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ABSTRACT

Calculationshave beenmade of the productionof tritiumwhen

14 MeV neutronsare incidenton variousneutronblankets. Neutron

migrationand reactionswere computedwith a 25 groupDSN calculation.

Blanketswere consideredcontainingnormal.Li, Be, C, F with, sometimes,

Cu or Mo betweenthe neutronsourceand blanket. Blanketsof mostly

Be, containingenoughLi to absorball slowneutrons,appearedmost

attractivefor tritiumregeneration.For examplea 60 cm thickblanket

of 50 volume$ Be and 50$ Li having5.5 cm of Mo betweensourceand

blanket,gave a productionof 1.79tritonsper incidentneutron. Re-

sultssre summarizedin TableIII, and we concludethatby use of Be

one can achievetritiumregenerationwith considerableflexibilityof

blanketdesign.
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I. Introduction

In a thermonuclearreactorwhich generatesenergyby reactionsof

deuteronswith tritons,it is necessaryfor practicaloperationthat

more tritonsbe producedthan are consumedin the thermonuclearreactions.

To this end one thinksof surroundingthe reactingplasmaby a thick

blanketin whichthe emerging14

tritonsas possible. Lithiumis

al. A fastneutronon Li7 will,
v

MeV neutronsshouldproduceas many

an obviouschoicefor a blanketmateri-

with fairlyhigh probability,producea

tritonand neutronby the Li’(n,n’T)czreactio~a.ndthen the resulting

neutron

triton.

tritons

wiU be

may be moderatedand capturedby Li6(n,T)~to producea further

By usingnormallithium(7.4$Li6)

producedper neutronincidentwhich

seen.

Thereare,however,both physicaland engineeringreasonsfor

one can achieveratiosof

approacha factortwo, as

thinkingthat a blanketof mostlylithiummay not be the best choice.

It seemsclearthat one will want someLi6 in the blanketto absorbthe

slowneutrons. Li6 and He3 are the only stablenucleiwhichhave large

(n)T)crosssectionsfor slowneutrons,andwe may rule out He3 as too

rareor producedby the decayof tritiumin the firstplace. However

7



for producingthe slowneutronsand/ortritonsfromthe incident14 MeV

.7neutrons,Lz may not be the best material. In particularBe may be

superiorby virtueof its (n,2n)crosssection,which is somewhatlarger

than the Li7(n,n’T)CXcrosssection(seeTableI). AlSO both neutrons

fromthe Be(n,2n)reactionmay be capableof furthermultiplication,

whereasthereis only one suchneutronIYomthe (n,n’T)reaction. In

additionEe has a

may be effective.

For a pulsed

higheratomic

thermonuclear

densitythan Li so thatthinnerblankets

reactorone can considera blanketout-
-i

sideof the plasma-containingmagneticfieldfand a blanketof Be,

cooledby lithium,mightnot be far from a practicalpossibility.A few

cm of conductorsuchas Cu wouldthenbe requiredinsidethe blanketfor

producingthe field.

For a steadystatethermonuclearreactor,it is commonlyfelt (see,

for exaxple,reference2) that the fieldcoilsmust be superconducting

(orvery coldanyway)and hencelocatedoutsideof the blanket,so as to

avoidneutronheating. Sincethe blanketis now e~sed to a magnetic

fieldit becomesattractiveto thinkof circulatinga coolingfluid

throughthe blanketwhichhas a lower

metal. Moltenfluoridesof Be snd Li

ed for suchpurposes. Again,the use

electricalconductivitythan Li

(LiFand BeF2)havebeen consider-

of Be as a primaryblanketmateri-

al may leadto highertritiumregenerationthan

The purposeof this note is to reportsome

productionin variousblanketmaterials.

t

\

use of fluoridesalone.

calculationsof tritium
.
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II. Calculations

All calculations were made using the DTKneutron transport code

3whichis a versionof the DSNmethod in current use at Los A1.amos}

with 25 energygrows and the S4 approximation.The geometrywas always

describedby infinitelylong coaxialcylinders.For suchpreliminary

calculationswe believethat approximationsinvolvedin the transport

codeand geometryidealizationare unimportant.

Crosssectionswere takenfromthe librariesof evaluatednuclear

dataof the LawrenceRadiationLaboratoryat Livennore,andAWRE at

Aldermastonin the UK, as on tape at Los Alamoson July8, 1965. In

particular,crosssectionsfor Cu andMo were takenfromthe LRL tape

whilethosefor Be, Li6, Li7, and F were takenfromthe AWRE tape. The

reductionof the crosssectionsto multigroupform suitablefor the DTK

codewas made by RogerLazarusof this Laboratory.Of the crosssections

6 7whichwere used,thosefor Be, Li , and Li have receivedmuch careful.

attentionand are presumablyquitegood. The Cu andMo crosssections

have not been studiedas much,but they are believedto be quitereason-

able. The F crosssectionssre the most uncertain.We believethat the

AWRE crosssectionsfor neutronabsorptionby fluorinemay be too high,

at high energies,and accordinglytrieda calculationin whichtheywere

reduced,as will be noted. The spectrumof neutronsinelastically

scatteredby F is quiteuncertain.

The energygroupswhichwere used are listedin TableI, together

with the groupcrosssectionsfor someof thosereactionswhichmost

9



Energ~
Group

1

2

3

4

5

6

7

8

9

10

u.

12

13

14

15

16

17

18

19

20

21

22

23

24

25

TABLEI

GroupCrossSectionsfor Some ImportantReactions

Imer
Energy

12.o MeV

8.3 MeV

5.3 MeV

3.4 MeV

2.2 MeV

1.4 MeV

0.9 MeV

0.58 MeV

i70.O KeV

!40.0 KeV

.X1.O KeV

,00.0 KeV

31.6 KeV

10.0 KeV

3.16 KeV

1.0 KeV

0.316KeV

.00.0 eV

31.6 ev

10.0 eV

3.16 ev

1.00 eV

0.316 ev

0.026

thermal

Li6(n,T)C

0.028

0.038

0.065

0.104

0.167

0.223

0.279

0.352

0.727

2.02

1*!X

0.866

0.93

1.41

2.18

3.6

6.5

IJ..5

20.3

36.4

64.7

U400

203.0

426.o

950.0

Ee(n,2n)

0.514

0,555

0.596

0.552

0.303

0.002

CrossSections(barns)

Li7(n,n’T)a

0.356

0.408

0.378

0.061

0●001

F(n,abs)Cu(n,2n)Mo(n,2n

0.18 0.72 O*98
0.19 0.08 0.32

0.25

0.09

,
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importantlyaffectthe neutron-tritiumproductionin the blanket. The

notationF(n,abs) standsfor all reactionswith fluorinefi’omwhich no

neutronsemerge. It maybe notedfromTableI that the Ik(n,2n)cross

7sectionis largerthan the Li (n,n’T)crosssectionand alsohas a lower

threshold.

In the DTK calculation,the S4 optionwas used and the transport

approximationwas used to treatanisotropicscattering.This approxi-

mationmay introducesomeuncertaintyin the spatialdistributionof

neutroninteractions.Howeverfor suchpreliminarycalculationsin

whichthe main emphasisis on the neutron-tritiumeconomy,it is believed

thatthe transportapproximationshouldbe entirelyadequate.

In Table11 are giventhe atomicdensitiesof the variousmaterials

used in the caJ.culatlons.For lithiummetal and Flibe (a mixtureof

LiF and BeF2),densities were taken from reference 4 correspondingto

temperatureof 1300°F.

Material

Li

Flibe

Be

Be2c

Mo

Cu

TABLE11

AtomicDensities
()

24
Yxlo

Densities

Li6(O.0030)

Li6(0.0012)

Be(o.1.23)

Be(O.076)

MO(O.064)

CU(O.085)

Li7(0.0378)

Li7(0.0142)

c(o.038)

Be(o.0167)

a

F(O.0486)

11



III. Results

Resultsof the calculationsare givenin TableIII. The geometry

is indicatedby the radiiR , R , and R (cm)of coaxialcylAnders.
12 3

InsideRI thereis alwaysa

neutronsourceis uniformly

occupiesthe regionbetween

‘3“

void (correspondingto

distributed.Material

Rl and R2 and material

the plasma)wherethe

numberone,Ml,

~ then extendsto

As is indicatedin Table111,T6 representsthe numberof tritons

formedby Li6(n,T)cXreactionsper incident14 MeV neutron;T
7
is the

numberof tritons

neutron;and L is

incidentneutron.

formedby Li7(n,n’T)c2reactionsper incident14MeV

the numberof neutronsleakingout of the systemper

The totaltritonsproducedper incidentneutronis

thus T = T6 + T?‘or if one assumesthat each escapingneutroncan be

convertedinto a tritonby a suitableextensionof the calculatedblanket,

thenthe totaltritonproductionis T6 + T7 + L s T+.

A numberof conclusionscan be made fromthe resultsof TableIII.

(1) From the infinitemediumresultswe would concludethatFlibe

is a marginalblanketmaterial..It appearsto be bad not onlybecause

of absorptionby the fluorinebut more significantlybecauseof inelastic

scatteringby fluorinewhich can degradethe fastneutronsbelowthe

Li7(n,n’T)cYand Ee(n,2n)thresholds.As mentionedpreviously,we feel

thatthe fluorineabsorptioncrosssectionswhichwere used are larger

than justifiedbythe currentratheruncertainexperimental.data. We5

thereforerepeatedproblemsTUOl and T(JI.Bwith the fluorineabsorption

12
I
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TABLEIII

TritonProductionper14 MeV NeutronIncidenton VariousBlankets

T6 is the tritonproductionby Li6(n,T)Cxreactions,T7 is the triton
productionby Li7(n,n’T)C%reactions,and L is the leakage-- all.per
incident14 MeV neutron,T = T6 + T7 and T+ = T6 + T7 + L. The geometry
is c?ZU.ndrical.with the neutronsourceinsideR.. materialM. betweenR.
and ;2, and ma~erialM2 betweenR2 and R3.

J..

roblen
Wmber

Tuo

TuOl
TU3
TU3A

TuIA

TUB

TUIC

TU2A
TU2B

T(J2C

T(J4

TU4A

m
TI.r3A

C
TU6’
T@
TU6B

TU7
TU7A
‘NT(B

Geometry
RI Ml R2 M2 R3

—

o

0
0
0

ii
77
77
—
77
77
77

G
10
—
10
10

G
10
10
10

s
76
76

Li

Flibe

3e+ 0.00ILi6

?e2C+0.001Lif

Li

Li

Li

Flibe

Flibe

Flibe

Cu

Mo

Void

Void

Cu

Mo

Cu

Cu

Mo

Mo

Mo

m

m

co

m

32.0
37.0

.77.0

.I.2.O
37.0
.77.0

infinitemedium

infinitemedium

infinitemedium

infinitemedium

13.3I Li

13.3 Li

I-3.30.5% + 0.5Li
13.3 0.75 Be + 0.25 Li

13.3 0.5Be +0.5Li

13.3 0.5Be +0.5Li

13.3 o.5Be2C + 0.5Li

13.3 0.75 Be + 0.25 Li

77.00.5Be+ 0.5 Flibe

77.0 0.75 * + 0.25 “
77.0 Flibe

113.:
1.13.:

73.;
73.;

x

73.;
73.:

73.:

1.17.(
117.(
117.(

-,

TritonProduction
T6 T7 L T T+

J

1.050.83 0 1.881.88

1.020.10 0 1.121.12
2.74 0 0 2.74 2.74

2.o3 0 0 2.o3 2.03

0.16 0.59 0.88 0.75 1.63

0.40 0.73 0.64 1.13 1.77

0.72 0.80 0.33 1.52 1.85

0.73 0.10 0.29 0.83 1012

O.g 0.10 0.05 1.07 1.12

1.02 0.10 0 1.12 1.12

o.8L ().39 0.36 1.2’0 1..56

0.86 0.41 0.39 1.27 1.66

2.09 0.220.15 2.31 2.46

2.4? 0.09 0.06 2.56 2.62

1.60 0.11 0.08 1.71 1.79

1.700.12 0.09 1.82 1.91

1.35 0.11 0.10 1.46 1.57

1.75 0.05 0.04 1.80 1.84

1.46 0.04 0.I.31.50 1.63

1.76 0.02 0.12 1.78 l.go

0.87 0.08 0.19 0.95 1.14

13



crosssectionreducedby 0.12b in the top two groups.

T6 and T by about10$, indicatingthatmost of the bad

This increased

effectin Flibe

is due to the flwrine inelasticscattering.The spectrumof inelas-

ticallyscatteredneutronsis probablyquiteuncertainso that the re-

sultsfor Flibeare more uncertainthan the otherresultsin TableIII.

Nevertheless,it appearsto us thatpure Flibeis a verymarginal

blanketmaterial. Th3.s conclusion ix at variancewith otherreported

4
calculations,but in good agreementwith the resultsof Impink.2

(2) l?romthe infinitemediumcalculationswe see that Be is an

excellentpotential.blanketmaterial.and the Be2C is aboutas good as Li.

(5) In problemsTUIA-lCwe see that an acceptableblanketof pure

Li must be quitethick. With thinblankets,too many neutronsleskout

of the system. In principletheseleakageneutronscouldbe captured,

for examplein a further

be thus achievedare not

(4) In problems4,

layer of

far from

s, and 6

Li6H and the values of T+ which could

infinite medium values.

we consider some idealized blankets

whichmight surrounda pulsedthermonuclearreactor. Thosecontaining

Be are seento be thinnerand more productiveof tritiwnthan are the

pure Li blankets. A conductorof 5.3 cm Cu or Mo insidethe blanket

includedin problems4 and 4a, as well as problems6. From problems

we observethat substantialtritiumregeneration(T a 1.2, T+ = 1.6)

be achievedwith thickLi blanketsoutsideof

problems6 we concludethat additionof lleor

regenerationwith thinnerblankets.

the Cu or Mo.

Be2C leadsto

From

excellent

is

4

can

14



(5) In problems 7 we consider blankets for a steadystatetherm-

nucleersystem,where FLLbe is used as coolant because of the magnetic

fields in the reactor. Once again, with % Be in the blanket, or more,

good trithm regeneration is found. With Flibe, even the small multi-

plication of a 1 cm Mo shell. has a beneficial effect.

Iv. Discussion

We have seenthat blanketsof Be cooledby Li or Flibeappear

attractivefor tritiumregeneration.For a blanketof about 50 cmthhk-

ness,we have found1.55 T ~ 2.0,where T is the numberof tritonspro-

ducedper 14 MeV neutronincident.Even for a practicalsystemwhere

pipesof othermaterials,end losses,and the likewould degraderegener-

ation,it couldbe e~ected that T wouldbe substantiallygreaterthan

unity.

Of courseBe has some disadvantagesas a blanketmaterial. It is

not cheapand is damagedby irradiationwith fastneutrons-- precisely

by the Be9(n,2n)2cXand Be9(n,~)He6reactionswhich Mberate helium

withinthe Be. If one were contentwith fairlysmal.lvaluesof T, then

more nmdestuse of Be in regionsof high fastneutronfluxwould suffice.

At enyrate it seemsclearthat the use of Be gives one quite a lot of

flexibilityin achievinghigh tritiumregeneration.

15
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