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A MINIMUM-THICKNESS BLANKET/SHIELL WITH
OPTIMUM TRITIUM BREFEDING AND SUIFLDING EFFECTIVENESS*

S. A. W. Gerstl

UNIVERSITY OF CALTFORNIA, LOS ALAMJS SCIENTIFIC LABORATORY
LOS ALAMOS, NEW MEXICO 87545

A blanket/shield assembly for a fusion reactor has been designed through exten-
sive optimization studies. The design was optimized under the following coustraints:
(a) minimum overall thickness, (b) tritium breeding ratio of 1,10, (c) thermal en-
ergy recovery of 90%, (d) acceptably flat temperature distribution, and (e) excluding
all "exotic" or problematic materials. The optimized blanket/shield has an overall
thickness of 36 cm and conforms with all the above requirements. All tritium breed-
ing is accomplished in a 24-cm-thick breeding zone using stagnant enriched lithium-6,
and lead as a neutron multiplier. The energy recovery in this breeding zone is 71%
which, together with an additional energy extraction of 19% in a 12-cm-thick laminated
stainless stecl/boron carbide shield zone, results in the desired overall thermal
efficlency of 0,90 which is considered adequate 1f normal-conducting magnets are

used for plasma confinement.

INTRODUCTION
For most fusion rcactor designs, no matter {f For such reactor concepts relatively general and
a magnetic or inertial confinement concept is simple requircments for the blanket/shiceld assom-

used, it is most desirable that the blanket/shleld bly can be specified:

system requires a minimum of space., Here w- de- (1) minimum overall thickness,

fine as blanket that portion of the design which (2) tritium breeding ratio of 1,10,

1s needed to breed tritium and which {s usually (3) overall shielding cffectiveness resultting
located inboard of the toroidal field coil in a in a 90% c¢nergy recovery, within the
Tokamak design. Since every blanket also acts as biankot/shteld assembly,

a4 radlation shield, it is nccessary to consider (4) rcasonably flat temperature distribution
the combination of a tritiwm breeding blanket resulting in acceptable thermal stress
with any additiona: primary shielding as a blan- characteristics, and

ket/shicld systems Specific shiclding require- (5) exclude all "exotic" materiats whlch are
ments, in ccntrast to tritium breeding requlre- difficult to handle and/or may constltute
ments, differ however widely depending on the a resource problem (e.pp., Be), and
particular reactor deslpn., In the following we materiats which may caase undue enpluecer-
i consider a magnetic confinement concept (Tokamak, ' ing problems due to unfavorable wechanlcal

z-pinch, or mirror) wbich operctes with normal or thermal propertics (¢og., graphlte or

|
conducting magnets and has its blanket/shicld ! water).
1

assembly located fnboard of the main field coils, Requirement (3) for a thermat efficicacy of 90%
I 1

i.e., between the plasma and the magnet coils, . for the desired blanket/shield system is somewhat
!

*
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arbitrary but scems to asmsure sufficient radiation
shielding for normal conducting magnets. It
should be noted, however, that this requirement
is much less demanding than the usual specifica-
tion of a shielding effcitiveness of greater than
992 for fusion reactors operating with super-con-
ducting magnets. Any sgpecification for a minimum
shielding effectiveness of tho blanket/shicld as-
sembly will also assure an upper limit for other
" radiation induccd sJystemi effcects on coils and
other components outbouard of the coils, such as
radiation damage, induced activity. biological
dose rates, and others,

A complete blanket/shield optimization under
all conceivable constraints is a formidable task
because for each allowabl: material combination
a large variety of material arrangcments (blan-
ket designs) has to be analyzed, To reduce the

number of necessary computations to manageable
proportions we adopted the following strategy:

(1) start the optimization process with the

well-defined and well-documented RTPR
blank.t/shield as described and analyzed
in Ref. 1, and

(2) monitor initially only tritium breecding

and total recoverable energy, because
most other neutronics systems parametors
scale approximately proportional to the
radiation energy escaping from the blan-
ket, i.e., inverscly proportional to the
total recoverablc cnergy absorbed within
the blanket/shicld,

For convenivnce, the maln neutronics features
of the RTI'R blnnkct/ahtcld(l) as they pertain to
our study, are bricfly reviewed here. The total
blanket/thickness 18 measured from the first wall
radiug (always at 50.0 c¢m) to the Lnbhoard A0

273
inaulation Tayer of the implosion heating coll

and amounts to 38,9 cm for the orlginal RTPR
blanket.
The thermal efficlency of the blanket/shicld as-

Tts tritiua breeding ratio 1s 1.11,

sembiy.nnly is defined as the ratio of the total
éhhrgj recoverable from the blanket via coolant

channels to the total enerpy produced per fusion

b e mcam v —— e mm e ae ¢ e el

neutron, r]B/S - l':recover
for the original RTPR blanket design.

/Etotnl' and amounts to 0.95

THE EFFECTS OF GRAPHITE AND BeO ON TRITIUM
NG
BREEDING AND nB/S

In a postdesign assessment of the original
RTPR blanket(z) a serivs of sensitivity analyses
were performed indicating quantitatively how
tritium breeding, blanket efficiency and other
neutronics design parameters vary when c~rtain
design changes are performed. We use the results
from these analyscs as a starting point for desir-
able material and design changes. It is clear
from Ref. 2 that a first step in thinning the
RTPR blanket without substantial loss of tritium
brecding could be the elimination of the seccond
graphite region due to the low sensitivity of
the breeding ratio to neutron moderation by the
carbon in this region. Huwever, such a modifica-
tion increases the radiation heating in the copper
coils substautially, In an attempt to compensate
for this effect at least partially, we added a
i-cm-thick lead zone just inboard of the implosfon
coil to recover the gamma-ray energy otherwise
leaking out of the blanket and heating the colls,
In Ref, 2 it was also established that BeQ acts
as a better moderator than graphite in the RTPR
blanket. Therefore, to compcnsate somewhat for
the last ncutron moderation by both graphite re-
glons, and in a desire to further reduce the over=-
all blanket thickness, we replarccd the first
graphite region with BeO and varied its thickness
from siy to zero cm. The effccts on tritium
breceding, as well as total recoverable and waste
cnergies, arc shown In Fig. 1 together wilh a
schematic of the altercd blanket. It is concluded
that even with no BeO0 in the blanket, which makes
an overall blanket/shicld thickness of 21,8 c¢m, a
breeding ratio of 1,10 can be nbhtained, riaing to
1.19 with 6 cm of BeO,

brecding ratio of 1.10 calculated with this one- j

We feel that a tritium

dimensional model gives enough safety margin to

* account for posaible neutron strcaming effects’

which, in a two- or three-dimemsional analyslis,

could further redece the tritium breeding ratio,
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FIGURE 1, Tritium breeding and encrgy recovery

of thin (21.8 c¢m with ABeQ=0) RIPR blanket (MOD-1)
vs thickness of beryllium oxide reglon,

but not below 1.0, 2 also

It is seen from Fig.
that the reccoverable energy increases with in=-
creasing BeO thrackness ithile the amount of waste
encrgy decreases, However, at zero BeO thick-
nes’s the blanket generates 66,.8% as recoverable
cnergy and 33,2% as waste energy, assuming that
no further attempts arc made to recover portions
of this .;aste cnergy by additional design
nodifications,

From the above analysis {t 1s quite clear
that any design modifications outboard of the
6Li re-
© glon) will {nfluence the total tritium breeding

outermost tritium breeding zone (enriched

| ratio only very slightly but can dramatically
change the amount of energy recoverable from the
blanket. tHence, 1t materials outboard of the
last lithium zonc nut inboard of the torvoidal
ficld coil act primarlty as an energy absorber
but cannot be used efficiently to breed tritium,

This characteristic +llows us to separate spa-

L-t{ally the teitium beceding function of the
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FIGURE 2. Breeding zones arrangement in MOD-2
blaukct with contribntions of individual zones to
total tritium breeding for Be- and Li/Ph-multipliers,
blanket from its energy conversion functiou,
Since the conversion of radiation cuerpgy into
thermal encrgy 1s the general functlon of a ra-
diation shiecld, we can view the entfire blanket

as a blanket/shield assembly where tritium breed-
ing 1s accomplished with the innermost ropions
only, while the outer reglons are just shielding.
Based on this feature we can now dvide our opti-
mization process into two parts; fivst, an optl-
mization of the fmner breoding reglows, and then
a geparate optimlzation of the outer shicld repifuns

of the entire Linnket/shicld ssembly,

BREEDING=ZONE OPTIMIZATION

Concern over the availabilicy and use of beryl-
lium {in the RTUR blanket has initiatced additionatl
mod{fications in the breeding zones of thia
design (MOD-1).

blanket
First, the 2.5-cm-thick Be region

near the first wall acting as a neutron wultiplicr

was replaced by lead, expecting that the fairly

farge (n,2n) and (n,3n) cross scctions of Pb will



assurc some compensation for the eliminated ncu-
tron multiplication of the beryllium., Indeed,
the total tritium breecding ratio 1s reduced by
only 5% to 1,05 from the former 1.16 with beryl-
1ium as multiplier and no BeO moderator, as in-
dicated in Fig. 1. Obviously, the secondary neu-
trons generated in lcad have other spectral char-
acteristics thaan thosc generated in beryllium,

In a sccond computation the effect of replacing
the ncutron multiplier altogether with breeding
materilal was investigated., We substituted natu-
ral lithium for the original metallic beryllium,
The result is a breeding ratio of 1.01 (compare
Fig. 1), which dees not leave any margin for neu-
tron streaming effects not incorporated in this
analyslis,

To eliminate any potential future problems
assoclated with the use of Be in the RTPR blan-
ket we declded to use Pb instead of Be as a neu-
tron multiplier, In an attempt to Increase the
breeding characteristizs of the thin MOD-1 blan-
ket discussed above (containing Pb but no Be and
no BeO), without substantially increcasing the
total blanket thickness, the pure liquid lead was
replaced by a lithium/lead alloy (Lin)(3) to in-
crease the amount of breeding material (Li) with-
out eliminating the neatron multiplicr, However,
since the blanket arrangement with a 2,5-cm-thick
pute Pb neutron multiplier reached a tritium
breeding ratio of only 1.01 (compare Fig. 1), we
decided to increase the thickne's of this multi-
plier zone to 5.5 cm. In addition, it was rec-

ognized carlier that in the MOD-1 blanket with

no BeO (sco Fige 1) over 80% of the tritlum pro-

duction occurs in the two enriched 6Li-zoncs (to-

tal of 4.8 cm thick) rather than the natural 1ith-

ium coolant chanuels,
tdum production further, we also incrceased the to-

1 . 6
i tal thickness of the two enriched Li-zones to a

!totnl of 10.4 ¢m (5.7 + 4.7).,

}
rrangement of breediny zones in this new (MID-2)

tblanket {8 shown in Fig. 2. Since this blanket

The resulting ar-

’ e . ; 6, .
fuacﬂ a large amount ¢ 95 atom-i corvlched L we

i
lﬁecidcd to teplace thw natural Llthiuwn coolant

Therefore, to enhance trit-

(zones 1, 3, and 5 in Fig. 2) with 99 atom~% en-
riched 7Li which should be available in large
quantities after the required enriched 6Li is
separated from n-Li (92.5 atom-% 7Li and 7.5
atom-7% 6Li). The net effect on tritium production
of replacing all natural lithium coolant with 99
atom-7% enriched 7Li was a decrease of the total
tritium breeding ratio by only 1%,

Figure 2 analyvzes the breeding characteristic
of the MOD-2 blanket by zones. Although the chzige
from Be to LiPb alloy in zone 2 increases tri:ium
production in this zone substantially (from 0.007
to 0.077 per fusion necutron), the associated re-
duction of tritium breeding in zone 4 however
(from 0,565 to 0,455 per fusion necutron) is scill
dominating. This effect indicates clearly that
a goosrl neutron multiplier in zone 2 1is more bene-
ficial to the total tritium production than ad-
ditional breeding material. To find the optimum
composition of L1 and Pb for zone 2 we varied the
lead content in this zone from zero to 1007 by
allowing mixtures cf pure n-Li with J.iPb alloy
and pure Pb with LiPb alloy and taen varying the
volume fraction of LiPb alloy in the mix. Figure
3 shows how the total tritlum production increases
monotonically with increasing lead content to give

a maximum breeding ratio of 1,06 for pure b in

zone 2., This confirms the above indication that
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FIGURE. 3. Variatfon of tritlum brecding with viry-
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:he neutron multiplication by Pb in zone 2 is
nore beneficial than added breeding in this zone,
In an attempt to strive for an optimum distribu-
:ion of enr ..d 7Li coolant channels with re-
sjpect to tritium breeding in the MOD-2 blanket,
ve performed a series of additional computatiuns
vhereby ihe enriched 7Li of zone 3 wes homogene-
susly distributed within the LiPb/Pb mixture of
zone 2. The result was an increase of the total
tritium productinn by 1.1 percent throughout.
This breeding gain appears to be insufficient,
ijowever, to justify the added complexity of en-
riched 7Li piping 1if such "homogenizaticn'" were
attempted in practice,.

As shown in Fig. 3, the total tritium breed-
ing ratio for the MOD-2 blanket with pure Pb in
zone 2 is 1,062, still short of our target value
of 1,10,

arrangement was therefore performed where r*a

A sensitivity analysis of this blanket

thickness of the Pb region (zone 2), the first
enriched 6Li region (zone 4), and the second en-
riched 6Li region (zone 6) were varied succes-

sively and the change in total tritium breeding

ABR
A
003+
7/
V4
0.02+ /4/
/’/
/7
0.0l -+ V4
AR
4 t 1 >
0 10 [cm]
+ ~0.0l
( ~—-~~— Pb thickness voried
Loooa 7" First  SLI voried
—— Second LI vorled
+~-003

FLGURE, 4.

to zonc thickness vartatlons fu MOD-=2 blanket.

Scensitivity of total tritium breeding

monitored, The results are plotted in Fig. 4,

where ABR is defined as

£BR = BRaltered design

- BRMOD—Z with PB in zone 2°
Maximum variation on these zone thicknesses were
held to AR = £ 1 cm, and Fig. 4 indicates that

all three zrne thickness variations proauce ap-
proximately the same BR within the limits of
AR = + 1 cm, Therefore, total tritium production
is enhanced almost equally by equal thickness in-
creases of either the Pb multiplier zone or any
one of the two enriched 6L1 breeding zones., Based
on this analysis we increased the total thickness
of both, the Pb as well as the enriched 6Li slightly
to push the total tritium breeding ratio over 1.10,
From a coolant technology point of view it becomes
now desirable to redistribute the lithium-7 coolant
channels so that the material arrangement shown in
Fig. 5 results (MOD-3),
ing ratio of the MOD-3 blanket shown in Fig.
1.172.

get breeding ratio of 1,10 by about 7% possibly

The total tritium breed-
5 is

It appears then that we overshot our tar-

due to synergistic etfects excluded from the re-
sults of the forepoing scnsitivity anatysis
(Fig. 4).

In an attempt to tune the high MOD--3 breeding
ratio closer to 1.10 we performed a final sensi=-
tivity analysis to obtain gunidance ta perform a
maximum blanket thinning with an allowed ltoss of
7% tritium breeding. Fipure 6 displays the re-

sults of this two=step procedure, From the firvst
part it became c¢lear that a thianing of cither
one of the tw:. Pb zones in the MOD-3 btanket pro-

duces the smattest toss in tritium production

enr.— TLI coolant channels

77 ()
5'? Pb [/ Pb f{LGLr EL s T% 6 l;':f.,’:

60 70
Dlstance From Plosma Center Lire, R [cm]

FIGURE 5.
blanket,

Schematic of breeding region of MOD~3
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FIGURE 6. Sensitlvity of the total tritium breeding

individual zone thicknesses.

(compare Fig., 6): for AR = =1,0 cm a ABR of miuus
0.022 results, as compared to a ABR of - 0,032 {f
one of the enriched 6Li zones 1s thinned by 1 cm,
This result is somewhat surprising because for

the MOD-1 and MOD-2 blaakets we found that the
neutron multiplying properties of Be or Pb were of
higher benefit to the total breeding ratio than
the breeding propertices of natural lithlium. How-
ever, the MOD-3 blanket arvangement is signifi-
cantly different from ite forerunners, and the
above high sensitivity to lithium refers to
cnr.-6Li rather than natural Li, Therefore, as
an tnitial adjustwent to the MOD-3 blanket we re-
duced the thickness of each of the two Pb multi-
plier zones by 1,0 c¢m to reach a brecding ratio
of 1,124, With this new (MOD~4) blanket then the
same sensitlvity anatysis wad per formed varying

The
rgsults“of_this gucond step are also shown in ’

Fig. 6.

each of the five zone widths individuatly,

As a conclusion, we can thin the MOD-4

t
L?lankut further by 0.8 cm to reach our target )
1

e s - m e am s en

(]

L LS | A Y

L1

e

ratio of MOD-3 and MOD-4 blankets to reductions in
breeding ratio of 1.10., Another, more gencral

conclusion can also be drawn from this last scusi-
tivity analysis: the MOD-4 as well as the final
optimized blanket eﬁploy a well-balanced material
arrangement for tritium breeding purposes in the
sense that the sensitivities to design changes

are approximately equal for all five signiflcint

zones !t

d (BR)

dRi

-~
-~

constant for all i,

where Ri denotes the thickuness of each individuatl
zone 1 (neutron multiplier as well as breeding
material). For that reason we claim that the
breeding part of the uew blanket/shield design is

an optimized and well-balanced design. !

SHIELD ZONE OPTIMIZATION

In the previous sections we arbitrarily defined
“the shield zone of a blanket/shicld assembly as
consisting of those materfals outboard of the tvit~

-dum breeding zone but still inboard of the first

[}



'coil, insulators, and other components further
away from the plasma, against excessive radiation,
Obviously, the tritium breeding zone has also a
substantial shi2lding function, but, in most
cases this 1s insufficient so that additional
shielding materlal wust be added. For example,

the breeding zone of the MOD-5 blanket absorbs

7v.9% of the total energy deposited in blanket,
shield, and coils. The additional shiclding re-
quired to meet our target specifications must be
designed so that 15 to 25% of the total energy is
deposited in it to obtain a thermal efficlency

for the entire blanket/shield assembly of n

0.85 to 0.95.

quirement for n

B/S
A more precisely specified re-

B/S is possible only as the re-
sult of a dctailed systems optimization which in-
corporates total energy balance and plasma engi-
neering considerations, Nevertheless, 1t should
be pointed out that the requirement of 0,85 <
nB/S < 0,95 for a reactor concept which operates
normal-conducting magnets 1s much less demandiag
than usual specifications of nB/S > 0,99 for
fusion reactors operating with super-conducting
magnets.

Most of the radiation shielding function in
the original reference RTPR blanket (MOD-0) was
carried out by the vast amounts of graphite in
this design (compare Ref. 1), The 2xtremely good
neutron moderation properties of graphite can be
obtained onty by other very low atomic number
materials suchk as it, lle, Be, B, etc., most of
which cannot be used for currently studied fusion
reactor designs from other thau ncutronics reasons,
Also, the graphite in the MOD-0 blanket has been
interspersed with the breeding zones to boost trit-
6L1. With

and shielding

ium production from thermal neutrons in
the new concept, separating breeding
functions spatially, we nced to investigate new
materials for the shielding part of the blanket/

shield asscombly.

Extensive shield optimization studies have
been performed for the ANL Tokamak Experimental

(4)

Power Reactor design whici propose laminates
of stainless steel (8S) and boron carbide (HQC)

.as..a mosl effcective radiation shield which is

) &

[EHL R BT S A

optimized for minimum thicknecs. Based on these
results and some additional calculations, we ar-
rived at the MOD-5 shield assembly shown in Fig.
7 (top schematic) which has been optimized to give
a total blanket/shicld thermal efficiency of about
90%.

7L1 coolant channels are inserted in this 12-cm-

It should be pointed out that two enriched-

thick shield to ¢xtract the absorbed encrgy (ap-
proximately 22% of total). Also shown in Fig. 7
are variations of this optimized shield which

achieve total blanket/shield thermal efficiencies
ranging from 0.87 to 0,93, 1In Fig. 8 we plotted
Ng/g V8 the total thickness of the blanket/shield
assembly where only those (optimized) designs are
chosen from Fig. 7 which achieve the highest nB/S
to note

of

for a fixed thickness. It is interesting
from Figs., 7 and 8 that the effectiveness
shielding added to the outside of the B/S assembly
diminishes rapidly as the entire assembly gets

thicker and n approaches 1,0, Also, the specific

B/S
arrangement of these outside materials becomes less

important.

SUMMARY
A schematic of the optimized complete blanket/
shield assembly is shown in Fig. 9, Within a total
thickness of 36 cm the target breediag ratio of
1,16 is achieved as well as a blanket/shictd ther-
mal efficiency «f 90%. Also, this new desipgn uses
only materials ol which the tiiermal, mechanicnl,
electric, and maguetic properties are wetl under-
stood and within technically and economically
feasible bounds., Beryllium and graphite are to-
tally climinated.
Although all computations were performed in
one-dimensional cylindrical geomctry a very de-
talled model wlth 44 separate material zones was
~mployed which allowed a reatistic inclusion of
the effects of structural materiats (Nb walls of
varying thicknesses) and insulators (AEZOB). A
detailed description of the 44-zouc geometry and
all isotopic material compositions are contained
in a sepavate LASL report. Figurc i0 shows the l
radial distribution of the tutal heating rates

throughout the optimized blinket/shield assumhly.‘

(]
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g | (5)
L Based on these heating rates Court and Krakowski
g." 0.95- performed a detailed heat transfer analysis for
E MOD-I4,15.16 ~ the pulsed opecration of a fusion reactor with
- MoD-13 this blanket/shield design. Figure 11, borrowed
E /M_OD-Sundlz from Ref, 5, gives an illustration of the radial

0.901 MOD=~S5 4" (Flnol Choice) | tempcerature profile throughout the optimized
% ﬁon—v | blanket/shield for threc different plasma condi-
g MOD- 5 | tions. This confirms that our requirement (4)

' r P of acceptable temperature distribution 1s also
°-°'~‘5o a5 40 45 met by the new design.

Yolal Bionkel/Shield Thickness. Riam). . . . __ - e e e e P i e - Em o Em = . e = e -
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