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Molten Salt Blanket Calculations for a

Tokamak Fusion-Fission Hybrid Reactor

D. L. Chapin
Princeton University Plasma Physics Laboratory

Princeton, New Jersey 08540

Abstract

Several possible blanket designs for use in a tokamak
fusion-fission hybrid reactor are investigated. The main
constituent of the blanket is a molten salt, possibly with a
separate convertor region for multiplication of the source
neutrons. Both the thorium and uranium fuel cycles are
analyzed subject to constraints on the blanket performance
such as high blanket energy multiplication and sufficient
breeding of tritium and fissile fuel. It is found that the
behavior depends strongly on the salt composition through
the ratios of fertile material to fissile material and
lithium to fissile material. It is also very important to
have multiplication of the high energy source neutrons in a
conVertor zone between the plasma and the salt. Ways of
optimizing this neutron multiplication through variations in
the convertor zone composition and thickness are
investigated.
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I. Introdudtioh

In recent yéars there has been renewed intérest in
the concept Sf fusion-fission hybrid systems; that is, the
surroundingléf»a D-T fusion plasma with a blanket containing
uranium or other heavy elements. Such a scheme might be
thought of~f;r several reasons, such as to allow a féduction
in the plasma confinement requirements through . energy
multiplicatibn in the blanket or to serve as a bpggder of
fissile fuel for a fission reactor economy. 'I'wo recent
review articles summarizing the development of hybrid
concepts are“given in references 1 and 2.

A possible application of the fusion-fission hybrid
for a tokamak plasma is that of the beam-driven (two
component) tékamak reactor(3). Beam-driven tokamgks will
have Q=1, whgrelQ is the ratio of the fusion power to the
beam power; But can still have a high fusion power ‘density
and hence ’provide a strong 14 MeV neutron sou’;ce(é)°
Conceivably, it might be possible to surround such ? plasma
with a high energy multiplication blanket, so téat the
beam-driven tokamak fusion-fission hybrid reactor would be
economical even though the gain of the fusion core itself is
small. |

In this paper we investigate the néutronic
performance of several possible blanket designs thé?ﬁ might

be used in such a beam-driven tokamak reactor. Alth@ugh the



two-component plasma does not specifically enter the blanket
calculations, it does place the implicit requirement that
the blanket energy multipliqation must be high.

For the study it was assumed that the main
constitutent of the blanket was molten salt, possibly with a
separate convertor region for multiplication of the source
neutrons. The molten salt was chosen as the breeding medium
for several reasons, such as ease of tritiué removal and
composition control with theA_salt and the ability to
circulate the salt and remove the fission products and bred
fissile fuel continuously, as is proposed in the Molten Salt

Breeder Reactor (MSBR)(5). Both the U238—Pu239 and

232—U233 fuel cycles are investigated subject to certain

Th
constraints on the blanket performance such as high energy
multiplicatioﬁ and sufficient breeding of tritium and
fissile fuel. Variations in the composition of the salt and

the convertor were studied in an attempt to obtain the best

neutronic performance.
II. Blanket Calculational Model

The hybrid blanket moudel used for thé neutronics
calenlation is shown in Fig, 1. The plasma is assumed to be
a uniformily distributed source of radius 100 cm, followed
by a vacuum zone 50 cm thick. The total blanket thickness

is 150 cm, and is mainly composced of 3 regions - the



ol
convertor, breeder, and shield. The convertor region, whose

purpose is to multiply the 14 MeV source neutrons, is;taken

to be 9 ecm thick for all the <calculations except some
discussed in “gection VII. The breeder zone,k Whefé the
tritium and méé? of the fissile fuel is bred; is 60 cmmthick
for all cases’’ except some in section VII. A shield 80 cm
thick and wifh compositibn 70% stainless steel, 25% 34@, and
5% He (volume percents) follows the breeder zone. |

The neutronics calculations were performed with the
ANISN multigroup discrete ordinates neutron transport
code(6). One—aimeﬁsional cylindrical geometfy was .used with
an S_ angular Quadrature and P

8 3
scattering. A 30 group cross section set was prepargd for

expansion of the anisotropic

the calculatiops by collapsing a 100 group set(7) over a

typical hybrid blanket spectrum.

III. Blanket Materials and Parameter Definitions

The two fuel cycles of interest for a.fusion-fission

o 232 233
hybrid are the'U'g?’s-.Puz39 cycle and the Th -U cycle.
The pertinent decay chains are(8)
2 4

= - 239 g~ 39 '
0238, y) » V2% g W g PUTT (2.4 X 107 )

and



233 5
232(n,y) » 233 £ pa?33 L0 v¥ (16 x 107 y) .

At the same time that fissile material is being bred by such
reactions, it will be necessary to fission some material in
the blanket in order to provide adequate energy

i

multiplication, i
It ié the purpose of the convertor to pro&ide some of
these fissions in the elements U2»38 or Th232, which fission
only at high neutron energies. Besides releasing energy,
these fast fissions are excellent neutron multipliers, since
approximately 4 neutrons are released per fission (at high
energy). Other reactions of interest fof neutron
multiplication are the (n,2n) and (n,3n) reactions.

As will be studied, it may also be necessary to put
some - fissile materials, e.g. Pu239 or U233, in the blanket
to obtain satisfactlory enefgy multiplication. Since we are
assuming a D=-T plasma fuel cycle, il will ol course also be
necessary to breed tritium through the reactions Li6(n,d)t
and Li7(n,n'a)t.

Thus there are a number of different processes that
must compete for the available neutrons l- neutron
multiplication, fission, and breeding of tritium and fissile
fuel. In figures 2-4 we show some cross sections for these

various reaction types. In figure 2 the most important

reactions at high energies are shown -~ the fission and



neutron mulfiplying reactions in U238 and Th232

238

and:the Li7

tritium reaction. ° Note that U would seem to be a better

convertor material than Th252

since its fissidn, Cross
section is :higher.< In figures 3 and 4 the pertiﬁent
reaction cross sections from .1 eV to 10 keV are plofted for
the two fuel <cycles along with the Li® tritium reaction.
Note that the fission crosé sections for Pu239 and,U233 are
fairly'close to the Li6 cross Section over most of this
energy rangc. However, the breeding reactions in ﬁ238 and

232

Th are smaller than the fission and L16 cross sections at

e
low energies. In the thermal group the Th232 captuye Cross
section is over twice as large as the U238, but U238 has a
fairly large resonance at 6-7 eV. It should be noted that
these cross éection plots in figures 2-4 have been méde from
a 30 group ‘$et collapsed from a 100 gfoup (infinitely
dilute) library(7), and hence_much of the detail .in the
resonances has been lost. As such, they are inténded only
to illustrate the general trends in the cross sections of
interest in a fusion-fission hybrid blanket. |

"

Parameter Definition

“ o

Since fhere will c¢learly be a number of cBﬁpeting
reactions in the blanket, it 1is - of interest to % define
certain parameters that can be used to assess a pafticular

blanket's performance.

)



The first parameter is i, the tritium breeding ratio,
defined as the nﬁmber of tritum atoms produced per source
neutron. The obvious requirement is that T be greater than
one, so that the Dblanket is self-sustaining in tritium
production.

The second parameter is M, the blanget energy
multiplication factor, defined as E

_ (no. fissions per source neutron) X (200 MeV/fission) + Ef

Eg

M

where Ef = 14.1 MeV, the fusion neutron energy. M can be
kept quite small (=1), as in the symbiotic system(2), or
quite large (=40), as in an energy optimized blanket(9), so
long as the blanket is not critical. For thé blankets
analyzed in this study for use with a beam-driven tokamak,
we -shall Arequire M > 10 as a .necessary condition for
sufficient'electricity production.

The third parameter is F, the net number of fissile
fuel atoms produced per source neutron. The requirement on
F' is F > 0, so that if some fissile fuel is in the blanket
we must at least breed as much as we burn. Thus F is the
number ot captures in the fertile material minus the number
of absorptions in the fissile material.

A related parameter is CR, the blanket conversion

ratio, defined by



CR = nuhber of captures in'fertile material
number of absorptions. in fissile material -

F and CR are not independent, so that if F > O'then CR > 1.
An important consideratioh in maximizing F and CR is d, the
capture-to-tission ratio tor a fissile material(10).  The
lower the value of a is, the higher the probability is that,
once a neutron is absorbed in a fissile nucleus, a fi%sion
event rather than a capture will occur. The values of o for

239 :

Pu and U233 at two different energies (for the 30 ‘group

cross section set) are:

S

233 a ’ Pu o
500 keV . 063 . 048
0.1 ev .090 . 392

Hence, both elements have good values of a'at high energies
while for thermal energies U233 is much better than Pu239.
These differences in a will be an important factor in the
design of a molten salt blanket, since in such a blanket the

neutron spectrum will be relatively soft due to the

moderation by fhe light elements of the salt. P



1V, qu Convertor and Pu-U Salt

The first series of blanket .calculations were done

for a UO, convertor zone 9 cm thick followed by a 60 cm

2
thick breeder 2zone of molten salt. The convertor zone was

assumed to consist of stainless steel clad UO, plates cooled

2

by He, with volume fractions of 55% UO 12%-steel, and 33%

o2
He. The breeder zone was composed of 5% (Voluhe) stainless
steel structure plus varying mixtures of salt and graphite
(C). The steel composition .fdr all cases was 17% Cr, 12%
Ni, and.71% Fe (atom percents).

The molten salt used in these calculations was LiF»-
BeF2 - UF4 - PuF3 with varying mole percents of UF4 and
3 The L16 atom percent in Li was also varied in the
study, with natural Li being 7.4% LiG. The uranium in the

PuF

salt (and also in the convertof) was always used as depleted
in Uz35 (0.3%). The melting point for these molten salts
will Dbe in the region of 450° C, which would perhaps be an
important factor in a consideration of their use in a hybrid
blanket.

In Table 1 we show the performance of eight blankets
with a U02 convertor and .U-Pu salt breeder. The convertor
composition is held constant while the mole composition of
the salt, the L'6 atom percent in Li, and the salt-C volume
fractions are varied. Shown for each blanket are T, M, F,

CR, and the total blanket energy per source neutron (equal

to M x14.1 MeV).
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an

Cases_l and 2 in Table 1 investigate the effect of
changing the  salt-C mixture in the breeder zone for a salt
with 6 mole perceht UF4 and no Pu. it is seen that ‘raising
the salt volume fraction from 15% to 95% causes ahlsmall

¥

increase in T, M, and F, which is due mostly to theJharder
neutron spectrum in case 2 with no C. This faster spectfum
produces morewfast fissions in U238 and (n,2n) reactiqns in
Be, thus siightly increasing the number of neﬁtrons
available in the blanket, However, hoth of these blénkets
are unsuitable due to the low values of T and M, Tﬁe L16
atom percent ébuld be increased over that in case 2, éé that
T could be made greater than 1 and F would be abouin.G.
This would be‘éatisfactory except for the low value of M,

Most éll of the energy multiplication in cases~1 and
2 comes from :phe UOb convertor, which produces abouﬁ Q.2
fissions per .source neutron or 40 MeV. This conyértor
yields a net ggin of about 0.8 neutrons per source peﬂtron
from these fissions and from (n,2n) and (n,3n) reactions,
which are thehidistributed between T, F, and paraéitic
losses. (Wayé‘ to improve the convertor performancei are
studied 1in section VII). Since this is not sufficiert to
meet the requirement M > 10, it was decided to introduce
some fissile khel in the salt to produce more fissioﬁé and
raise the blankét energy.

The res&lts of using 1 mole percent PuF_, in theﬁsalt

3

are shown as case 3 in Table 1. Here we use no graphite in

o
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"the breeder zone and natural Li. . Adding the Pu doubles M
relative to case 2 and also raises T, with a subsequent
decrease in F due to theAfissioning of the Pu. This blanket
“is unsatisfactdry for two reasons - T and M are too 1low.
Even though T was low in case 3, it was thought that if
there was less L16 in the blanket more fissions in the Pu
might bcgur, thus releasing more neutrons and possibly
raising T. .

The blanket performance when the L16 atom fraction is
cut to 0.5% is shown as case 4 ih Table 1. We can see that
M is increased by 50% over case 3, to 12.1, and F increases
to 1.18. However, T is now reduced to .131l; partly as the
result of the 1lower concentration of Ld6 but also because

there is now too much U238

»in the salt. Thus, while there
are more fissions in the salt too many of the fission
neutrons are being captured in the U238 before they are able
to slow down to thermal energies and either breed tritium or
produce more fissions. The relavent cross sections for this
three-way competition for the neutrons can be seen in
figure 3.

Because of this dominance of the U238 in case 4, it
was decided to reduce the mole fraétion of UFy to 1%. The
results of .this blanket are shown as case 5 in Table 1,
where the Li6 fraction is still 0.5%. Now we see that many

more Pu fissions are occurring so that M rises to 33.9. T

has also increased, to .4, but now F is negative and the



blanket conyeréion ratio is only 0;7.' Thus, we héﬁe the
undesirable situation of burning more Pu than we breéd -
more than one Pu‘atom is needed than is produced.perﬁsource
neutron. Hence it would appear that now we have too little
Ld§ in the blankef,— not enough tritium is being bfed and
too much Pu i§*being burned,

In cases 6-8 in Table 1 we show the results of
steadily incréasing the Li8 atom percent with the same salt
compositibn as 1in case 5. 1In case 6, where the L"6 is
increaéed by a factor of four over case 5, we see thé;T has
nearly doubleé and that F has increased, although it is
still less than zero. As expected, M decreases sinée more
neutrons are being absorbed in the Lfs than 1in thg Pu,
Raising the iﬁ? to 3 atom percent (case 7) produces é near
break-even in fissile fuel production (CR=.99), butl T is
still less than 1 and M has decreased to 16.6. Finaliy, in
case 8 with “6% Li® we achieve T> 1 and F = 0.26  with
multipiicatioﬁ:M = 11.6, thus meeting all requirements.gn T,
F, and M. ?ertainly, T 1is too close to 1 when poésible
reactor geometric losses are considered, and F 1is bropably
too low to have a significant benefit in the econééics.
Also, the 6% Lfs is so. close to natural Li that it wopid be
better to use ;étural Li, which would thus raise T.somewhat
while lowering‘F and M.

Hence, these results illust;ate that a blanketiw;th a

UOzzconvertor ‘and Pu-U salt breeder can achieve adequate
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(break-even) tritium and fissiler fuel breeding with a
blanket energy multiplication factor of 10-12, Subsequent
sections-will investigate improvements on this performance

using different convertor and molten salt compositions,
V. All Pu-U Salt Blanket

in this section we investigate blankets with a Pu-U
‘salt in which the salt is used in both the convertor and
breeder =zones. It wés considered impractical to use two
different salt compositions in the same blanket, so the same
salt was wused in Dboth =zones. To maintain the hardest
-neutroq spectrum, we used the éonvertor zone as 95% salt and
5% steel, with no graphite.

In Table 2 the results of four blankets with all Pu-U
salt are shown, Case 9, with the same salt as case 8 exceﬁt
with natural Li, yields a tritium breeding ratio T of 1.5
and energy multiplication M = 10. However, its conversion
ratio is only 0.24 and 1is thus a consumer of fissile fuel.
In an attempt to lower T and raise F, we next cut the Li6 to
2 atom percent, shown as case 10. Instead of decreasing T,
we see that it increases to nearly 2.0 and M rises to 42.5
(probably close to critical) because now there are many more
Pu fissions in the blanket producing more"neutrons and
energy. However, again F is less than zero and the blanket
i1s a net consumer of fissile fuel. In case 11 the results

of cutting the PuE2 mole fraclion in half are shown. Now we
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see that T and'M decrease, that is there are fewer fissions
in the blanket,;while F increases relative +to c#ge 10,
although it‘is still negative. Note that the conversion
ratio has doubied.from caées 9 and 10 to case 11,.indicating
an approximatély linear dependence between CR and'théiratio
of U to Pu in}the salt.

For the final run in this series, shown as casé:lZ in
Table 2, the ;alt composition has been changed so thatgthe U
to Pu ratio ’_‘:is 5. For this blanket the CR is 1.37, i.e.

about 5 times’that of cases 9 and 10 with a U to Pu ratio of

1; and theré is a small net breeding of fissile'ifuel.
However, T is }ess than 1 and the blanket energy iS(émall.
T could be madé greater than 1 for the salt 1in case Liz by
raising the Lié percent, but this would then cause a fﬁrther
reduction in M&as more neutrons are used to breed tritium.
Using less saLt and more graphite in the breeder zonelﬁould
also be undesirable, since there would be a softer neutron
spectrum whichiwould lower F and CR because of the higher
value of o for Pu at lower energies. |
Thus aniall Pu-U salt blanket would not appear ;o be
useful with a ﬁéam—driven tokamak, since M would probably be
less than 4 with sufficient breeding. The main reason for

this is that it is not possible to produce enough neutron

multiplicationi}rom U238

with this salt convertor.. For
example, in cdée 12 - there are only .01 U238 fissions per

source neutron in the blanket, while with the U02 convertor
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there were 0.2 in the convertor alone. As is well known, it
is possible to build a breeder reactor using the Pu-U fuél
cycle oniy for a hard neutron spectrum, which would be
difficult to maintain in a molten salt blanket. Even with a
good spectrum, the hybrid blanket is further burdened by the
necessity to breed tritium, so that without neutron
multiplication an all Pu-U salt blanket seems unsuitable for
this study. However, somewhat better performance might be
obtained with a Th-U salt in a thermal spectrum, and 1is
studied in the next section.

VI. All Th-U233 Salt Blanket

It was next of interest to investigate a molten salt

hybrid blanket . based on the Th—U233

fuel cycle. Due to the
low value of the Th fast fission cross section (Fig. 2), it
was decided not to try a separate convertor region of ThO2
or other material but instead to use an all salt blanket.
The convertor region in all cases was chosen to be 95% salt
SO as to obtain. the hardest spectrum possible for that zone.

The results of six all Th-U salt blankets are shown"
in Table 3. The sult composition in cases 13-15, with about

12 mole percent ThF is similar to that proposed for use in

4
the MSBR(5). Also, the volume fractions of 40% salt and 55%

graphite in the breeder zone are similar to the MSBR. The

blanket in case 13, with no U233F4 and natural Li, produces
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very few fiss;oﬁs in the Th and hence a very low M.f;There
is consequehﬁly "little neutron multiplication igj the
blanket, with the ‘sum.of F and T being only about 1?2; and
thus.it is necessary to add some fissile material -fo the
blanket. | T h

In casg 14 we use 0.2 mole percent: U233F4.;n the
blanket, which produces a slight increase in M over Cése 13
but still a véry low value. This salt is nearly the same as
that in the MéBR except for the natural Li (the MSBR uses no
L16 in the salt). In case 15 we show the results wheéf the
Li6 is reduce&‘to 2%. Again we find a small Pise in M;'With
a lower T and higher F. The reason there are s¢~ few
fissions and ;esultant low"M in cases 14 and 15 is the
relatively hiéﬁ concentration of Th in the salt as compafed

to Li6 and U23'3

. Notc that the CR is about the same i@aboth
blankets (12.7) and so is the ratio of Th ‘fb U
(12.3 + 0.2 =véi.5). This might be expected, since'%ﬁe Th
density deteriines the fissile ~production while the U
density determines the fissile burn-up. If there ig an
approximately Linear dependence of CR on the Th tb U %atio
for an all salgnblanket, as ih thé previous section witﬁ the
Pu-U salt, then for CR = 1 the Th to U ratio should‘be;%bout
61.5 ¢ 12.7 = 4.8.

In casés 16-18 of Table 3 we show the result%' of
varying the Li?idensity for a salt with a Th to 023? #atio

N

of 4.8. As can be seen, for the three blankets the CR is
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constant at about 1 and F is slightly greater than zero,
6

regardless of the Lf3 atom percent. Note. that as the Li~ is
increased we see the expected trend of T increasing and M
decreasing as more of the neutrons are absorbed in the
lithium and less in the uranium. The cross isections of
these compefing reactions are shown in Fig. 4.§ This trend
could Be continued in order to. produce Tj; 1, but the
muliiplication would drop to 10 or. less and the%e would just
be break-even on the fissile .fuel - i.e. ‘probably an
unattractive blanket for use with a beam-driven tokamak.
Thus, it would appear to. be necessary to have neutron
multiplication in the convertor zone in order to achieve
satisfactory performance in a molten salt blanket. This
would seem reasonable, since without the multiplication we
would be trying to design a driven subcritical breeder
reactor that must. also breed tritium and produce energy -

clearly a difficult task. ‘Ways to increase the performance

of the convertor zone are investigated in the next section.
VII. Convertor Zone Variations

In this section the convertor zone co&position and
thickness will be varied to see how the neutron
multiplication in that region can be improved. For a
reference blanket we will use case 8 of Table 1, which had a

UOZ convertor zone 9 cm thick followed by a molten salt
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. : A
breeder zone 60 cm thick. The salt composition, which is

held constant while the convertor is changed, is LiF (50

3

mole %) - BeFéﬁC48%' - UFa(l%) - PuF, (1%), with 6:'atom %
6 . o
Li” in the Li. "The breeder zone volume fractions are 95%

salt and 5% sféinless steel. The uranium in all cases :(for
both the convertor and breeder =zones) is assumed to be
depleted in U235(0.3 %) .

In Table 4 the results of five different convertors
with this salt are shown. The first blanket, caséPS of
Table 1 (discuésed in sectidn Iv) is for a UO2 convértor
with volume fractions 55%. UO

2
in Table 4 are T, M, F, CR, and the blanket energy released

, 12% steel, and 33% He. ' Shown

per source neutron; plus two . additional quantities % the
number of convertor fissions per source neutron andr the
ratio RU of the UZ38 number density in the convertor ngthe
total number dehsity in the convertor.

In case (19 we have replaced the UO2 convertor;with
UC, but kept t%é same volume fractions and thickness ig the

238

convertor. Using the UC increases the U density fraction

RU to 0.38 and produces about 20% more fissions 1in . the
convertor rela?%ve to the UOé case. These extra fissiong in
turn result in;a slightly higher T and F, with M inpreééing
to 12.6. Thus the UC blanket of case 19 would sé;m to

satisfy fairly well the criterion established for the: study

- large M with sufficient tritium and fissile fuel breeding.

-~
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Another possibility that woﬁld further increase RU
would be the wuse of uranium metal inA the convertor..
Although the melting point of U—metél is less than ceramics

such as UO_, or UC, it might be possible to obtain sufficient

2
cooling by using stginless steel clad U-metal pellets or
balls in large helium cooled pressure tubes. @ To compute
Volﬁme fractions for such 'a convertor, a %hree layer
preésure tube arrangement was assumed, providi&g a packing
fraction of about 82%. For . high pressure helium the
pressure tubes must be fairly thick; which results 1in a
stainless steel volume fraction of about 21%. To obtain an
approximate upper and loWer limit on the U-metal fraction,
we may consider the pellets to either be solid or have a
hole in the‘center through which helium flows. If there is
a hole in the pellet, then the U-metal volume fraction is
about 33%, the He 1is 42%, and the total steel (clad plus
tube wall) is 25%. With. a solid pellet, there would be
about 10% U, 24% stainless steel, and 36% He. Hence one
disadvantage of this type of convertor is that the steel

2
convertors, although there is an absence of the lighter

volume fraction is about twice that of the UO _. and UC

elements oxygen and carbon and thus 1less moderation of the
14 MeV neutrons.
It should be noted that this discussion of the

contiguration of a U-metal convertor was intended only to
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provide an appfoximate upper and lower bound on thei§olume
fraction of q%anium that might be possible in such a ‘scheme.
A detailed Qétudy of heat transfer and  structural
requirements would be needed for a complete design;‘-Also,
this convertqr would clearly be a very heterogéneous
structure; waever, for these calculations a homogenized
medium must be assumed. Nonetheless, it is interesfing to
see if the UAﬁetal convertor does produce better gianket
performance than with the UO, and UC convertors. f

In cases 20 and Zi of Table 4 we compare the f;sults
of two 9 cm tﬂick U-metal convertors, one with 33% U égd the
other with 40%. For the 33% U case, we see that the ufanium
is about 43% of the convertor number density but préduces
only .21 convertor fissions - more than U02 but less than
UC. The blanket multiplication is about the same as ﬁﬁé ucC,
but the sum of T and F is less due to the fewer nu@ber of
fissions in the convertor. When we go to the 40% U-metél,
shown as case 21, the convertor fissions increase and there
is a higher M and F, although T is the same. This is fairly
close to the UC convertor in the neutron multiplicatibﬂ; but
now more neutrons are absorbed in the Li and Pu and i;ss in
the U. This méy be due in part to the convertor thiCkﬁess,
since with the U-metal convertor the magnitude of the
uranium density is less than with the U02 or UC even éhough
the fraction Rﬁ is higher. Hence the optical thicknéés of

the convertor is smaller and more of the 14 MeV neutroﬁé are
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able to penetrate into the molten salt breeder Zzone Without
reacting in the convertor.

As a .final case, we attempted to increase the
performance of the 40% U-metal convertor by making it 19 cm
fhick with a breeder zone 50 cm ﬁhick. The results are
shown as case 22 in Table 4, where we see that the convertor
fissions have now risen to.about 0.35, or almost 45% more
than with the 9 cm convertor (case 21). Howeve#, both M and
T have descreased while F has increased by a faétor of four.
Evidently, the thicker. region has resulted in most of the
convertor fission neutrons being captured in the uranium in
the convertor before they are able to escape into the salt
breeder zone. This was found to be the case; that is, the
leakage from the convertor into the salt zone was about 18%
smaller for the thicker convertor while the U238 captures
were 53% larger. Increasing the salt zone thickness would
not be effective in raising T and M, since there 1is
approximately the same neutron leakage (.18 neutrons per
source neutron) into the shield for both breeder zone
thicknesses, i.e. most of the neutron absorption in the salt
has taken place in the first 40-50 cm.

Probably the best way to raise the trifium breeding
and energy multiplication in a blanket similarl to case 22
would be to increase the Pu and perhaps the L16 density in

the salt. This would allow more Pu fissions in the breeder

zone and thus raise T and M. There would of course be more
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burn-up of the Pu and F would decrease, But there would
appear to bgisufficient fissile breeding in the coﬂvertor
zone to prOdﬁce a blanket with high multiplicatign and
adequate trifium and fissile fuel breeding. ”

| If i% was undesirable to increase the "Pu
concentratioﬁf another alternative would be to ﬁse a
convertor thickness somewhere between that of cases.gl and
22 - e.g. 15 cm. This might allow both more convertor
fissions andlmore leakagc into the salt and pruduée an
increase in T, F, and M over case 21, However, even with
the 9 cm convertor the U-metal and UC are better than the
UOZ’ although they both are based on more ad&anced
technology. .

VIII. Conclusions

In this paper we have investigated several possible
blanket desighs for use with a beam-driven tdkamak
fusion—fission'hybrid reactor. The basic breeding maferial

<

was a molten sﬁlt, possibly preceded by a separate conéértor
region. Botﬁi the U238—Pu and.Th—U233 fuel cyclesﬂ;were
considered, subject to the requirements of suffiéient
tritium (T) and fissile fuel (F) breeding. Since the
beam-driven plésma will only be break-even itself, another
constraint was that the blanket energy multiplication Mfmust

be 10 or greater in order to provide adequate —power

gencration,
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A sequence of cases was studied for a U02 He cooled
convertor zone followed by a breeder zone of molten salt on
the U-Pu fuel cycle. While the convertor was held fixed,
thus providing the same neutron multiplication for each
blanket, the composition of the salt was varied by changing
the Pu, U, and 1i® densities until a blanket with T = 1,
F =0.26, and M = 11,6 was obtained., |

All éalt blankets, i.e. without a separate convertor
zone, were also studied for ©blankets based on both fuel
cycles. To achieve net fissilé'fuel production with the
U-Pu salt, the largest M was only about 4. The performanqe
in an all Th-U salt blanket was just slightly better -
break-even in fissile fuel with M 10 or less. The
conversion ratio in the all salt blankets was found to be
approximately linear with the ratio of fertile to -fissile
material, so that once this point was reached the Li6
density could be varied to achieve T = 1. However, as this
was done M would necessarily decrease to values unacceptable
for a beam-driven tokamak.

It thus became apparent fhat to obtain the required
T, F, and M with a molten salt blanket, it would be
necessary to have a separate convertor region to take
advantage of the 14 MeV neutrons for use in neutron
multiplying reactions in U238, Different convertor
materials and thicknesses were investigated with a U-Pu salt

breeder. It was found that, as expected, both UC and
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U-metal were better convertor materials than-UOb. The size
of the convertor Zzone was also important - if it is too thin

some of the ‘source neutrons may penetrate directly into the
salt withoqt interacting in the convertor. However,’ if it
is too thick most of the excess neutrons may be absorbed in
the convertor instead of leaking into the breeder. .

Thus,* the most intercsting of the hlankets '%tudied
here for useg@ith a beam-driven tokamak would be one: with a
U-metal convertor and a U-Pu molten salt breeder. The
energy multiplication would be about 13 with net :fissile
fuel production of about 0.25 atoms per source neutron,
which could be somewhat improved with a thicker convertor,

233

Another possibly might be to use a Th-U salt in the

breeder zone with a. U-metal convertor. Since the neutron
spectrum will tend to be soft due to the light eleménts in
the salt, this fuel cycle would probably yield . better
performance than the U233—Pu. This blanket would also have
the advantage*of using the bétter known technology of the Th
salt used in the Molten Salt Reactor Experiment(5). ' There

would be breeding of two fuels - pu239

233

in the convertor and
U in the salt -~ but since -the convertor and breeder.would
be separate iéones they would each require thei% own
reprocessing cycles anyway. The performance of this bianket

design, and oﬁ%imization of the cases reported in this work,

will be investigated in future studies.

[N
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Salt Composition Breeder Zone |Li~ atom o . . ) '
Case Mole % Volume % percent [Tritons|Energy|Multiplication|Net Fissile Conv§r31on
No. |LiF | BeFq UE4 PuFg |Salt .C . ) din Lio | Tk f(MeV)* .M .. F* Ratip CR
7.4
1 50 44 6 - 15 80 'natural)| .378 56.2 '4:0 1.19 =
2 |50 44 6 - 95 0 . 7.4 .534 . | 59.1 4.2 1.23 Wt e sl -
3 50 44 5 1 95 0 7.4 .703 118.9 8.4 .88 v~ 2.84 B~
4 50 44 5 1 95 0 . 0.5 131 . p7o.4 -} . . 12.1 1.18 . 2,30
5 50 48 1 1 95 0] 0.5 .403 177.9 - 33.9 -1.10 .70
6 50 48 1 1 -95. 0 . 2.0 .759. . . R&6.O .} .. .. 20.3 .. - .22 .89
7 50 48 1 1 .95 0 . :3...0 866 . R34.7 | ... 16.6 ... . ... .- .01 . .99
8 |50 48 1 1 95 0 6.0 1.021 €3.5 11.6 .26 1.29
Per source neutron. {
7\\‘
&
r
Table 1. Blank=t performance for various U-Pu salt and breéder

zone compositions.
steel, and 33%.He (volume

depleted (0;3%) U235,

Convertor is 55% UOD,y, 12% stainless
percents). The uranium is -



Salt Composition Breeder Zone Li6 atom o ) ) )
Case Mole % Volume % percent [Tritons |Energy|Multiplication|Net Fissile Convgr51on
No. |LiF | BeFqy UF4. PuFg .|Salt .. C .|l in Li . | .. Tx .  |(MeV)* M . F* .| Ratio CR
9 50 48 1 1 95 0 7.4 1.504 140.5 10.0 - .80 .24
10 50 48 1 1 95 0 2.0 1.958 599.1 42,5 -3.81 .26
11 50.9 48 1 ) 95 0 2.0 .953 148.1 10.5 - .54 “ .54
12 50.9 48 1.25 .25 95 0 2.0 .713 63.8 4.5 .16 1.37
= Per source neutron.
)
70
-0
[}

Table 2.

Blanket performance in an all U-Pu salt blanket
with varying salt compositions. The convertor
zone is 95% salt, g% structure. The uranium is
depleted (0.3%) U239,
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salt blanket with varslng Tselt compos1t10ns

The convertor zone is 95% szlt, 5%

structure.

Salt Composition Breeder Zone Li6 atom . _ . .
Case Mole % | Volume % percent |Tritons |Energy|Multiplication Net Fissile Convgrs;on
No. |LiF | BeFqy ThF4 UF4 Salt C.| in Li . { . T*x . . |(MeV)* M Fx Ratio CR
13 |71.7]| 16 12.3 - 40 55 7.4 .544 18.1 1.3 630 -
o | . : ; SRS - REEIE D ] R
A b o ? B " : b i
14 |71.7{15.8 |12.3 2 40 55 7.4 . 567 7.1 1.9 .612 12.5
== g
15 [@1.7{15.8 |12.3 .2 40 55 2.0 .306 30.7 2.2 .863 12,7
16 [76 15.3 7.2| 1.5 40 55 1.0 640 291 27.7 .051 1.02
17 e 15.3 7.2] 1.5 " 40 55 2.0 . 756 . 267 18.9 .018 1.01
18 176 15.3 7.2 1.5 40 .55 4.0 . 864 175 12.4 .053 1.06
Per source neutron. [
. 1)
b
Table 3. Elanket performance in, an all:Th-U 33
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Ccnvertor

Zone Thickness
(cm)

Ereeder

Convertor|

;238

Materials

‘conv

Convertor
fissions¥*

Tritons
T* -

Energy
(MeV)*

Multiplication
: .M

Net Fisgsile
F*

Conversion
Ratio CR

60

55% U0,
12% SS
33% He

.265

.200

1.021

163.6

11.6

.263

1.29

19

60

55% UC
12% SS
33% He

. 380

.242

1.070

177.7

12.6

. 382

1.40

20

60

33%U-Metal
25% SS
42% He

.430

.210

1.152

179.1

.152

21

60

40%U-Mete }
24% SS
36% He

.485

. 240

1.152

186.1

.254

1.25

22

19

50

40%U-Metal
24% SS
36% He

.485

. 347

.815

160.7

11.4

1,018

2.40

*

Per source neutron.

Table 4.

Blanket performance for varying convertor zone
compositions and thicknesses,
salt is LiF (50 mole%) - BeF

PuF3 (1%).

The uranium is depleted (0.3

The breeder zone

(48%) - UF

4, G335



HYBRID BLANKET MODEL
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CYLINDRICAL GEOMETRY

_ 764164
Fig.;1l.” Schématic representation-of" the'hybrid. blanket: model -

"""“used in the one-dimensional cylindrical neutronics calcilations.
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Fig. 2. Approximate behavior of the high energy cross sec-
tions of interest in a hybrid blanket. Data is plotted from a
30-group cross section set,
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CROSS SECTION (BARNS)
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232Fig. 4. HApproximate behavior of the cross sections for the
Th -u233 fuel cycle and the Li® tritium production reaction.

Data is plottec¢ from a 30-group cross section set. The "thermal"
group is for energies less than 0.414 eV. '
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