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a b s t r a c t
This paper presents design and analysis results regarding key aspects of the neutronics for a standard
aspect ratio fusion nuclear science facility (FNSF). Optimization of the inboard design is based on maximizing tritium production and minimizing radiation damage to the ohmic heating coil (OHC). The calculations
show that the outboard tritium breeding blanket alone is not enough for achieving tritium self-sufﬁciency
in the FNSF. Options to enhance tritium production in FNSF include the use of either a thin, speciﬁcally
designed tritium breeding blanket or the use of only a multiplier in the highly space-constrained inboard
region. Trade-offs between breeding, shielding to protect the magnets, and materials for the inboard
region shows that an inboard thickness of 50 cm is enough if a ceramic insulator is used. If an organic
insulator is preferred, the inboard thickness has to be increased. Radiation-induced increase in the electrical resistivity of the copper has also been studied and its impact on the aforementioned optimization
process for the blanket/shield thickness/material choice has been accounted for.
Published by Elsevier B.V.

1. Introduction
A fusion nuclear science facility (FNSF) is being evaluated for
resolving key issues of fusion nuclear science and technology
(FNST) that can not be fully addressed by ITER, such as tritium
self-sufﬁciency and engineering feasibility and reliability of the
FW/Blanket components. Because of the tritium supply issue, this
facility has to be small size, low Q, low power, and use of normal magnets [1–3]. Reducing the IB thickness makes it possible to
reduce the size of the reactor for the same reactor power [4]. In this
paper, we explore a FNSF based on General Atomics’ preliminary
fusion development facility (FDF) design [5]. The tritium breeding
ratio (TBR) is maximized for this machine with a ﬁxed IB shielding thickness of 50 cm. This machine has a standard aspect ratio of
3.5 and a normal copper magnet system. The major radius is 2.5 m
and the plasma elongation is 2. The OHC is located inside the inner
toroidal ﬁeld coil (TFC), as shown in Fig. 1. This is a 20 degree model
with reﬂective boundary conditions in the toroidal direction. The
assumed peak inboard (IB) neutron wall load is 2 MW/m2 and the
peak IB neutron ﬂuence is assumed to be 6 MWa/m2 . MCNP and the
FENDL/MC-2.1 cross section library are used for this work [7,8].
The midplane radial dimensions from outer-torus to in-torus
are as follows, 83.4 cm outboard (OB), 132 cm plasma chamber,
50 cm IB, 2 cm VV, 0.2 cm insulator and 7.8 cm OHC. The OB blanket
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assumes DCLL breeding modules [9]. Three PbLi breeder channels
are used with radial dimensions of 21.1 cm, 19.6 cm, and 19.6 cm,
respectively. The OHC is comprised of 60% copper, 25% water and
15% insulator. Both organic epoxy and ceramic spinel (MgAl2 O4 )
insulators are evaluated. To investigate the worst case, the vacuum
vessel (VV) is voided in order to explore more conservative OHC
damage rates.
2. Shielding effectiveness
Table 1 summarizes the IB conﬁgurations for the ﬁve cases analyzed in the present study. Both the tritium breeding and shielding
effectiveness are important to the IB design. PbLi is used in the IB
and OB as the tritium breeder. The lithium in PbLi is 90% enriched
with 6 Li. For the shielding material, the composition of the homogenized mixture is as follows: 5% H2 O, 5% stainless steel (SS), 25%
B4 C and 65% W. Here tungsten and iron are good attenuators for
high energy neutrons and gamma rays; the carbon and water are
used for moderating the neutrons below the inelastic scattering
threshold of tungsten and iron; boron is a strong neutron absorber
and leads to reduction of the radiative capture reactions [4]. The
ﬁrst wall (FW) consists of 40% ferritic steel (FS) and 60% helium.
The reﬂector is made of 100% FS.
The dimensions of the breeder and multiplier are based mainly
on the mean free path of neutrons in the materials, as shown in
Table 1. Case 1 has 7 cm of PbLi to evaluate the tritium breeding
capability without a beryllium multiplier. Case 2 only has 5 cm of
beryllium in order to evaluate if the IB is capable of just multiply-
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Table 1
Inboard blanket/shield conﬁguration.
Case

FW (cm)

Breeder/Multiplier (cm)

Reﬂector (cm)

Shield (cm)

1
2
3/5
4

2
2
2
2

PbLi (7)
Be (5)
PbLi (2) + Structure (0.5) + Be (5) + Structure (0.5) + PbLi (5)
PbLi (2) + Structure (0.5) + Be (3) + Structure (0.5) + PbLi (5)

FS (5)
FS (5)
FS (5)
FS (5)

36
38
30
32

Fig. 2. Region averaged neutron ﬂux for Case 1.

Fig. 1. FNSF CAD model from MCAM [6].

ing and reﬂecting more neutrons to the OB for tritium breeding.
Case 3 has a “sandwiched” conﬁguration for the Be multiplier, i.e.
of PbLi + Be + PbLi, which is an optimization of tritium breeding,
neutron multiplying, and shielding [10,11]. In the “sandwiched”
conﬁguration, the ﬁrst 2 cm of PbLi reacts with reﬂected neutrons
from the beryllium for enhanced tritium breeding. Case 4 is used
to check the effectiveness of a beryllium multiplier. Case 5 has the
same inboard conﬁguration as the third case, but Case 5 has a full
coverage OB, meaning the OB extends into the divertor region, as
shown in Fig. 1. In this case, the tokamak height has to be increased
to account for the divertor region.
All of the cases have 5 cm of FS as a reﬂector. The remainder
of the space is ﬁlled with shielding with the material composition
mentioned above.

only on OB tritium breeding is not enough, even with a multiplier
in the inboard. Both cases also show that both IB and OB breeding
and neutron multiplication have to be utilized simultaneously. The
third case, using the “sandwiched” conﬁguration, has a total TBR
of 1.04. The IB contribution to the total TBR is ∼ two times higher
than the corresponding contribution in case 1, with a value of 0.21.
This is because of the dramatically increased neutron ﬂux and the
large 6 Li (n, t) cross section in low and intermediate energy range
with the IB “sandwiched” conﬁguration, as ﬂux spectra shown in
Figs. 2 and 3. The total TBR can be further increased to 1.24 by
extending the OB tritium breeding blanket into the divertor region,
as shown in Case 5. Case 4 has a smaller IB TBR compared to Case 3
because of the 2 cm decrease of the IB multiplier. So 2 cm beryllium
may distinctly affect the IB TBR. In this calculation, full coverage
of FW is assumed, without consideration of penetration from like
heating and current drive (H&CD) system. So the real TBR may be
lower than calculated, but the following calculation shows that the

3. Tritium breeding analysis
The TBR results are given in Table 2. The ﬁrst case has a total TBR
of 0.901 with an IB TBR fraction of 10% (0.091). The second case, with
a pure multiplier in the IB, increases the OB TBR by 6% (compared
to Case 1) because of the reﬂected neutrons from the IB. However,
it only amounts to a total TBR of 0.86. Case 2 proves that relying
Table 2
Tritium breeding ratio.

IB TBR
OB TBR
Total TBR

Case 1

Case 2

Case 3

Case 4

Case 5

0.091
0.81
0.901

0
0.86
0.86

0.21
0.83
1.04

0.16
0.83
0.99

0.21
1.03
1.24

Fig. 3. Region averaged neutron ﬂux for Case 3.
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appropriate magnet insulator choice can give much more spaces for
optimization of TBR and hence compensate the effect from H&CD
system.

4. Damage rates
The end-of-life helium production in the VV structure should
be limited to 1 appm to allow for rewelding [12]. The helium production rates in all ﬁve cases are below 1 appm when reaching a
neutron ﬂuence of 6 MWa/m2 . The maximum value is found in Case
5 with a 0.33 He appm, which means that there is no problem of
reweldability of the VV during the lifetime of the FNSF.
The present analysis reveals that the DPA in the copper of the
OHC is not sensitive to the insulator choices. The largest one is
from Case 5 with a value of 0.05 DPA at the neutron ﬂuence of
6 MWa/m2 . The copper, or copper alloys, will suffer from severe
radiation embrittlement when irradiated at temperatures less than
100 ◦ C for doses above 0.01–0.1 DPA. However irradiation at temperatures above 150 ◦ C causes only moderate embrittlement for
doses up to approximately 5 DPA [13–17]. If the FNSF copper magnet can be operated around 150 ◦ C, the embrittlement from a dose
of 0.05 DPA would not be a concern during its lifetime. Also, the
OHC can be designed to handle extra stress in order to avoid coil
failure from copper embrittlement.
There are two contributions to the copper magnet electrical resistivity change: radiation defects and transmutation
[18–20]. For radiation defect-induced electrical resistivity change,
rad,def ≈ A × (1 − Exp[−B × DPA]) is used, where A is the saturation electrical resistivity change. A = 1.2 nm for pure copper
at 100 ◦ C, and B = 100 [21,22]. For the transmutation component,
which is proportional to neutron ﬂuence, tr ≈ KNi CNi + KZn CZn ,
where KNi = 11.2 nm, KZn = 3.0 nm, and CNi and CZn are atomic
percentages [18,19]. The electrical resistivity of pure copper is
17.1 nm at 20 ◦ C.
In this calculation, the electrical resistivity change is not sensitive to either the insulator choice or the different cases under
consideration. The main contribution is from DPA-induced electrical resistivity change and it pushes the value close to the saturation
value of 1.2 nm. The transmutation-induced resistivity change is
small because of the low neutron ﬂuence. The total electrical resistivity change is about 1.2 nm, a 7% increase to the total copper
electrical resistivity. The resistivity increase will induce Joule loss
and also redistribute the OHC current density [15,17,22,23]. Since
much of the DPA-induced electrical resistivity increase could be
annealed at the copper operating temperature, the real resistivity
change for FNSF operation should be smaller.
The dose rates were calculated for the two types of insulators. In
FNSF, the dose rate for the epoxy insulator is much higher than the
limit of 107 Gy [24]. The minimum is found in Case 2 because of the
larger shielding thickness, with a dose rate of 3.6 × 108 Gy. Therefore, the ceramic insulator is suggested for the FNSF OHC, which has
dose limit 2–3 orders of magnitude higher than the organic insulators. The magnesium aluminate spinel (MgAl2 O4 ) is one of the most
radiation-resistant ceramic insulators known and has been used for
American MARS and TITAN tokamak magnet designs [25–29].
The ﬂuence limit for cubic spinel is determined by the maximum swelling limit that the magnet design can tolerate [30].
A maximum swelling of 3% is used for this calculation [23,31].
The reported irradiation swelling data for MgAl2 O4 indicates a
swelling of approximately 0.8 vol% for a fast ﬁssion irradiation of
2.1 × 1026 n/m2 at 430 K [27,32]. Therefore, with the conservative
assumption that the fusion neutron spectrum will enhance the
swelling rate by a factor of two, the maximum tolerable fast neutron ﬂuence is 3.9 × 1026 n/m2 [23,30,33]. Fig. 4 shows the dose
rates of the ceramic insulator for the ﬁve studied cases. For an IB

Fig. 4. Peak dose with spinel insulator.

ﬂuence of 6 MWa/m2 , the maximum dose rate to the spinel insulation is 4.7 × 108 Gy in Case 5, corresponding to a 4.7 × 1023 n/m2
fast neutron ﬂuence (1 × 1015 n/m2 results in approximately 1 Gy
for energies greater than 0.1 MeV) [24]. This is three orders of magnitude lower than the tolerable fast neutron ﬂuence. It follows that
if a ceramic insulator is used, the IB blanket could be further optimized to achieve a higher TBR by increasing the PbLi layer thickness
and decreasing the shielding layer thickness. The Case 3 has almost
the same damage rates with Case 5 because of the same IB conﬁguration.
5. Nuclear heating rate
Figs. 5 and 6 show the nuclear heating rate along the midplane
of the IB for Case 1 and Case 5, respectively. In Case 1, the FW peak
heating rate is about 15 W/cm3 . For the PbLi layer, the heating rate
decreases in the ﬁrst 5 cm and then increases for the next 2 cm
because of the reﬂected neutrons from the FS. The lead helps to
multiply the neutrons through the Pb (n, 2n) reaction. The peak
heating for the PbLi layer is about 17 W/cm3 , 75% of which comes
from gamma energy. After the total IB thickness (50 cm) the nuclear
heat drops below a value of 0.04 W/cm3 in Case 1, and the main contribution comes from gamma energy deposition. The peak nuclear
heating rate in Case 5 is about 16 W/cm3 in the FW-FS. There is
obvious neutron multiplication and reﬂection from the beryllium
multiplier in the ﬁrst PbLi layer of Case 5, which makes the peak

Fig. 5. Nuclear heating for Case 1.
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Fig. 6. Nuclear heating for Case 5.

nuclear heating about 28 W/cm3 in this layer. The neutron energy
deposition becomes dominant along the ﬁrst PbLi layer radial depth
because of the multiplication of neutrons from beryllium. In the
beryllium layer, the nuclear heating comes mainly from the neutrons because of the small Be (n, ) cross section at intermediate and
high energies. In the second PbLi layer, the neutron energy deposition counts for two-thirds of the contribution to the total heat due
to the effect from the multiplier. After the total IB thickness (50 cm)
the nuclear heat drops below a value of 0.032 W/cm3 in Case 5. The
third case should have almost the same nuclear heat distribution as
Case 5, since they have the same IB conﬁgurations at the midplane.
6. Summary
Five FNSF IB designs, each with a total IB thickness of 50 cm,
have been modeled. In order to achieve tritium self-sufﬁciency, the
PbLi + Be + PbLi “sandwiched” IB design with full OB coverage (Case
5), is the best choice. The TBR from the ﬁfth case is 1.24, which
is larger than the other cases. The DPA-induced increase in magnet electrical resistivity is the dominant part of the total increased
resistivity under the low neutron ﬂuence. The analysis reveals that
the DPA in the copper magnet and helium production rate in the
VV are not the life-limiting radiation damage effects for standard
aspect ratio FNSF. For Case 5 (and Case 3), the peak nuclear heating
rate is found in the ﬁrst PbLi layer, with a peak value of 28 W/cm3 .
Our study shows that the use of an organic insulator necessitates
the inboard shielding thickness to be increased in order to reach
allowable dose rates. This is not the case for the ceramic insulators
since higher dose rates can be tolerated without degradation in its
properties. The MgAl2 O4 would be a good insulator choice for FNSF
based upon its good mechanical and electrical properties. It could
allow for the inboard design to be further optimized to increase the
IB TBR, which may compensate for TBR decreasing effects from the
tokamak H&CD system.
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