lower than that for D20. On the other hand, FWHM and pulse tail for H2O are better than
those for D20. Incidentally, separation between the target and the moderator with the D20
premoderator (parameter (D is 2.5cm) is larger than that with the H2O premoderator

(parameter @ is 1,5cm).
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However, studies on other factors, such as a reflector coolant effect, location balance to other
moderators, and engineering problems (for example, increase of D20 transfer line by using

D20) and so on, the choice of H20 or D20 should be further investigated.

3.5 Influence of Premoderator on Moderator induced Neutron Flux

Figure 15 shows the time-integrated neutron spectral intensity of neutron current to
the moderator at the moderator surface with no premoderator for the Pb reflector. It is clear
that the neutron current to the moderator through the near side surface is about 10 times
higher than those through other surfaces and the energy spectrum is very hard. Figure 16
shows the time-integrated neutron current at surfaces to the moderator without and with
H20 and D20 premoderators. It is obvious that premoderator makes energy spectra of
moderator-induced neutron soft and neutron intensity around 1eV increases with thickness
of H20 and D20 premoderators increases. It is shown that the D20 premoderator provides
weaker softening than the H20 premoderator. We guess that the reason for the smaller
intensity gain of the H20 premoderator than that of the D20 premoderator lies in a neutron

absorption of hydrogen and the strong softening effect of H20.

3.6 Optimization of Liner Length

Figure 17 shows the pulse shape at 50 meV with change in the length of the liner.
Pulse in the no liner case has much worse tail than that in the all-liner case. It is concluded
that no liner system shouldn’t be taken into account. However, pulse tail with the liner of 20
cm length and the all-liner is the same amplitude and the same decay time. Therefore, we

consider that the liner of 20 cm in length is adequate.

3.7 Comparison of Simple Model with Detailed Model

Figures. 18 and 19 show energy spectrum and time structure of the neutron pulse
for the simple model and the detailed model, respectively. Both the neutron intensity and
peak intensity for the detailed model are 30 % lower than those for the simple model in the
whole energy region. On the other hand, FWHM in the detailed model is same as that of the
simple model. The pulse shapes in the both cases are shown in Fig. 20. There is almost no
difference in the pulse tail. These results suggest that pulse characteristic is adequately

estimated by the simple model and the detailed model.

4. Conclusions

The result for optimization of premoderator indicates that assuming that
premoderator and decoupling energy is controlled to obtain best performance in the case of

the Pb reflector, the decoupled hydrogen moderator with the premoderator can provide better

_6_
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pulse characteristics than that without premoderator for the Be reflector.

For the reflector material, it is obvious that, though the premoderator in the Be
reflector gives little merit for intensity gain, the premoderators in Pb and Hg reflector cases
give large effectiveness. With respect to the energy deposition in the moderator and the
separation between the target and the moderator, there are large merits by using the
premoderator.

The H20 premoderator provides short tails while the D20 premoderator provides
high peak intensity. However it is not yet the time to determine the premoderator material.
Calculated neutron current to the moderator through the near target side is the highest
intensity.

In addition, length of liner of 20 cm from the tip of extended premoderator is almost
adequate.

Moreover, neutron intensity in the case of the detailed model is 30 % lower than that
of the simple mode! and there is no difference in the pulse shapes between the simple model
and the detailed model.
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Table 1 Optimized premoderator thickness at each decoupling energy with the Pb reflector

Table 2 Heat deposition in the moderator for each case

Heat deposition
Reflector| Premoderator (kWt/MW)

NMTC'|MCNP*| Total

Pb 0.14 1.13 1.28
H20 0.09 0.70 0.78

Be 0.11 0.72 0.83
H20 0.12 0.56 0.68

Hg 0.14 0.96 1.09
H20 0.10 0.67 0.76

*1: NMTC: Other high-energy component

Decoupling Premoderator parameter
Energy | Decoupler 2 3 4 5 6 7 8
(eV) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)

*(0.0) 25 25 25 25 25 15.0 25 25

03 Cd 20 2.0 05 2.0 15 7.5
1.0 B4C 1.5 1.5 1.0 1.5 1.0 5.0 05 0.5
10.0 B4C 1.0 1.0 05 1.0 1.0 5.0 05 0.5

100.0 B4C 0.5 0.5 0.5 0.5 1.0 25

*: Ref. (2]

*2: MCNP: Neutron component of energy range below 20 MeV

Table 3 Optimized premoderator thickness at each decoupling energy with the Be reflector

Decoupling Premoderator parameter
Energy Decoupler 2 3 4 5 6 7 8
(eV) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
*(0.0) 25 1.0 1.0 1.0 25 3.0 1.0 1.0
03 Cd 1.5 0.5 5.0
1.0 B4C 1.0 05 0.5 05 5.0
10.0 B4C (No intensity gain)
100.0 B4C (No intensity gain)
*: Ref. [15]

Table 4 Optimized premoderator thickness at each decoupling energy with the Hg reflector

Decoupling Premoderator parameter
Energy Decoupler 2 3 4 5 6 7 8
(eV) (cm) (cm) (cm) (cm) (cm) (cm) __(cm) (cm)
0.3 Cd 1.5 20 0.5 2.0 15 10.0
1.0 B4C 1.0 1.0 1.0 1.0 0.5 10.0 0.5

_9...
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Fig. 1 Illustration of the simple model of the target moderator reflector assembly

Each component is stacked into one system.
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(a): Vertical cross sectional view (perpendicular to proton beam direction)
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(b): Vertical cross sectional view (perpendicular to neutron beam direction)

Fig. 2 Schematic calculation model (target, moderator and premoderator) (1/2).
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Fig. 2 Schematic calculation model (target, moderator and premoderator) (2/2).
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(a): Vertical cross sectional view of target and proton beam footprint
(perpendicular to proton beam direction)

These positions are centered.

Target

Same vertical position

Viewed Surface

wo z1

Moderator

(b): Vertical cross sectional view of moderator and viewed surface
(perpendicular to neutron beam direction)

Vertical positions of top of these are same.

Fig. 3 Sizes and positions of proton beam footprint and viewed surface.



JAERI—Research 2001—016

l Reflector
N
N
S
o
S
1 l
h_il_.;arg [
|
Moderator =
|
20 cm

@120 cm

(a) Vertical cross sectional view

e _20cm
o~ e

(b) Horizontal cross sectional view

Fig. 4 Schematic calculation model (reflector).

Reflector is cylinder shape.
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Parameterized geometrical shape and thickness

(Main premodcrator)

(I Near side premoderator thickness

@ Side premoderator thickness

@ Far side premoderator thickness

@ Beam extracted side premoderator thickness
(Extended premoderator)

® Near side extended premoderator thickness

® Extension length

@ Side extended premoderator thickness

® Far side extended premoderator thickness

I'ig. 5 Eight parameters to define premoderator geometrical shape and thickness.
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(a) All liner Case
Length of the liner is 50 cm.

(b) No liner case

Length of the liner is 0 cm.

(c) Liner case of 20 ¢m in length

Length of the liner is 20 cm.

Fig. 6 Schematic view of Liner in each calculation.
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Fig. 7 Premoderator geometrical shape and thickness dependence of time-integrated neutron
intensity in the energy region from 50 meV to 200 meV in the Pb reflected case at
decoupling energy of 1eV.

These values are normalized to neutron intensity in the case with no
premoderator. Each number in legend in the figure corresponds with the

premoderator parameter shown in the Fig. 5.
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Fig. 8 Comparison of pulse shape in optimized premoderator case with that
in no premoderator case at En=50 meV in the Pb reflector.

Decoupling energy is 1eV.
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Fig. 9 Decoupling energy dependence of time-integrated neutron intensity at
En=100 meV in the case of Pb reflector with no premoderator, optimized
premoderator at each decoupling energy and optimized premoderator at

decoupling energy 1eV.
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in the case of Pb reflector with no premoderator and optimized

premoderator at each decoupling energy.
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Fig. 12 Decoupling energy dependence of neutron intensity at En=100 meV in the case

of Pb reflector with premoderator and Be reflector with no premoderator. (1/2)
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Fig. 12 Decoupling energy dependence of neutron intensity at En=100 meV in the case

of Pb reflector with premoderator and Be reflector with no premoderator. (2/2)
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Fig. 13 Decoupling energy dependence of neutron intensity integrated in the time and the

Maxwellian energy region (J value) in the case of the Pb, Be and Hg reflector with

no and H20 premoderator.
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Fig.15 Neutron current to the moderator at each moderator surface with no premoderator

Position of each surface is shown in lower figure.
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Fig. 17 Pulse shape with no liner, all liner and 20 cm length liner at En=50 meV.
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