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Neutron transport calculations have been carried out to assess the capability of zirconium borohydride
(Zr(BH4)4) and zirconium hydride (ZrH2) as advanced shield materials, because excellent shields can be
used to protect outer structural materials from serious activation. The neutron shielding capability of
Zr(BH4)4 is lower than ZrH2, even though the hydrogen density of Zr(BH4)4 is slightly higher than that
of ZrH2. High-Z atoms are effective in neutron shielding as well as hydrogen atoms. The combination
of steel and Zr(BH4)4 can improve the neutron shielding capability. The combinations of
(Zr(BH4)4 + F82H) and (ZrH2 + F82H) can reduce the thickness of the shield by 6.5% and 19% compared
to (water + F82H), respectively. The neutron flux for Zr(BH4)4 is drastically reduced in the range of neu-
tron energy below 100 eV compared to other materials, due to the effect of boron, which can lead to a
reduction of radwaste from fusion reactors.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The fusion DEMO studies at Japan Atomic Energy Agency (JAEA)
focuses on low aspect ratio (A) tokamak, SlimCS, to demonstrate an
economical power generation with a compact reactor [1–3]. The
toroidal magnetic field sharply decreases with the major radius
in low-A tokamak. It is important to reduce the nuclear heating
arising from both neutron and gamma interactions in order to keep
superconductive state of toroidal field (TF) coils. From the aspect of
the plasma power, since the toroidal field is one of the most impor-
tant parameters to achieve a high power density, it is significantly
important to shorten the distance between the plasma and the in-
ner leg of the TF coils by using a compact neutron shield. Besides,
such an excellent shield can be also used to protect outer structural
materials from serious activation, and can lead to a dramatic
reduction of radwaste [4–6].

This paper presents neutron shielding capability of advanced
neutron shielding materials, zirconium borohydride (Zr(BH4)4)
and zirconium hydride (ZrH2), which are promising materials to
store more hydrogen. Fundamental researches have been con-
ducted on complex hydrides to develop practical hydrogen storage
materials with higher gravimetric hydrogen densities than those of
conventional materials [7–9]. Neutronics calculations were carried
ll rights reserved.

: +81 29 270 7419.
hi).
out in order to assess the capability of Zr(BH4)4 and ZrH2 as ad-
vanced candidate shield materials.
2. Shielding design

2.1. Calculation model

The neutron and gamma-ray fluxes during plasma operation
were calculated with the one dimensional Sn code, ANISN [10]. A
transport group constant set of FUSION-40 [11], which consists
of 42 neutron groups and 21 gamma-ray groups based on JENDL3.3
[12], were used for the calculations. Source neutron energy and
wall loading were 14 MeV and 5 MW/m2, respectively. The calcula-
tion model was a toroidal cylindrical geometry including blankets,
shields, vacuum vessels and TF coils on both sides of a plasma, and
a central solenoid (CS) coil. The thicknesses of the blanket and
shield on outboard side are 0.4 m and 0.7 m, respectively.

2.2. Zirconium borohydride and zirconium hydride

In general, a hydrogen-rich material has the potential to effec-
tively shield neutrons because the contained hydrogen nuclei work
as a moderator of fast neutrons, reducing the fast neutron flux. This
indicates that neutron shielding capability depends heavily on
the hydrogen concentration. Table 1 indicates properties of the
Zr(BH4)4 and ZrH2. The anticipated hydrogen concentration of
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Table 1
Hydrogen density and properties of Zr(BH4)4 and ZrH2.

Material Appearance Mass
number

Density
(103 kg/m3)

Atomic density (1028/m3)

H Zr B O

Zr(BH4)4 Powder 150.60 1.18 7.5 0.5 1.9 –
ZrH2 Powder 93.24 5.6 7.2 3.6 – –
H2O Liquid 18.02 1.0 6.7 – – 3.3
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Zr(BH4)4 is as high as 7.5 � 1028 H-atoms/m3, surpassing those of
ZrH2 and water.

Hydrogen in metal hydrides is generally released at high tem-
perature. However, the dissociation pressure at 800 �C of ZrH2 is
lower than 1 atm [13,14]. The highest surface temperature of the
shield is expected to be considerably less than 800 �C. The temper-
ature dependence of the dissociation pressure in Zr(BH4)4 was not
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Fig. 1. Attenuations of neutron fluxes in the outboard shield for various materials:
(a) total neutron, and (b) fast neutron above 0.1 MeV.
investigated. Assuming that the dissociation property of Zr(BH4)4 is
comparable to that of the ZrH2, Zr(BH4)4 and ZrH2 are suitable for
the shield of fusion reactors.

3. Result and discussions

3.1. Comparison of shield effect of Zr(BH4)4 and ZrH2

Fig. 1(a) and (b) shows the calculated attenuation of neutron
fluxes in the outboard shield of 0.7 m thickness for various materi-
als: (a) total neutron, and (b) fast neutron above 0.1 MeV. In
Fig. 1(a), ZrH2 and Zr(BH4)4 show superior shielding capability than
water. The total neutron flux of the Zr(BH4)4 is significantly lower
than those of ZrH2 and water in the shallow region (less than 0.2 m
depth). This is due to both the presence of boron, whose effect is
described in Section 3.3 for details, and the slightly-high H density
(see Table 1). However the total neutron fluxes of Zr(BH4)4 and
ZrH2 replace each other at a depth of 0.2 m, and they are, respec-
tively, 1.6 and 34 times less than that of water at the back surface
of the shield. This is because the atomic density of zirconium of
Zr(BH4)4 (0.5 � 1028/m3) is lower than that of ZrH2 (3.6 � 1028/
m3). This indicates that neutron shielding mechanism is complex,
and that high-Z atoms are effective in neutron shielding as well
as hydrogen and boron atoms, which means that the combination
of steel and Zr(BH4)4 can improve the neutron shielding capability.

In Fig. 1(b) and also Fig. 2(b), the attenuation of fast neutron
fluxes of Zr(BH4)4 and water are comparable whereas the constitu-
ent elements and the atomic density of H are different each other.
This indicates that the boron is not effective in shielding of fast
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Fig. 2. Neutron fluxes as a function of the volume ratio of F82H: (a) total neutron,
and (b) fast neutron above 0.1 MeV.
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Fig. 3. Calculated neutron flux spectra for various materials. The volume ratios of
F82H optimized in Section 3.2 were used for the calculations.
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neutron as described in Section 3.3, and that the much oxygen of
water can make up for both lack of zirconium and its low H
density.

3.2. Shielding material mixed with hydride and F82H

The dependence of the shielding capability on the mixing ratio
of hydride and steel has been investigated. The calculations were
carried out for the hydride combined with F82H, which is one of
the promising structural materials under research for fusion be-
cause of its good irradiation properties at high temperature and
low activation compared with SS316. Fig. 2(a) and (b) shows the
calculated neutron fluxes at the back surface of the outboard shield
as a function of the volume ratio of F82H: (a) total neutron, and (b)
fast neutron above 0.1 MeV. In the case of Zr(BH4)4 as well as
water, the neutron shielding capability becomes higher as the ratio
of F82H increases up to 0.7, while the hydrogen concentration de-
creases with the ratio. For the combination of Zr(BH4)4 (0.3) and
F82H (0.7), the total neutron flux was 8.6 times smaller than that
for pure Zr(BH4)4. On the other hand, the neutron flux for ZrH2 is
fairly constant when the ratio of F82H is less than 0.5, though
the hydrogen concentrations decrease with the ratio. In the cases
of optimized volume ratios of F82H, concretely the ratios for
ZrH2, Zr(BH4)4 and water are 0.4, 0.7 and 0.7, respectively, the total
neutron fluxes at the back surface for (ZrH2 + F82H) and
(Zr(BH4)4 + F82H) are 4.7 and 1.4 times less than that for
(water + F82H), respectively. Thus, ZrH2 and Zr(BH4)4 can reduce
the thickness of the shield by 19% and 6.5% compared to water,
respectively.

3.3. Neutron spectrum at the back of shield

Neutron flux spectra have been compared in order to investi-
gate the different tendencies between total and fast neutron fluxes
for Zr(BH4)4 and water. In Figs. 1 and 2(a) and (b), the shielding
capability of Zr(BH4)4 is higher than water for total neutron, but
comparable with water for fast neutron. Fig. 3 shows calculated
neutron flux spectra at the back surface of the outboard shield
for various materials. The volume ratios of F82H optimized in Sec-
tion 3.2 were used for the calculations. The neutron spectrum at
the front of shield is also shown, which is the spectrum when there
is no shielding material to avoid the influence of reflected neutron.
In the cases of Zr(BH4)4 and (Zr(BH4)4 + F82H), the neutron flux is
drastically reduced in the range of neutron energy below 100 eV
compared to other materials. Especially in the combination of
Zr(BH4)4 and F82H, the neutron flux below 10 eV is lower than that
of ZrH2. This is due to the effect of boron, because the 10B(n,a)7Li
cross section is significantly large in the lower neutron energy re-
gion [15]. Zr(BH4)4 is effective to reduce the induced activity and
radwaste arising from neutron capture reactions.

4. Conclusion

Neutron transport calculations have been carried out to assess
the capability of zirconium borohydride and zirconium hydride
as advanced shield materials. The main points are summarized
below.

(1) The neutron shielding capability of Zr(BH4)4 is lower than
ZrH2, even though the hydrogen density of Zr(BH4)4 is
slightly higher than that of ZrH2. Thus high-Z atoms are
effective in neutron shielding as well as hydrogen atoms.

(2) The combination of steel and Zr(BH4)4 can improve the neu-
tron shielding capability. The combinations of (Zr(BH4)4 +
F82H) and (ZrH2 + F82H) can reduce the thickness of the
shield by 6.5% and 19% compared to (water + F82H),
respectively.

(3) The neutron flux for Zr(BH4)4 is drastically reduced in the
range of neutron energy below 100 eV compared to other
materials, due to the effect of boron. Zr(BH4)4 is effective
to reduce the induced activity and radwaste arising from
neutron capture reactions, namely (n,c) reactions.
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