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NUCLEONIC ASPECTS OF SYNFUEL BLANKETS

by

Donald J. Dudziak and Gene L. Woodruff

ABSTRACT

Studies of fusion reactors applied to synthetic fuel (synfuel)

production have included detailed nucleonic analyses.

Scoping studies

were first performed to satisfy constraints such as net tritium breed-
ing, and optimization of eneérgy production in high-temperature vs

moderate-temperature blanket regions.

Detailed characteristics of

a chosen reference design were then computed, including spatial dis-
tributions of kerma, dpa, hydrogen and helium production, and tritium

breeding.

The reference design provides a breeding ratio of:1.11

while depositing 42% of the recoverable energy in the high-temperature

region used as a thermochemical process heat source.

At a Jl-lﬂ/ll2

first-wall neutron loading, displacement damage and helium:production
in steel are a maximum of 11 dpa/yr and 111 appm/yr, respectively.

I. INTRODUCTION

Although the primary objective of the United
States Department of Energy (US DOE} fusion program
is commercial electric power production, there are
compelling reasons to consider designs which produce
Only about 35% of United
Even if

nonelectrical energy.
States energy consumption is electrical.
this percentage increases, as expected, the major
portion remains nonelectrical (including essentially
all of the transportation component.) Furthermore,
early application of fusion energy may be signifi-
cantly enhanced if the reliability constraints as-
sociated with operation on the electrical grid can
be relaxed. The use of fusion power to produce
synthetic chemical fuels (synfuel) meets both of
these objectives. Synfuel could be quite versatile
in satisfying a variety of energy demands and it
represents a form of stored energy, so reliability
specifications can be lowered.

It is reasonable to impose a requirement for
net tritium breeding in a synfuel blanket if early
application is an objective. Eventually, a sufficient

number of fusion reactors may be operating to pro-
duce a surplus of tritium, thereby permitting some
nonbreeding designs. The first group of fusmn
reactors, however, will almost certainly have to
breed tritium. | o |

Neither the type of synfuel to be produced nor
optimized methods of production have yet been de-
termined. A number of altematives have been stud-
ied,1 however, and it is cllear that a very high
temperature region (2 1 400 K) is a highly desirable
feature of any thermochemical synfuel blanket. The
desirability of this feature goes beyond efficiency
relationships, because some thermochemical processes
have temperature thresholds.

The twin requirements for both tritium breéding
and a high-temperature region may not be “achievable
in a single zone of the blanket. It is likely that
an inner tritium breeding region, operated at rela-
tively low temperatures (- 800 K), will be surrounded
by a high-temperature region. A major objective of
our first definitive synfuel blanket, therefore, is
to achieve an adequate tritium breeding vilue in a



A
low- teupe rature region, while at the same time de-
positing a sufficiently large fraction of the ener-
4y in the high- temperature region. Tollow-on stid-
ies will look. at altermative blanket designs, which
breed tritium in a very high-temperature region.
Such design efferts are driven by the need for a
larger fraction ef the energy at high temperature
than is available in the generic class of designs
considered in this report,

This report describes a series of scoping cal-
culations in which the trade-offs hetween tritium
breeding and heating were studied. A semioptimized
reference configuration is then analyzed in greater
detail.

IT. SCOPING STUDIES
A, _Basic Configuration

The basic configuration used in the scoping
studies is illustrated in Fig, 1. Steel is used as
the first-wall material and for structure through-
out. A neutron multiplier of variable thickness is
adjacent to the first wall foliowed by the breeding
region and then by a graphite high-temperature

outer blanket.
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Fig. 1. Schematic diagram of neutronics blankct

mode) (s) used to cxdmine trade-offs be-
tween tritium breeding in a (low- temper-
aturc) inner region and the energy depos-
ited into a (high-temperature) outer region.

Materials considered for the multiplicr included
Be, Li, b, and comhinations of Li and Ph, “.In all
probability the usc of Be is not présently an acfcm-
able option for reasons of perceptions concerning
resairce limitations, fabrication difficulty, and
toxicity. It is the most effective of all ‘miltiplicer
materials, however, with the exception of the fission-
able isotopes, and provides a uscful standard of
comparison, \

The breeding region is hasically a Li region.
Compositions which include LiPh were also considered,
however, because the Pb might provide some secondary
neutron multiplication and because the physical prop-
crtics of LiPh might prove to be attractive.’ All
mixtures of Lilh and Ph are stated in tems of at.o
of LiPb in the mixture.

Graphite is an obvious choice for the outer
blanket by virtue of its high-temperature capabil-
ities, low cost, neutronic properties, and ecase of
fabrication, For the scoping studies a 25% void
was included to allow for gas cooling and 5% steel
represented structural regui mnents

The plasma was assumed to have a 0,15 m radius
surromnded by a vacuum thickness of 0.35 m. The re-
sults of the calculations presented here are not very
sensitive to the first-wall radius. 1t should be
noted, however, that the blanket configuration is
somewhat idealized. Various design requirements
reluted to plasma confinement and/or heating could
invoke penalties in nucleonic performmce. Examples
include 1SSEC -.typc protective layers inside the
first WJI]],S presenice of magnets adiacent to the
first wall, or significant neutron leakage through
vacuum or heam injection ports (or through nonexistent
inner blankets, such as in low aspect ratio Tokamaks. )
If such features are required, the breeding region
will have to be increased in size and the percentage
of the total cnergy deposited ‘in the outer’ blanket
will be reduced.

All of the nucleonic calculations dc#é_,ribcd
below were performed 'with the diffusion synthetic,
discrete-ordinates code, (NFMJM‘ The S, quad-
raturc was that for cylindrical geometry in tﬁc
code library, while Py cross sections and kerma-
factor data were cbtained from the MATXS file.>
B. _ Scoping Results

The results of the scoping ‘calculations are
shown in Fig. 2, for a 0.1-m breeding region following
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Fip. 2. Dependence of tritium breeding ratio [BR] and cnergy deposited into the outer graphite regpion Y

on neutron-maltiplicr thickness for a ringe of breeder/miltiplicr compositions (Re:

amultiplicr region of varving thickness, In the
left

[BR], is plotted as a function of multiplicr thick-

portion of Fig. & the tritium breeding ratio,

ness for various multiplicr and breeder region com-
positions. In the richt portion the energy depos-
ited per fusion neutron, F‘N (MeV/n), is plotted for
the same configurations.

The results shown in Fig. 2 may be grouped in-
to tour categories:

Maltiplicr Breeder Region

(n Be (R0 volY%) Li
(2) Li L.i
{3) My Li
(4) b LiPh §

The general pattem for all of these catepories
is very similar. As the miltiplier thickness is in-
creased, [BR] increases and FN decreases, In general,
categories having higher [BR] values for a piven
multiplier thickness have lower Fy values relative
to the other catocgorics.

The most cffective multiplicr is Be. A [BR]
value of wnity can be obtained with a thickness of
about 0.05 m. ‘The Li-Li combination, catcpory (2),
is the next most cffective combination. ‘The im-
provement over category (3) is not large, but it is
noteworthy that the improvement includes hoth |BR)
and l’N The least effective combination is category
(4) and within this group [BR] decreases as the

percentage of Li decreases.

Fig. 1.

These results suggest a decreasing ranking of
Be, Li, amd Ph for use as mltiplicr materials, Suwh
a rmking is also consistent with a comparison of the

Q values for the relevant reactions as shown below:

Reaction Q ¥alue (V)

e (m, 20 e (-) 1.67

Timan o' he (-) 2.47
80,2007y () 7.37

Larger negative Q values have @ adverse cffect,
both in terms of higher threshold energics and in net
cnergy deposition per fusion. A higher threshold
energy limits the fraction of the neutron spectrum
which can contribute to neutron multiplication or,
in the case of 7I.i. tritium production with no net
change in neutron population. The usefulness of Ph
as a nentron multiplicr is, therefore, limited to
the inncrmost portions of the Hlanket. The | BR}
curves in Fig. 2 for category (4) have al ready become
relatively flat for a m)tiplier thickness of 0.12 m,‘
and it is clear that for this breeder iegion confipu-
ration,a [BR} value of wnity cannot he achieved for
any maltiplicr th:ckness. The effect on cnergy depo-
sition of the large negative Q for Ph is somewhat
mitigated by the reduced encrpy transfer through
elastic and inclastic scattering. The fraction of
the total cnergy deposited in the outer blanket is
significantly higher for the configurations containing



high concentrations of Pb, as can be seen in the
right-hand side of Fig. 2.

111, REFERENCE CONFIGURATION
A.__ Description '

Based on the results of the scoping calcula-
tions a Li-Li combinition was selected as the ref-
crence configuration. The multiplier and breeder
regions are, therefore, effcc:iveiy one larger
The reference configuration also dif-
fers from Fig. 1 in two other respects. A 40-mm
vacuum was intmduced hetween the Li and C zones
in order to reduce conduction heat loss from the
The vacmm is sceparated

one of Li.

high-temperature C zone.
from the Li zone by 2.5 mm of steel (representing a
structural wall and foil thermal insulation) and
from the C by 1.0 mm of stecl. The sccond difference
is a reduction in the concentration of steel in the
L.i zonc from 3 vol% to 1 vol%, based upon realistic
structural desiyn c:llculntions.() ‘This latter change
increases |[BR] by approximately 1%. Figurc 3 shows
a schematic radial traverse of this reference con-
figuration selected for further detailed analysis.
B, Results

The reference configuration described abowve pro-
duces an acceptable value for [BR), namely, 1.11,
when the Li zone has a thickness of 0.26 m. The cor-
responding energy deposition in the graphite region
Ly is 7.14 MeV/fusion neutron. Figure 4 illustrates
the variation of [BR] with the total Li-region
thickness.

The spatial distribution of the piwer density
is given in Fig. 5, nomalized to a first-wall
loading of 1.0 m/mz. The variation in the graphite
region is fairly large, involving a max/min ratio
of about 24. The power density is relatively low,
however, and it should not be difficult to achieve
uniform outlet t@entures.f' The wid fraction
could be made spatially dependent with larger values
in the inner locations. This would also reduce the
gradient in the power density.

Again normalized to a first-wall loading of
1.0 Mi/m?, the total energy deposition in each re-
gion was computed. Table |- presents the results
of these calculations, along with ”thc total energy
deposited in the reactor cmﬁguratlon shown: in
Fig. 3. The heating values are gnven in-umits of
kiW per meter of length along the cylmdncnl axis.
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Fig. 3.
Comparing the total encrgy deposited (kerma) with

the kinetic cnergy of the fusmn ncutrons emitted

in the nlasma (3.183 x l() kw/n) reveals an cnergy
multiplication factor of 1.19, or 2.67 pJ (16.7 V)
ver fusion neutron, Adding to this the potentlal
energy of the 0.0678 fractional ncutron leskage,
assuming a binding energy of - 1.3 pJ per neutron,
gives a total of 2,76 pJ per fusion neutromn. Kinetic
energy of the leaking neutrons is ignored in this
latter energy calculiition because the neuwtron leakage -
spectnm is predominantly thermal. Similarly, adding



14 T -y T Y T T Y Y T
[ © "Lits % Fe), | mm Fe
13 o "Lil1 % Fo), 2.5mm Fe+40 mm VOO + | mun Fo h
F
'2 A i1 Fe), immFe |
REFERENCE CASE -
.
°7 1 1 ) I | 5 ' ) S )
‘@ 16 N8 20 2 24 2 0 2 M

LITHIUM REGION THICKNESS (cm)

Variation of tritium breeding ratio with
Li region thickness.

the 0.043-pJ pamma-ray leakage per fusion necutron
provides a total energy accomting of - 2.80 pJ
(17.5 MeV) per fusion neutron. No account is taken
for decay energy of activation products; i.e., de-
layed herma.  Also, from Table I we find that 42.2%
of the recoverable energy «bposition occurs in the
high-temperature praphite region and its adjacent
I-mm steel wall.

One area of some concern in the refercnce
blanket design was the assumption concerning the
volume percent Fe in the "Li breeding zone.,  Al-
though, as noted above, a detailed blanket structural
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Fig. 5. Spatial dependence of the power density in

the reference hlanket (of Fig. 3} for lw =

I MW/m=.

analysis demonstrates the adequacy of 1 vols Fe, pro-
vision may have to be made for vacuum ports or ‘other

structural metal in this region.  Thus, a sensitivity
study was performed for volume percents of fe ranying
from 0.0 to 10.
“Li, TLi, and total Li are showm in Fig. 6 for 0.0 to

The results for tritimm breeding in
5.0volilfe. AN results are percentage changes rel-
ative to the reference blanket, i.c., 1 volt Fe. It
is interesting that althowsh |BR] decreases swnotonicall

TABLE

NEUTRON, GAMMA-RAY AND TOTAL KERMA IN LAGH REGION
OF THE REFERENCE CONFIGURATION (kW/m)

R Repion (cf. Fig. 3) ®Li "t _c Fe
No.  Descriptjon -5 __ Y . __ Y _ LU n X TOTAL __
1,2 Vacuum
3 l-sm steel wall 1.07241 9.110 1.983+1
4 PLi, 1 vol% steel (0.12 m) 2.81442 1.89 6.91342 4.803+1 8.777 114141  1.0448¢3
5 ™., | volt steel (0.14 m) 4.91042 5.06 5.032+2 6.242+1 5.552 1.484%1 1.0820¢3
6 2.5-mm steel 7.234  2.829+1 3.552+1
7 vacuum - - - - - subtotal, low iemp. 2.182243
8  1-mm steel wall 2.831 A.187+1 1,470+
9 graphite/void/steel 5.324+2  7.088+2 2.805¢] - 3.108+2 1.5801+3
subtotal, high temp. 1,.5948+3.
3.777+3

GRAND TOTAL
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with vols e, the 'I'“ partion increases monotonically,
Eximination of the detailed spectran and encergy
dependent (‘I.i(n.l )“Hv reaction rates reveals that
the latter eftect s due to spectom softening in
the "L repion by the added Fe, which causes in
creased hl.i absorption far outweighing the loss in
L1 atom density and increased absorption in fe.
This siame softening effect s what decreases the
'l.i(n.n'tl'tlk- reaction rate, in addition to that
caused by Jdecreased 7l.i atom Jdensity,

As put for radiation dimape anafysis, calen
Lations were performed to determine displacements
por atom (dpa), hydrogea, and helimm product ion
rates,  Spatially dependent rates were determined
for all three reactions in the steel, and for dpa
and helium production in praphite thydrogen prodwe -
g reactions do not occur for ncutron cnervies
14 Mev).
steeld, all nomalized to a l—h"/m"y first-wall load:

-

Figure 7 shows the resultint data for the
ing.  lkeliom prodwction in the graphite varied from
441 to 029 appm/y, from the imner 1o outer edges
of the outer bianket (i,c., tfrom 0.8045 to 1.0045 m),
whereas displacements varied in the sime region from
2.97 to 0,029 Jdpa/y.

IV, CONCLUSIONS

1t 15 possible to design fusion blinkets for
syntucl production which incorporate a tritium hreed-
ing ratio greater than unity and in which the frac-
tion of the total cnergy deposited in the high-tom-
perature region is approximately 508, ‘The cases
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Fig, 7. Spatial distribution of i, e, amd dpa eates
in steel, at § MW/me wall toadime.

deseribed here are somewhat ddealized in that they

do not inchikde features which might be required tor

plasm heating ad/or continement. and which conld

compromise blanket performnce.

The portion of the emergy deposited in the Li
hreeding region cin nd probably should be used to
produwce clectricity ta provide recirvculating power
for the plasma,as well as some of the lower temperiature
enthalpy  required by the thermochemical load Jdistrs
bution. The design deseribed here couples very well
with a fuston reactor design having a recircunlating

power fraction of approximatedy 0.5 or Jess,
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ADDENDUM

After the calculations described herein were
performed, two laboratories independently reported
experimental results and calculations which appear
to indicate that errors exist in the available cross-
section data for the 7]..1 (n,n't)dlle reaction.7’8 The
discrepancies which have heen reported suggest that
this cross section is about 15% too high at 14 MeV
and that the crror decrecases as neutron energy de-
creases. Such a discrepancy is also consistent
with results reported by Reupke and Mxir.g The ef-
fect of correcting this cross section on the triti-
um production ratc will depend on the design. 'The
ones most affected will be those with large amoumts
of natural Li located near the source of 14-MeV neu-
trons. The configuration reported here is an exam-
ple of this type and our results could be signifi-
cantly affected. The 7].1' contributed approximately
46% to the total tritium production rate, so that
a reduction of 15% (which may slightly overestimate
the correction required since not all of the reac-
tions are due to 14-McV neutrons) could reduce the
total tritium breeding ratio by about 7%. This in
tum could force an increase in the thickness of
the Li inncer blanket and further reduce the percent-
ape of the total energy which is deposited in the
high-temperaturc region. Based on the results shown
in Fig. 2, the 42% value (of the total energy) noted
above might be reduced to approximately 36%.

In Ref. 7 it is also concluded that calculated
values of the 7Li contribution to tritium breeding
should be further reduced due to inadequaciés in the
treatment of inelastic scattering in 7Li. Such a
correction would be consistent with the well-known
limitations of the ENDF library format. However,
no other cases of significant discrepancies
attributable to this effect have been reported.

A similar situation exists with respect to the
treatment of inelastic scattering in 6l.i. In an
effort to improve the accuracy of calculations

involving inelastic scattermg in 6L1, a modi fied
scattering matrix has been developed which is. based
on ‘‘pseudo levels” in Ll.lo The effects of, this
phennmenon can be tested by performing two sets of
calculations for a given assembly: one with the
group constants obtained from the standard ENDF
library, and another with the group constants con-
taining the modified scattering matrix for l.1. We
have performed such comparisons for threc -different
assenblies:

{1) the reference configuration described
here, ‘

(2) a 6Li metal sphere, and

(3) a sphere of 6LiD.

In none of these cases was there a large effect.
Typically, the tritium breeding ratio increased in
OLi and decreased in ‘Li, both by roughly 15.
results do not, of course,. eliminite the possibility
that the treatment of inelastic séknttcring in 7Li
could have a greater impact.

Further 1nvest1gat1ons of hoth the cross sec-
tion for the l.1 (n,n't) lb reaction and the effects
of more accurate treatment of inelastic scattering
in 7Li are clearly warranted.
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