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lbansnitfu 1 bf Pnogqess ltepo:rt entj.tletl rrNuerear-pouered Elighttt
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the Johns Hopklns llnlversltyr

TO:
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SUBJECT:
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fn aecordanee r'.lth yorlr Verbal lnstr-uctlgnF of about 9 Jr:ne 19116,

the Conmlttee has consldered the general. problen of alr vehieles ariven

by nuclear p.r€r. Tlueo copies of the zubjeet report aro iespectf\rLly

subnitted herorrlth. A flrst tlnaft nas srrbnrltted octoben zjt ]-;gt6. slnEe

that ttnre nany enorg have been conrected and nrtrch new mter1al has been

acldeil. ,fire Ln!.tial tllstrlbutlon Ls inttleated ln the :report.

Your conmentE and thope of bther lnterestett persons rrl11 be

appreclateit by the ConrrLttee. Revlew by suitab!.e nenbers of APt is hereby

requesteil.

rt ls lelleved th6t any f\rther rsork on thts srrbJeot.at A'pL

shoulcl be camleil on by a BnaS-l staff 'rtlth flesh instructlons, and that

the existlng large conmittee shouLd be dl6sfurged 1n the near future.
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CIIAPIER II
paRT A. CYL$DX,r3AL ENRTCI{ED REACTORS

By Nlcholas M, Sniithr Jr.

We consider the sLow-neutron rreactor f.{o"f"a r,rith enrichecl fissionable

naterial (&lS or n339) mixe.il in a moderaf,or, 'We dispeuse sith the use

of a tanper because ih. t"tp." adds to the total weight and Size of the-

reactor. The'assunred. suTface'ternperatwe of the reactor is 30O0oK at fn11

porer. Irnportant factors ln the neutron ilesign of a reactor for polter g,roduction

a!e

a. The critical dimensions,

b. The total nass of fissionable ngterialr.

c, E:etra uranium fol control, and the tlrne of response to the

ontrole ,

d. The effect of poisoning by the rnoducts, :

.€. Depletion.of .waniunt

L. $elution of Differential Eor:ations for a Cvlindriea] Reactpr iE,Slre

-

SteaPv $tate. '

' We foLlon elementary cliffusion theorXr as in the corputatlon of the

critical size .of a spherlcal reaetor (see Apnendix 1). Fsr the steady "Lt",
we have the eqrratlon:

Ao * q2n ; o, (r)

rhere n ls the nunber of neutrons per c. c. t
o K-1q- ! --1*i

lr. I

' f ls the ratLo of the creation and absorption lates; and

' L ls the di.ffuslon -]-ength, dlsoussed ln detaiL further on,t
415 03e
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il fn cyLlndrlcaL coordinates eq: 1. becomes:

d?n
'dz? -F a?p ; o,

Solviry.by selnration of varlables, let n e R 7t

where R ancl Z are, respectiveJy, f\r4cti.ons 6f r and z on1y. Then

I
I

2.2

+1 S -t
r ilr

&
io2

(2)

(v)" q +-!3 +ue.n 
= 

e,
elr6 ch

qnd 
d2z.i+b?z=o
d,z<

where a ancl b nnrst satisfy the relatton

a2+t?rq2: I+
td2.'

(ru1

It foll.ous that

R s Jo(ar), (ea)

the Bessel firnotj.gn of pepo orclor, and that

z , A cos bz + B sin bz. (at)

Putting the oenterr of the reactorr at z :l 0r @ see. that the concentration

must be an evon firneti.on of z, so thit the slne tern drops out. tr'o:r the

steady state the neulron clens!.ty dropp off in alL directions from the center.

It is not. true that the 'ctensl.ty Ls z..ero at the surface, since there ls a

finite flow of .neutrgns to the outsicle. Ilowever, in designing tho reactpr,

it is conwnient qnd satJ.sfactory to use the boundary cond5.tion n = 0r

bgcause the noqtiron den.slQr J.s rel.ativel;, low a! the boundary -hen the nean

fbee gath.j.s reoeonahly snal1 conrpared to the stmllest dimension bf tle

feactor, . This condltion rqilL be satisfiedl fe the rjJ.mcnsj.ons rve shaLlL coni

stder. fhe theory shoul.d not be u.sedl fqr bodj.es rhoso s:nallest dimension

ie of the order of the nean llee F€tb,

(:c1

&ls 040
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2.3

Taking the zeros of the solut'Lon to deterrnjne the critical boundarlest

we get, since ;o(x) = 0 for x - o,7655'7f t

Erg 
= 

0.,7655Tt

bheafr;
az *u2 =q2,

^zo,
b e0.

Here r.'is the eritical- racllus andl h" the critleal length.

. K =v{'ltep!iT*fissionable 
raaterLal-'%;;Fi;;.-

Ilere we mean by absorltion (tn U235, for e:rample) the ouantity Ng 6"U,

where Nb is the nurnber of atonrs of A2V5 per cc. , and Osg the absorptlon

ctossrsectLont V is the average nurnber of neutrons enittecl per ffsslon, We

shalL assune that V lies tretween 2.0 ancl 2..(,

pultlng 6 ='l!:sB!111 
ln-geiigL?z-* Absorptisn in other rmteriaLs

(r)

(6)

K takes the forrn

K=V (6" )

2- ?he Reactor Conta.inins Tubes-

Nor if the reactor, ins.tead of being soJ.id, cortaing tu-bes for heat-

lng a gas streanr re EV consider that we 'heve a nep reactor of reduced

density of bbth tf35 ana moderator. I€tfdenot,e the ratio of the enpty

corsg-sectlon to the total c?oss-e€otion in the reaotoli so that 1 - | ls

the solid Gtoss=sooti.on orrer the total cross-.section, Supnose t'hat the length

of each tube is graat conrpared rqtth its diateterr' Then, se rray assune that

aLl mean free paths increase b;r a factor I/(L .I ), so that the dincnsions of

doqrrani
Shtcr

tl .rd !e. Ii.

I
l! elt

aa a

415 041
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a a oriticaL'reactor incr:'ease by the sarne factor. Averaging over the whole
r' i

volun:e of the tubes and the sdliO material, we see that the ef.fective

densities of uranium anil mocl'eiator vary ilirectly with 1 - f . The concen-

tnation factor C which is definecl as the ratio of absorpt'ion ln IIZ35 to the

absorptlon in rnoderator wlLL t'enain constant as )-ong as the compositS,on of

the rnixtrre is not altered. The repnoduotion factor K is independent of !- .

Hqwever, thp dtffuston length *ries lnverseJy as the overall average

denslty, belng

Lh - r: (z)

L 1s the dlffuslon l-ength for 1 reactor clevoid'of'tutes,

3, ollling oJ[;$gPgsi.eur

Now we siuU. find the tmss of uraniun in the tube-.filled reactor of

critical size. Then we shal1 plck the rtoptinumrr value of C, s'hich permits

the use of the srpllest qrunttty of uranlum. These' steps tlo. not cornpLete

the design. The critical reactor of optinunl concent'ration has an arbitna::y

pawer outpu.tr. denencling on the initial nautron fLux. This is clear from_

the Linearity of the differentlal.eqnation for. the neutron coneentlatJ.on,

To pnovicle a flnite polrer output, it i s necessa.ry to u.se rnore than the

crlticaL anount of uraniun and to introduce control rods. . A1so, the effect

of poisoning by fission products during operation, and tbe effect of tempera'

ture inarease on neutron npan llee paths (ancl therefore reactor Fize) must be

considered. 'ALlor,rance for the rteplation qf the r:ranlum clufing the totaL tirB

of operation rnust be rnade. AL1 these facto::s result ln lncrease in the

quantity of nraniun neecled. TFy ull-l- not be consi.derecl ln or.r inltlal
discusslon of the steady statq a.

41-5 A42
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arp lt q.1655'n

b.hoed.

"2+b2 ; (t -,rie

I
I

a 2i5

(s)'

L- Ootlmrn Concentration-i.-
For the tube?fllled reaictor the cri.tlcal dlmenslons becone

? (r -f)2
G3--

,/ *- t\!.r*tr- 2l
\tdo /
(vc
l-Gu+c 1

'')'('*

= ('n

and

Nctn 1e.t

so that

#),.
6)",

(9a)

(*1

(eb)

(ed)

(roul

nz = JLgf f-*s-:,
laot \1+€

ff =r'

ft;r 0.1655 v/a,'

= !n.72 x 10:4 in units for
Ore

I

Ibom the definitlon o.f C1 and for the ca so .of a lare rnorleratgn, without

polsoning naterial g'oduced by flsslonl.

c 3 nlp^,,5g 
= 

(.*.fuft32!,|lq ftu., ,rr1
Nl,r %lt ( Pwrlnaltly fam

The strbscrlp! M refers !o the rnotlerator nBterial.
Ttre rsenslty of a constl.tuent of ttrs mlxtrre enlressod as nrass per-r.rnlt volune,

and the noleeular reight aFe.indllpetedt by Pon4*, "lrttu.N4 
ls the Avogailro

nrrnrbor. we abbneviate (fo)

Fo, pc (re)

B, F*ts (E*r
F- -+.?lyu %a

GE

o where

of
U. 3l

ta
r-

rhtte 415 043
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The tofuL rM ss of fissionable materlaL in the reactol is given byC
&}" f
86T?,

un=ffr (1'.-t' i

*tu (r-.f )
a 5

az

0..586'fr 1+

(r -J. )z

t;t V2 o.5*+(' )
tp

.W-
7

-

B c. (n10

t*- -r]
Eqrratlon (1l) aoes not, show ttre total dependenee of the nass of fissionable

naterial on C, for L, the diff\rslon l.ength ls a frrnction of C. 0n1y ln

special casds, where the eontributlon to 13 nacle by the dj-ffusion at thermal

velocities ean be r-egleetect (as for the case of a rn:ater moderator treatetl

by Chnisty) fs L inclependent of C.

We set

(tr) totar 
= $?) slowlng aore.n * (rF) tnermar (U.;

and consiaer (IF) thernaL; :

. . (rF) tnermar = 
t\,=,*,3b., (reu)

9

where Xtt', 3 thermal nean free path for scattering,
a

and -z..a tfr 3 thermal nean free path for absorption,

Now Atn *

r\5 -

vm 6'"m + Nu 4u (u)
L

and
N;{ orM* rq' FaU

where the subecnlpt s fefers to scattering, and a tq absorptio.n. In the case

of a graphi.te reaetor we shalL find on 1r.ge 2.I9 that NU 6'"g shorld be.about

18 tlnres NIU fag. It fol,lotvs that

MM 6su )?r) Nu 
"uo,

I

0 ilt

]

laaaaa
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(r;u)

(re )

a

t,a

o and lt ls pernissible to write

Itrr.t
& sM

l*ns'.;+-61..* N6 siu

rD * --8',lt c

1

but.
I

and we have

(f)tr,r$ (u)

where the subser!.pt trnocilt refgrs to a r:ranlunrftee moderator. For the sarB

reason.that qe neglegt Ng OsU h conparison'qfth \, dgg; E€ gap negleot.

tho enthe contrlbutlon to (ri) srowtg rrade by tbe uPanJ.un cFossrs€etlon;r-"

trn other wor-dse beqause the Ols are of the sano rnagni-tutle andl Ng))NU.

Whenever these conclitj-ons do not holil, .fie no l.onger.have a slowrneutron 8eactort

but a slore€ncldast-neutron reactor. Fof the conditj.ons 9f'a 's1o'v-neutron

reactor consLdered here, ue can rrewr:ite (U.1 in the'forn

(r,81 totar F (*) slovl.ng donn 'f
G nod. thenrn. (r:a )1+0

where. D = 
(t2) slowlng dourn

ancl E 5 (#) ra, thern.

Now, Equatton (}L) becomeg

'T'i=++ f/" c

t 'irc
lw\r-pc

nE
3/2'-1 \I

where

FsftTi# ('-#t)('" #f e ($u)

This factor segregates all Length ratl-os ancl other qrnntities rshlch are not used

tn flndllng the oftlnnln val-ue d C, Equdtlon (f6) has a ninLnnrn as c ls lnri.ed,
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whlch.ctepends ofr Dt E, a;rdt V, .and whietr giveg a.n optlnnrm .concentnation of

f!.ssj. onable rm terla 1..

Wo c.ornpute QVt/QC;1et'it ectual ze1;o a.nd solve for 0o'11o*,:

o

focbp't F
-r-.D + + TD +1

-

lliornetto

+ 2 16 )D .1 B* trrt
/4 E(v ' 1)

For the'case ln -,hlch'L ? ls iro"p€tndent of c (Eqvati'on 1-1), E;0, and wa

obtaln

cbpt e
v+4 + ('v2 + (rs)

BqrratiEn trg) $erAs the foil.orotng values:

' V: 2 2.1 2.2 2,? 2.4,

Oopt: 3'3A 3.O7 2.88 2.TZ 2.58

These wlubs -ould be usefirl foi a reactor norlerated ",ith tydrogen or cqterr

but fdr a lraphite moderator (and presqmblyr elre of beryll"iun orlde)n eq. (1?)

\
mrst be ernlrloyed, so r€ yrr.oieed to consider the vaLues of 

.D. 
and E.

5. Oonnuiation o! Flf{usion.Ienslh ln hrre llifoderator.

for use tn Equatlop.l5b 'oe desire to eompute D nnd E separately,

r,,here no!' se desire these for the gase of tho pure moderetor, hpvlng already

made alls"shce for the concentrati on of urgnl.un by intnoducing tha factor

I + C. Thc cilculati.otrs ,f,1.1 be npprroximate. We restrLct our'attention to

canbon ancl U235. fabl,e I .1ives abscnptlon c.ross secti.ons ancl total crosp

seetio4s. In'carbon 9f density 2.25 lhe rnean poth fon a cross secti.on of 1

barn is 8.85 cn, so nean paths are given b5r

.^{c,a)r ffi?
TtIo wrlte A"1 to iqclieate that tbe free path we need is ttr€lt for the slordngr

doron processi no natter ohether scattering be elastic or inel'agtic As1 ls

taken as frl(trl6 f1),

CENFIBENTNE ru*
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Table 1. Neutron Cross-Sgpttcrns iln Oa:rbon arrd qp
2i9o

Elenent

Ca,rboa

Neutron
Enerry,

p
I

o.ool+5

ot

t/es

-'Sectlons ln
of 1Or2/r cf [!ean path, ln on. ':

,

19?0

L

lr.8l,

4.8

1.83

1.84

11 88

l.9l+

2-,U

2.99

2.71+

3t67

53a

50 1b3

lm m3

200 Lo3

300 103

500 103

1 106

2 106

3 106

117

t*$.5

t"L'

3.'l

J,23

2,'tl
l-.6?

Resonanoe

wgs t/zo

Fbst

Tho uraniun crogs€eetisns. antl the earbon absorptlon gro$-sections
are floir ttNuclee! Fleslon ancl Atonle Energyptr Unlver:sity of
Pennsylvania $tnff3 lbb}es 9.2 and.9,L, The total crogsrs€ctlons
for carbon were klndLy supplief by D. fl. ftlsch of tr4ff.

415 a4,I

References:

tDalol4

tP,0

.2,L

scat
t7

6

o

I--I

-*hhaa aaa t -F



1

IItsf
aa

-fl
oaa

a.

O IVe teve D = t/3 N ,l2 sr
::

whsre N ls the average nunber of col.lisions requlrecl to recluee the energy

of the neutron fbom 1'2 MEV to Rl6 thernal mLup for 30009(, 'o:. lb 8v'

F 
"f 

shouldl be the uotJru of A2 sI over .411. oollisions,

weighttng each oollision equnlly. As. an approSlnration rve sha1l use

Eo (t - F)N = 
nx ' (rg)

as.the relatio1 deflnlng N. Ilere Eq ancl. Eg bre the lnttiai and flnal onergies

respe.ctively, uhlle I ts the arithmetlc av€rage fractlonaL loss of energy in

a single eol.liston. trbon the Fsper of Condon and Bneit (Phys. Rev. Q, 229

(fggO) ), we have fcn carbon

f .s 0.142

I[e co.npute t .
1 2

1og
Ne ? 9? colLlslons.

l-06
) (20)

'* (TEb*)
?o get. iuf2 we bave plotted 4, "tuttrst 

1og E anf hnve picked off values

at equal lncrenents of 1,oS E, which neaas roughly, eqr:al- lncresrents of the

co}llslon-number. Ihe ave::age of A"f2 is corgnted fborn tbe values thtrs

chosen. That ls,
- ;; * f )rr2 A N. (21)

So carry this summatlon fb.on art assuned average inltial gnergy of 1.2 MHII

down to the B[ls etrergy corresponding to the reactor tempenature. Ttp results

for D are glven in bable 2. lnasmuclr as the reactcn nust start at roon tenpera-

ture and- nrrst run at bigh temperatrre we consLdel the rmLuos of D and E under

both condi.tiong. D beconos larger by about 10 per gent wben the terperature

falLs to 300oK. The :ree6on ls thet mce coXll-si.ons are reguireil to reaph

therrnal enp!€ly mIuos. Tle have

(zz],o Ec z\tt, \sJt.

aaaa
aa
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ancl flon page 2"9r r+e ftnrl that E i faOO. sqo on. at roon tenperaturo. We

assume tbat ln tbe pegl.on consldereiA, the grossrsectlon for absorptlon ln the

noderator follorcs tm f/v law and ls Thus

.h (zs)-t?--+--4F.
9

Rinal.|y, in erraluating D* n/(f *C"pt), vhlch is L2 for tho oPtinnn crltical

reactoTe IrF gse severaL values of C,61r corlespondlng to dlf'Perent val.ues of Y

(see Eqrratlsn I?), so'that tho r:ncerialnti.es connected r.'lttr our l,Bck of lrrow]-

edge of V can be ap;naised. The nesults for crltical reactors wlth optl.nizecl

uraniun oonoentratlons are given I Table ?.

l[e note her"e tlut in adctition to an optfrnurn concentration facton there exists

an optlmrn radtusfength ratio, indepenrlent of the value of C. In Eqr:atlon (fea1

ne set 4f/A7U r 0, flndlng tbat the rrrauLurn urass'.oil1'be a rrinirnrn shen

V2 1

ffirri* -b.frio'5t&i' Qt')

so that the best tllatneter is 1.084 tirnes the length, The shapes dealt roith in

lbble Q range ftonr the conpact opttrnrn one to slender ones. (See a.lso Part B,

'ancl Flgw€ 2.3'); The lqtter requlre nor.e ulani.un, but they rnay be noeessary in

orcler to provide siufficient ternpera'ture rise of tbe ges in somo rnlisille reactons,

The uranl-qn rtasses glveri, m(l r Ja )2t arel of courser the nnsses of the eolid

reaotors. to get the mass of a r,eactor '*ith holes, sre divide the ffgwes ln the

table uy (1 t, l.)t. 
F

tlom Eqrmttons (8) and (g) i obtein the values of the arltical radius anil

length, nanely,

?" I 2.405 &+/\2/o.se6',i r,/(r - r)4 eaal

hc r ff Q-v o,'sa6/l'2)i t'/(x ' 1)+. (eau)

Theso dlnensiono aro also presented ln Table 2.. 'To obtaln the dlnensions of a

reaetqr w'lth holesl divldg tbe glven valueg ty I r' [n .

therefore propcntionar to VT*.
To.\o

(E(r)e T

-?
tr6

a

O

end 31"
E@

th. rrgoo.l
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The results in lbblo 2 for the g0009 tenpera't.ure are dependent on the

quite-plausible a'ssunptlon about the tetr\;rature variatlon of the therual-neutron
I

dlffuslon length ln the noderatcn expressed by F,quatign (23). The presence of

a carbon rosonance noar the roon-tomperature therrsl reglon (t/lO voLt) couJ.d

brtng it about that eoneentrations considerabl.y hi.ghor than those ln thbl-e 2

wouLtl be nscessary to mininizo the r:raniun rnaes f6r the ho! roacto!. An experl'

.re]t on neutron absorption in graphlter.Beqforned by Bernstein (Reference 5),

lndlcates that nesonnnce in graphlte is a minol effectr. lf it exlsts at all.
I[hen the u:raalun needecl te nake'the hot reactor operatr io provided, then the

botty 'rd]1 be overcritical ,phen cold, on the basis of arqy reqsorrable asswption

about tho velooity-ttependonqe of tho absorpti.on. Incrteose of tenlreraturg helps.

to stabtliae tho reactor and rnlies the controL pnoblen'oaoi.er.
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3000oK

O Table 2.

Ternperature
nslons in cn.

3000K'
in grarns )masses

05

o.066? a,?L3

O./d.l.i, n"(gt)

l:t:*l
23.1I0

916

n&70
t6

689

1?040'.&
gt+6

12880
lr3

6lt

A6
13090

LO
t89

9900' 
l+O

591+

6?00
l+o

998

36oo
l+L

2Alr

?,ztD
L8
89

550
L6

9L5

59

271,20
A6

461

9050
.. 56

103

9L5l+O
39

7&.

29WA
99

588

16150'39
994

eeeo
40

?a2

5170
l+8
88

l*Wa
l+z

840

,o910
te

6?2

?o570
l+2

1,21,

11060
l*3

2L7

6?90
52
95

l+6
688

ll lr}lr98^

0.L Q.272 il 1184o
46

t+62

6t60
47

2?l

g730

43
tc1I

I

I

fo.2 o. x1/+ tl

o,51,? 0.0?0 It 3910
,6

r93

g.0g

2g]

1,78

&690
4l'

2L9

2880
52
96

151

1200

7,55

292

1.91,

u150
lt'l

296
i
I

I

l
I
I

i
l'

D

E

oopt

*

I8.

1?

38oo

18

3

2

37]'

I

I

i'

I
I
I
I

I
t

I
!

I

I

I

L717

n6

2.27K

325

.90L 092

2r4-
!
I2.2212 2 lr? !v=zru r(t.'t)z I v"z

?. ]6

2. LL

298

o

a

lhe
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6, Total Ealium Neectetl for tr\reil. 
.

Rocket.

Ilo.rn page /r.1? the. totaL enersr needed to propel the fcclcet is

glwn as.

Eg a 3.93x l-011 ergsr/grarn of ftrel.

Nowr.ono electro]1::volt ls 1.60 r IO-P ergs and one fisston pnoduces 1?0 MEVI

or

Eg E 1.?o x 108 x 1.6o x 10-P ergsflsslon'

(The energy released by the fissionproducts is neglected, as the rocket

gnpends its enorgy in about L40 seconds), Eg = 2'72 x L04 ergsfisdion.

Thorefor.e,

nr/Et i !.!+t{l x 1015 fissions/gram of fuel'

Thus, the nUrnber of 11235 atoms b.rlrned during the flightr Per gram of firel

Ls l.M1 x 1015 antl the snss of uraniwt burned, Mgr when a. nass fth of

hJi{rogen is enplcgred, :is \

W =!.Mlxto15 -#W=5.60x10'l ffi*F e5)

On page ln'rY .the wei.ght of flreL glven ib

lh = 50.8 tons ;4.60 x 107 grame,

Therefore, to propel_a rocket of 87.3 tons a distnnce of 5000 niles, re need

Mg ; 5.5 x 10-? x tr.6o * io7 5 26 grama of W?5

Thereforel r,e conclude that ttre tF35 adlded to thB reactor to al1os for frrel

consr.unptlon Ls negligible i.n vlen otr the inaccuracies of other comprtatLons.

7t Atrarf qnar #95 lGpdel$of. collrpl. '

We sork 'sith the $pherlcsl case for sirrpLleiW

In this sectlon, poisornlng of the reactor by fission proctucts is

negtecteil. Tho tine tlepenrlent dlffi:sion eqr:ation ls

dclenrc
Act. 5ll
l$cr&-..
Irv trs..fl.:
I.

a

o
oI
U.

ily
oti

mtioml
&15 052



HF
1.1

lic aallolal

I
I

II
II ffi

2.15

e vZt +
vNa 6aL ?

dn
dt,

K-1T
Ld

n (261

(lo)

rhere v ls the veloclty of thermal. ieutrons and N" Ou is defjned belcm.

We solve by setting n = F(r) T(t).'For'the spherical. ease,

vzn+ t"/' F r oi drldt +l t.
We deslre a solution for rnhich n = O'at the bounda4p R of the sphere, anil

which can increase exponentially if K is sufficiently large, '9o

ni,f j4.6 (a/til"ft,,, 'rfr.
y'= , r (21)

Substi.tution ln equation (26) shor"s that' ^\
t;,v'a o" t- ({+ , ry),

setting R = 
Rc, rf&= (K"'.t) L 2

and f =..vN, f" (r - rt 7tl,
rryhere Ib is the critj.cel value of I(. I[e sha]l study only the dominant tern,

for w.hich ft t. Bqsic conslderations show that

N" do * ,{u',fl,?-u=f,NU I",u NM daM; (ct'l)Nu 6aua NM 6aM

and so

f r oNu ourrr (9 *r)(r o &). (28)

Now l,/vNg CFsg ls the llfe ttme,of a neutnon in tbe pure moderator. Fron

page L0,22 of |tNuelear Flsslon ancl Atornic.Snepgyrtr re fincl that an estimation

of T, the llfetime in carbon, is 1.4 x 10'3 second,, . HorweYen, aecmcling

to page l-0.30, the effect of the delayerl neutrons ls to repLace f ty
a

c( tf ' nd[; 81

L=t orcfit Qs,

ddcnrc
Act, 50

l&.QnF-..
bv.Irwt .
-tbt 3

--.

o
rhere ntt/T ;
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and 81 is the fracti.onal part of the total neutrons enitted rshich ha\re

a decay ttlne eqnstant of lfpi seconds..

Now fbom p. 10.30, we have thie tabLe:

(sec{)

1..1 x '10t3

O,?7 x LO-?

.0.09 x 10-3

0.005 x 10-3

so that the coeffleient of h in oquation (29) fs a slou'Iy varying fimctlon

of d , partieularly in the reglon of J.nterest.

For s{ v.ery 1arge compared sitb the b1, the sunnati.on term is

practically coristant, so tlat we have

o( r, 5' -)ht he

where f ; 0.011..

Thus, w.riting t for the desi:reil rela:etion time of the piLe, tre luvo

c(:l,h€ (lr;

F (c+ r)(r - rv)/T - x ( /r e Ur
and therefore:

(c*'r) ffi; #fr =+=B' bz)

SgJ.vlng for C, rue get the qrudraticr.
F-l

c2+c I r, ce - (€+€ltr * r")J - cc - Pc" - F, 0: (gll
L --!

Assuming that a relaxation tinp of O.L second is clesirabl-e, and that V a 2t

we get

I t7 x-!o-3t at.d ( =.01L.
We co.arpute the following table:

0.28'

o.ogg

0.0?9

0.0L2

-L
b1

B1

{lbil+ff

a
natlorrl defenge

Act, 50of tlre
u. s.
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FeCo{ C atst bo

2rOt,

3iG

4'6
6.u
9.15

10.i9

Againq ow cornputatlonS of Co h* S.teh i.leccuracy that lvs noy hegleet tho

adljtttional tranir.rn needletl f,or dontrol. It ls. rather strlking that .tlie flssion+

able material needed to palnta!.n the chatn reaqtLdr at a constant 1eval I,s so

mrch greo.tor'than tlte anowrt needetl for control ard f,ueli The nucloaf reactor

appear-p to.be nruch bettef adapteil td a vehlole shich mrSt be sirstalned for. a

long perl,otl of tine, then to ope whlcb needs a greqt amo.rmt of enepgy l.n a

shct t!.ne,

Conversolyr tf d nust bo increased over C9 fc a cold reaetor ln orcler to

naLntaLn a chain reactlon at elevated tearpratures; then the relaxatlon tlrne

at roon ternperature stLl be exeeeding'1y short. lbon Fquatlon (g2), taking

C 1 18 for a hot anrl 0. ;-about I fe a cold plle (Tebl€ 2), m flnd
Ir;z I ,t*,90- - q( I'l-'v. Lcc+.l c+] J

? 6,4.* 1o'4 sec.

Because the excesg of l( over S" at rgon tenpgratrne exeeeds the ceintrlbut!.on

of tbe delalail neutronsT.thXp {s t}re fast perlod,' Ilhen the temperratrre rlses

to the design leveI, the excess of K over fb.fbllg slthin the potentiat contrl-

bntlon of the delayecl nagti'onsr'ahdt tben the latter w11t lntroauce sim oontroj-t

O kible fluctuatlorrs of the pdn6r J.e?el, At firet sightr it appea,rs that ln

8l sd

a
a

o
t

2

lr

6

6
.

10

1
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before, nanely, creatl.on rate = V x rate of absorptLon ln fi35 "l"t"as 

the

total rate of absorpt:lon rioru becones: Total absorptlon rate .r rat6 of

absorptlon In t#)5 t rate of absmption ln node'rat'or trate of abecptlon

Ln Folsons.

I[e have,

K: V Nu (ta 0l)
NU 6au t Ng UaU + f, Nf dat

whero Xt1 and CLI are atouric rtenglty and absoptlon Proeersectf.on of the tth

flssion pnoduqt. These o.usntltles andl others tn Equatfon (9.5) oro f\rDctions

of, posltlon. Kr for lnstance, ts deflnecl as ths avgrage of K(n)

F(r) r L x(n) dv.

An qstlrnation of an'upper linlt on the effects of po!,egning p91'be nacte by

settlng f r K(O), that ls the value of K(r) at'tbe. polnt of hlghest neutron

density, the.centor of the rgagtor,

Rearranglngl roa get

v

Ng fau
V - i | ! r??-rNlt 6att

K-? ENr rral
--4!-F Nu o'au

Ng fau
rril-ffi

vc
?F.{41+cx

, -,- Nu 'oau '

.f. | '#-T
NM fau

lrc

+

l'
J

.?
?

1+C
1+

any

Nu '%u

(16)

&Ls 05?

I
L
I+

o

rbere X ts definea "gZE.rt 
fat/t{U cl-ag

defi.nltlo.n f* l3 ts
' ta : D -l- trz (ttrerml),

"/t.,; Qn the othe:r handr tlr

where D is the eontnibution to L2 made ln.s!.owing doql the neutron. Only the

thermal tern is clependent qr C ancl on potsoningr. .Rmthemore, the absonption

crogs-section dfl be e:rpectetl to fall, ae energ:f. increases. For thls tern qe

hevB

a
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2.20o
r,2 (trrerml) ;

Atu l-t

-.

where i*"ffi {5 (noa. )

i1r*. atone)-- 0t\

(rs)

(:g)

3'

xffi

ancl

Nowe

x th=

Equa.tlon (r:U) becongs':

' t;D{--r+Er

1
IIM dry *}{U (fqu{* Ef Nf 9af 1+CX

12 (trrernnt) :
,L.n (mod. ) Aon (noa, )/3 E

-t.r''F.

1+cx 1+CX

Ttre critlcal Slzes (Egrmtlon 8) are alteretl to

.,g..j-J:J: .
D +'-j-*1+0x

the critleal rass ls rewrltten as

('*');

:t st'*-
E--.-'t
L+ CX

s/z'

(to)

(ar)

y2r
0.586?12Ttc

%c r

Available llacts about Fission hoclucte.

. Data on fLssion ylelds harrc recently beeri publishetl by the Plutoniun

FoJect (Refe::ence 2), and al-s.p by 0rr:nuritt and lt{llclnson of the" Canndlian

llatisnal Research Cqunqil'(Reference 3). lhe trvo sits. of results are in rough

agreenent, bnrt thp forner:r aFe rusli'ncne conplete than the latter. Ipt rr.s

reviep sorre of tbe factsi

1.' lhe.number of neutrons V iay vary flon one cas6 of flgsion

to another, 'Indivldual va'lues of V havq not been publi'sheclt rss lmos only that

31 sd a
a'q!l

a
u. s.
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the average nalrre of V for U235 ltes betneen I ancl 3. l{e have no tlata on the

rmlue of V for plutoniun fl.gsion. Therefore, the nature of the lnltfuI ftag-

nents ls uswrLly un}crowtg often they have ghgrt lives.

2, The flagtion'of the flsstons nhLch leadl dlrectly or lndlrectly

to'the.formtion qf a particular isoJope ls caLleit the. fi,s,slgl;4gfg of that

lsotope. The.yield of the fk-laL procluct in a chaln ls colled tho ylelil for

that cheln..

emmple: the ylelds in the chaln for nasg'77 ate as follows:

rsotope r coS o"rTl t"Tr-

Perlodi l2 hns, 40 lrs. Stable

Yield: ,009? .0091 Unknown

ltis shows that "o* 
grlJ ls f,onrpil ttlrectly end that some ls forrneil by deeay'tt

of Gary..' 0n general grouncls we'e:qect that ary glven lsotopa can bo forspd in

maqlr $laysl but refer-ence 2 Etates that tn general the flssion yleldt dee not

vary nuch aLong a chal.n ancl that the yiel.ds reported for: th.e chains (UUfe n
of the articla) are usqg.lIf rneasured on isotopes late in the chaLns.

:. All pnodlucts producedl by the beta-decay of the. prltnaqf flssion

products contrlbutc to the polsoning. TUe nrlst not forget thnt figslon products

are decomposed W the neutrons.' For.eaeh product, (Zrll, Rfltg gt pgoduS-IloTr

by f!.sslon. bry decav of the na::ont ard bv neutron absorotion on the mrt of.-- 

--- 
---

(2. l-l) oquals Rate of snontaneous dLsLntepration olus Rate of desdructlon by

--

Fg4glry. The last term ln tlris equatLon is far t?on negli.glble for etrong

neut,ron absorbors, Inilged, ne shall see that at the power levo!. necessaqy for

a 5000-nile rocket, the tlner.constsnt fcr the bulldl+.up crr decay of the strongly:

absonblng XeL?5ls .sqyeraL thoF€aqd t:!*t qhorter than the 4atural life 'of thls

substanoe. 0f oou:rso, thls is an gxtnene case. the stablg atong listed as

defcDmDgttoD!l

'O

,DY
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e1fl-pnoducts of the chains are 
ryartlally 

clbstrcyed by neutrons !o they are not
i

true end-products, while the p1Le ls operating. Thds mny beta enltters and
I

sfuble atons not listed in the'fission chains arb protluced. ln tho pi1-e. Sun-

narizing, each flssion supnlies two entities ".hose. descendantS continue ts

absorbn as Long as the reactor oper.ates and the ploducfs do not escape.

**:!s 415 060
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4, ft'bappena that there :!.s one f!.sslon productr-'Y,eLg5t rhlch

has an enornous absorptlon crose+s€otlon, gJ'ven as 3?5 x 106 barns ln trNuclear

*tssion and Atonlp Ener.gyru Tho yfe4 for the l35rchaln la h[gh, 5.9 9$ cent.

0f course, there nlght be other such absorbers, not yet annorurqed, but lot ue

suppose that Xe 135 ts the on\r op, For corrparlsoni'Fq note tlut ttie cross''

sectlo.n fcr Cd L13 ls only 801000 barns, thi.s belng the second highest value

lr:owr to us. Iqcleed, therrnat nbscrpt!.on and Low'enqrgy'iesona4ce 'ereggrFectLons

llsted for the stable eJ.enents fYorn Z ;'30 to Z'a 64 nrn as folLon'sr thentyr

two el.erents ylel4 an average of 1I bafnsp none beirrg, nore than 30 bann8, Then

m have nlne gpecial. cgses, as folLows:

Elenent Rough Therml fiesmance Conment
fl-sslon Barns Barne
y!eltl

ft

Rtt

Ag

cil

In

I
Xe

Sn

Eu

Gal

t,

0,06

0,o15

0q01

0.2

2

I
0.3

0,0d/

L25

6o

2600

85

9

?

43oa

Sroa

30000

6ooo

7000

10000

> L800

150

14000 for 
.a 

5Gl lgotope

80000 for a 12f tsotope

1800 for o.ne t sotope .

(3.5 to6 fqr lsotope t95r nol
stable, with yielct 5,8il)

Tho fisslon ylpLilp gi.ven are. sfu.nply values read sf.f fron the f!.eslon

yteJ-d curve at absclssae eqrml to the atmic welgbts of thebe elenents. They

I 
enable us to Judge roughly the flssion ylekls fm the elenentsr and to orLent

or thougbts ln the folr-owlng mn
ttr lrdsd dcfcor

Act, 50
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. If r€ aselrne ttrat ttre flsslon protlucts, regartlLess of their'age, have

an avexoge therrnal sectlon couparabLe to tltnt for the stable isotopea studled

above, it ls clear thnt the orsrductiqn pgg secg4il of Xe135 tlnes I'ts cross'

sectlon greatly exceeds t* + of slmiLnr pnoclucts for aLL other fisslon pro-

ducts.

Thls rloes not rnean thnt the total eff;ect of Xe135 alvays predomlnatep

over that of a1l--thp other elenents, If Xe.135 uere pnocluqed solely as a primry

p:sodrct, l.t -oultl pnedorninato in the early stages of operatlon, but eventually

i.t "o111 cone up to qrmsJ.-equi1ibrirm, and aftor that rirllL ctrop off slowSJr as

thei uraniun Ls used up. lfieanwhlle the hortle of isotopes wlth ordina4f grose-

sectlong rvlll be plltag up, *rra r,il1 be steactlly pnomoted to hlgher atornlc

numbers by neutron-beta prooesses. They *i11 eventual-Iy Fin ot$ ovar Xe135

as poisonens.

If Xe135 ls a dfrughtei 6p grenddaughter productl then lt contrlbutes

to the polsonlng at a tlre of tbe cder of its growth perlod, but eventually

ls overshadoredl try geneml po!.sonlng, Just as ln the prevlors o€sQr I[e clo

not have the separate f,tsston yteldls for prodpction of XeL75 as a parentr a

daughter and a grarddaughter, nnd *g-cto not know the cross-eectiong for lts

produetlop flon the 134 chain by neutron absorptton, but the latter offect nlll

be neglected ln ihis repont.

We shaLl show that general polsonlng doos not mtter in the 5000-rn11e

rnLssiLes discussed ln later qhapters. (ft wfff set a linrit to the ftytng 3.tfe

oti a nuclear rari jet or turboJet, b'ut that 1imit, ls so long tbat ',e suspect lt
e:qceeils the 1-inlt lnposed by radtatiop damgo or by oor*osion and creep {.n the

reactor). Then vle shal1 consider the'xsnon.pol.soning of, the 500O mlIe nisslles

ln detail.

4L5 062
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If all tle ftsslon prducts had the sorne absorptlon seetlon, 6

tlno-course of the polsonln€ eoultl be especinlly slrnple. We woulil have

I the

'1-1t
?

2Ngtga
ue)

Nu aU

where .Ng ls the nurnber of, fl.ssions per. cc .por soc? For a part5.cular 5000 nlle

rockot consitlerect ln Chapter IVt

llg t e (/0.8 1gJ4 gsstorrs/cc seo) r 130 sec.

= 
6.? to16 riestons/'cc.

Nu ULu 
" 

9,6 1g-3

Vrle .shal,l use for da :rough nalue computedl fbon thp absorptlon

eoefflcients of stlable ato.ms ta the range of atoulc nurabeng flosr 30 to 64, so

fa:r as we knorv thern. The value enployed ls the therral or the Fosonanoe of,og9-

sectionl 'vhjchever !.s [arge1, As before, * asst€l to eaeh elenent a fisslon

yleld read fbon the cr::rve of yieldts, at an nbselspa eqrul to the atornlc mlght.

of the elenent. The valuo ferr€d ln thts rather crutle way ls fiO barns,

Substltuting {n . (&lrwe. get

x - 1' ? L$ {i }o}6) 
(azo * ie'24r

9' 
e C'CC55'

This rmlue ls snaIl oornpaned rtth tbe rralue causecl by Xe135. The resrult foilr

a 5000-mlLe ran Jet c turboJet ls sinll"an, though m shall not go lnto rletallg.

In a flteht of.50r000 to L001000 rnlles the genernl pof.sonlng rcould be of the

sane order as that caused W Xe135, but neither roukl be large enough to pequlre

a Large perdentage increase ln tlrs uranium requlremnt,

Polsonlne bv Xo135.

. The f!.gures fon ffaslon ylelile ln the i35-"f"b q"",

Te135r (?) i &352 5,6fri xe1?5t 5?E6,

Slnce no enorq ane statecls'tho genetlcs of Xe1?5 are not ent:hely cIearto

; :lr lI lr rISrL-il+-:FF rF;
--I-I-E-I-
aa aat a ata a t aa ., a a a ata oa
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O If the pnnoton-neutron <tlstrlbutlon ls constant throughout ttre ti36

nucLeus, then we should expect'to flntl that the flssion proiluetg are teve:r arry

rlcher ln neutr.ons than the origlnal nucl"eus. Fq the Xe135 caser tlrl.s s'orrld

trnply 11ra1 f35 ls the cllr,ect flsslon Frocluct. Howeverl tf the protons are

. dtstributed on cns near tho.surifaee of 6?36 ctrrlng asqynnetrlc fisslon then because

.of surface to vohurae ratlos, the heavSr fLssion product s,iLl be expected to be

rlcher ln nuotrons than f36, shlle the l-tght flsslon prorluct w111 be lesg rich.

Thus tho chsln rrroposedl by Segrof ancl Wu, 'Phys. Rev. 41 552 (L%+A) can be

undlerstooil, V[lth half Lfveo f]onReference 2, lt isp

5zTeL35 ,.- - ) 131135 . --, 54)re135 
9.2}rr 

:5cs195 , ---t 55BaL35
<2 mtn' 6.? hi 

\ 
2,5x104 5rr

L9nq
(about 10%)

It ls logical to suppose that Xe135 rmy be forned ln clifferent cases of ilsslon

as o parentr dqughter, or g3andclaughten. Accordlngly, vo consider all three

co geg.

Xenon as a secondar_.y cnr tertfur.;X pnotluct gives the reacto{r vetT lnter-

estlng characteristics. If the xenon were.thg dlrect flssion pnoduct the

reactor wouLcl stabllize at a given pos€r leveI; butl with .n opp""olnble half-

1.5.fe precedlng the formation.of :<enon the reactor rmy oscilLate Ln bnerry. If
the poror is slnrt down, the rrenon concentratlon "'lLl butld up f.or a tinB beeause

It ls no longer bclng converted !y negtron abgorption., It ruy even be furposslble

to start the reactcr agaln rmtll the xenon decay.ls a$ray. Fof conclltions of verf

higb poser output the operatlon of the reaoto! nay be rrnstable, and the slightest

increase of absonrptlon .q1L1 at once tlnottle the chaln.

Ilo adopt the follos'tng nopsncleturq:

l, J. k 3 sutrscripts referrlng to the parent, seeondary, aldl tertiary

fLsslon produgtsr respegtively, Ln a given ehaln.

' F F average poFer per unit volup in ergs/c# pec,

c., 3t

a
aDy
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p 3 total power level i 
t " volume.

tl1 ; flsslon yleLd of ttp tar,e.Itt of, the fission ehaln.

if, AJi z\ : aecar constantq ln ul"-I,

Ef. : er€l per fisslon g i.Z x L0{..

Ng : iunber of flssions per second pur, ,rf = P$tt

T ; ttm of operatloq pi the roactcr

E = total energy requlped 3 pf
![o neeil the abbrevlations 3

T- 61 E +' 
^rEf ilU dbu

Je K : the sane erpresslon wtth J antl k rep)aofrig 1.

The decay equations sro'a1l of the typc

rate of'forrmtion of N1 ; rate of dlestrustl.on
!y neutron ca.ptrne ; rate of natural decay.

Rate pf for.ratl.on of Nt ; d1 Ng : dtP
Ef

dNt
dt'

(aat)

(Use of the roonrr.,tenperature cross-seqtlonp ln these express!.ons.enounts to

assumlng that, 61 aail cr"u bvu slnilar'bohavior tn the tenperature range cont

sicleredl nnd no pronotmcod resonqnces at highor eriorgles),

nst€ of decay 3 Al N1

Thus se get

.9I*-
dt

clNr
_--_{-

(t s"l

; ,A'1&;trJ (/,ib)

nqt* "r destructtoo 
= *-9 d* = 

I*''i!-- +- Nu trau .' " No Cf"u sf

nftJTL
Ef

?

dt

,l$r = 
A

dt J NJ-wk

RenenberLng tha.t l{tl trJl ancl .I{g are aero "'hen 
t 3 0; sre Sat

H:

o
Nr E *+ (1 - e'rt)

II .'
I a aaa aa
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e-It e-Jt

+
_ *111 * K)

. We ilust norv aoapider'tfrrbu subchgins. Taking the data of Reference 2t
:.'

quoted above, at face value, ttre.ylel-d of Xe135 as a parent Is 0.3fi. ile asst+ne

O.3F for I 135 and the value 5'.3fi fot To 135, Iettlng t apprroach lnflnlty ln

Equatlon (a6) we flnct the foL1o'.ring r45!qg vralueF of X1s - J- for the three

zubchains:

'ness 135 thts srbcha
-1
ln

Itbxl-mwn value

Xe

r, Xe

3e; I; Xe

rl1 ln 46a = dx" ; 01003

tli ln ,4,6b : dfo = 0.003

d1 tn /*6e : dT" * 0.053

It follows that the mxfunrn xenon polsonlngr due to aLL three nodes of, formlng l.tt

Ls describecl by thg value XX" = 1,059, and this is practically the sarle as X fcnr

any 5000-nile missLLe.

eflfectg of such rnaxiunu xenon polsonilng on Kr L, and the uraniun

rpss are as followsr'

hA " o.q54 Ur.6fi dqcrease)

"f /*:. 
0.9?o (3% decrease)

tur/h r J..098 (9.4 lncrease)

Ibre the subseript p lndlcates the mlue for the poisonecl reactor. As a nattor of

facte the xenon polsoning in a 5000-rn11e rocket faL]9 faX. short of tlese lnlues.

The flight tfine for a. partleular case considered an page &.L7 ls onllr l3O'seconds,

FIFEE

o
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o anil since I 135 has a half life of, 6.? hows se need only eonslder the f.hst

subchainr. Equalion 46a. The data for the ease T 
= 

2 are!

d1 0.003

' TotaL energxr e:rpendeil 1.8 1OI9 ergs,

Poren P, pe1 ce, !.3 to1l erg/s", 
"oP.

Nu .4u .0096 c# (t8.8 Nl,t dau)

Eg Z,ft to4 ergeftsslon
6x" P + )*, " 0.1?4 + 1,91 Lo'5Ic
Eg Ng fsg

Thus e-It ls practlcelly'zero, and the first subchaln polsonlng rlses to the

valu.e XXe c 1.Q03. Tle see from the separate tenrs ln I that the htgh neut'ron

fh.u5 bnings the apparent haLf }lfe of Xe 135 dorsn fbon 9.2 hours to 316 secondls.

Sl.mllar3.y, t@ can slnlLitf the dlspusslon of poisonlng tn a 5000qni1o

rarn.Jet and.tr:rboJet. The por*er l-evel ln a typl.cat'case w111 be of the srder

of 1S of the rocket value, a-nd the fllght tfune u.'itl be about L00 tlnes greater,

or 13000 seconds say'. Assumlng clestructlon crossrseetlons of only a fen barns

for Te 135 and T 135 t lt folLo.grs that thefu. effectlve decay coastants are

pnacticall5r umltered (Equatlon /*3). . Ihnt for Xe p'111 be .001?4r so the sub-

chaln contributions at the endl of flight boil tlorqr to the follo'rlngl

Strbchaln Csntribut!-on tq X,1u ' 1

Xe:

I, {e:

0.003

Eqqati& (46b)1 o.oo3 (l - u'Jt.)

. E o?os3 lr - e'(zr6 155;60'rg xto5)]

i 0.0009

Equatlon (aec;9 '0.053 
11 - "'Jt)

. : 0.01_53

o
T.e, Ir Xei

nttoal &L5 067
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o Thus Xlgu = L.019 at the endli of ram Jet fllght.
1

.surumrLzing, the eifects of poleonlng on the uranlun ma,ss ln all 5000-

miLe missLl-es condideredt anil ve4y slight. The effects on control pnopertles

appoan. to be more important, ancl w!.I-l rrequlre a separate investigatlon.

{LL$ s68
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startlng the plle contnol by rpds ts.difficutt or unfeaslble, However, with

a strorg negatfurc temperature Foefficient of reactivitlrl combinocl contnol by

temperature and by rocls ean beicome effectlve. ifrut ts, for temperatures legs

. than the destgn va1ue, the roat$ wi.ll eontrol the ternper:atqre on1y, antl the
7

neutr.on fln:r Ievrl T111 be clet8rurlned W the p@r dlssipation, For such a

confurol to be at all practlcal:tt ip requlreil that the .uraniun be dlepersedl

homogeneous\r, and not lurperl. The sensltlvlty of, tlds tlpe of control my be

tleternlned by oOrnprrtt4g the stablllzetl temperatrr:re ab a functlon of, sayr the

16fl-pos{tlonr.

8. 4cilson*nq.

lhe effect of po!.sonlng bf, the reactor.by tts fission pr.ottucts nay be

analyzecl by conslderlng its effeqtp on the reproduction faetor, f, anil the dif-

ftrslon leqgt[, The practic4l situatlsn ls t]at the pile mrst contlnrp to

{hnctlm for it least a tlrne t; the th:ratlon of the ponered fllgl1t. Wg aEsume

that, the yn:nber of fl.sstons per.cc per sec. ls kept the gane by srritable con!._

trol* Tfren it is posslble to solve the aliiebnalo pnoblern conpleteLy, but the

nrnerl.caL Fnoblen of, gettlng tbe optlnurh qoncentnation of unanlunr ard.the

dlnenslons whlch w1,11 nake the ptle Jrrst eritical at.the end.of,.flights 
"ann8t

be dealt wtth I!11y1 beoause of lack of i,nfgnstisn on the abgorptlon enogsr

sections of mny poducts ln the fisslon ehaing.

Mpr"g-*QeIreTF 1-4qug t3cng .

To unclerdtanrl the effeats of the polsonj.ng, i.e.r Frasitlc absorptLon

of, slow rputrow by tlte fissign products, let us ree:carnlne the rleflnltton of K

antl t. (Equatlons 1 and 15b)?

K33
rate of creaticr of neutrons ba)rate of ebsorptlon of neutrons

fn the Fresence of poismlng the fm .sm1e fqn rate of creatLon la the aare as

defense
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In Part A carbon reactors rrere consldered begaqse gf thelr u1e ln nuclear

h5nlrogen rockets. . Ilere 'm cljlqc.uss oriile reactors for ran Jets ancl turbo Jetst

trbon Table L of Chapter YT wo flncl ttst the f,qur oxldes of highest grel-ting

Bolnt are thQr l€.0r- Zm0p, and BeO. It ls e$sy to soe thnt the neutron absorp-

tion prApentles of tho first tlrree bar thern flotn conslderatibn (anct the sano ie

true of CaT,rtSanit ZrSlOg rhose nelting polnts.lie cLqse to that of BeO).. TIle

fteLcl norro.$q doron to BeO anil it 1; usefirl to compnre Lts thermal and neutaronlc

pnopartics wlth thoqe of earbon, this ls done ln lbble 3,

Detalls of lbble 3. Th6 g3osgrgectlon clata it our clisposal fo:'Be and O

-

are lncomptete. trle havd ugecl the following:

Be Ref. 0 Ref? Sun

Seatterlng; tbernal;

Abseptlonr tlernal;

Scatteringr fast.

6.1

0.0085

L.6

lrtL

o.oot

1.8

10r1

.0L01

1

I
I+

1

1

It

To caLcul-ate therml cross:.sectlons for SOOOoKr m uso Equatlon'(23)r hrt Ar

basecl on the l/v law. Slnce sortte:ring 
"1'ess-pectLops 

are not lcnswn as a

l\nctlolr of, enerryr',.rg. ha.ve assUred tbat 4t tt a llneer functlon of Log E;

here Au i" deflnecl as the scattering cross;seotion of a BeO noleculer*

Courputation of the dtff,uslon 1e4gth for slos,lng dorqr namely, n 42f,
requl,ros lqrqrvl.e{lge of the number of csl].isionpl N. I,et a f}aetlo.n a-of .the

colljsions be eneor:nters rltb Be ator*s. Then Equatton (f9) of Part A my be

lonerel-lzed to readl

Eo (1 : fBepll (1 = f6)(1 ' a)u F ENr (1%)o
Itr !!g

*F+
50 4L5 069
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o antl be iian define an effeot# tr'as follows:

(r - r)N o (t-'- ts")oN (t - ro)(r ' a)tl'

It turns out that f is 0,L40i,'rhi"h ls nractically tho sanE as the'ralue foi..,..

earbon.. This discusslon is irot a defense of these methotls of averaglng (which

are good enoughr'in view of d'tre lack of data), byt simply an aeeount of r'hat

nas done.
1.

BerfUtg BgS@,g. The data of Table I rere used. to flncl the clesign laLues

for cr.itlca1 e'nriched beryllh reactors. taUfe 4 records the results. Figr:re

2.J shos,s how the crltlcal rsanium tmssr the rattlus, anil the length \EITr as

.:
a function of shape; al-though the rnass-curve Ls drawn for.the partlcular case

ln ".,hieh tlre opttrniged uraniun lmss is 35O0 gransr the reLatJ-ve val-ues which

cgn be read tbom the cu:eve apply to all cylinitrical reactos, because tbe
' 

,qc ^n 
.l,.ha natio rnd{rrs-over-lenpth ls the sane for all. Sfunilandependenee of rnass on the natio radlug-evpr-I-ength ls the sane for

reruitks apply to the curves showlng radii ancl lengths. The actr:aL data glven

are for the case'V c 2, T = 300oK in.!able,4,

&L5 070
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a !9br" l. ggtnDgrisgg S'TltPSga,.!S=S*rPnl9,P[gpg4igs,of ,garbprl;a'nf, Ber41r9' J.

Denslty, gr/.ec.' Ib./.cqr ft
lielttng Potnt: Deg

. Deg

Molecules per oer-

Cross-sections in barne. per noloculet
and, nean paths:

I u, thernnl

N (far thernal

tr tn, therrrmerf

?

>\wA
? 6800 

.

11.3 L&2

.ou5

.000111'

1950 en,

t.w
199

2840
t110

7.93 L&2

..0x0

..000740

1?50 qm.

2.25
*te

.F.
Rl''

Cf ,, 
'themel

N d"r thernal

A*n, thernal-

4r,8

O.5l+

1.84 em,

10.2

o,7i8

!,)la cm.

r.n? (q n) 1200 .e#

3L.6 cm.

69 en?

25.9 cm.lttr

I, aoenage. fraction of energy Lost ln an
ela stic: cbnt'ston

No. of co3.llsipnB to slon' down:.
+,o lhg vo1{. 'i'
ro Uj vort'

)F, slo-inE, to V3o voxt'. to 1/3'vo1t

Squaie of cl!.ffustoa lengthr L?s1.3
to 1/30 vol-t' ta I/? votn

,U2

1U
9e

3.fl clr?
lr.o.l, .

\t5
t00

Jt.78 tllr?
l*.W'

t14o

UL o"?
L9?

15i onr?.
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Tab]e_4.

1..

569t
lrlr.65

?22.8

t,,.93
46,116

1.5l+,9

3495
53.O
97.s

)76t+
60.55
80.

1,590
70.5
7A.5

O..

{EEfffT.F=
a CriticaL D€siJqn Value€. @

(Dimenslions, cm; masses, grans; C is optinum)

ature

I

.2
I

lo

I

lo
I

I

'3:62

.1618

.I272

.1012

.1"090

ra57l+ '
la.5

/35
lg
hc

(

(
(

n

gr
gm

cm

nc )
)
)

,0.3

.51r2

tl

I

o.75

.0

2.0 .3268 It

5.0 1,7226 lt

o

It.1322

11286
L20.9
60;3

59tr88
286 .

57.1

2,lnY+2 2.2V=2 i 2.2 2.!+r< e(J--F)2

581?
37

375

3131
38.50

i92,2

2trr7
/r0.11

t33,t*

1923
. l+5,76
$tr.l3

20?L
52r29
69.7

2525
60
60

6209

9n28
2l+6,7

lr9 '3

I

I

55
,5

I
0

10/r.
52,

.7

.7

r$2
11/,

57
3
2

t7

a

5398
5o
92

22
6

1236t+3
299 .

59,7

L5q8
53.1r8
7t.3

91885
269.5

53,8

6854
39.1r

L97

5508
/*1.02

136.7

t2o9
/*6.8
86.3

2]-'78
lr5.lr

. LSlr

tr829
. 116.6
2?2.5

9130
ti|,7g

L59,3

7264
51r,53

l-00,6

7821+
, 62.3

83.1

9r39
'12.8
72.8

23t 57
L26.0

62,9

16333
lJ,2

&2

879A
l&,1

2L0.0

6785
u.02

L46.7

58Lt+
57.38
76.5

?0E9
&.6
66.6

5527
62.1,
62.1

\3592
106.4' 

53.2

"l16t+3
252,2

50.4

]'2735
38J+

38t,

7650
l+0.2

troz

&L7
&.2

2O5.7

ta.9
Il*3.O

n23
55.92
74.6

816/+
Lt_1.?

55.7

t3036.
26tr.5

52.8
I

I

I

3320
65
65

3
3

3L?8

95
3

2528
I+8

90

r)3

Lga5

10.80

n4.

2.O2

10.40

300

2.lg

5.08

2l*3

.?.00

rt.35

287

1.8/+

' 5.95

230

1.71

IUt

607

5 -l+5

237

1.86K
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, 
Ca,rbpn qn$.,BBgvll& 4gaglEg. Compar!-ng Table 2 (pnee 2.19\

antl Table,li, we [nJr sunnarize the essential featurds as follows:

Table'5- Connarlson:

(Noutr ons per figsion a , a conservatlve ease

Item Garbon Bery1l1a

Optimrm Cr colel
0ptiryn Cr hot

m (1 - f )2, co1d, grans u
hotr gmms U

Cr.itical radlus, hotr em

Critical length, hot, eur

Total weight for hot operatlonl kg.
lbs,

8.1
19,8

39rO
9050

56

r03

2270
5qoo

6.0
11.4

v5a0
T26A

55

101

2880
67so

c'

Taken at faee, this table says: (f) the r;ranlum nequlrenent changes Less

.r.,ith temperature in the case of begyllia than in the case of oarbon; (Z) ttre trot

beryL1ta reaet-cn requlres onl-y 80fi as nuch U295 as the carbon:reactor; (l) ttre

dl"mensions sf both are strbstantially the sane I U-\'the beryllla reaotor welghs

'.2'l% mor.e, No ernphasis can be lald on these conparLsond beeause of the uttcerr

talntles ln the data. 'A reaslnable ptatenent woulcl be that ln gonsiderlng

rraniun costs, the two.reacto.re nay be thought of as ictentioaJ; antl tbat the

ratlo, beryllla.rweigft over carbo:r-weleht prpbably l.ies betweein 1.1 and I'd.

Hu|{-*f&*i.-*=-3s8. rn these ilesigns fl.ssiln br

neutrons'"hioh are slog'ing dowr has been neg3.ected. ?he s-lostlng colllslons have

been treated. as olastLc, al.tllough lt is well knornn that scatterlng of fast neutronF

in narqr elements is J.argel5r lnelastic, resu!.ting ln high en:rgy losSes.

Sfunple cllfI\rsion theory has been enplryettr te have assumed that tho reaotor

is not pnovlcled wlth a refLector, Yet, sore t1rye of supnorting.shell wll1 be

415 0?J
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essbntlal anrt this sheLL wl.t rbfleet some neutrons, even if it is designedl

prtinarily for lightness anil strbngth at hlgh tenperatr:res. Rough theories of

neutron refl-ectLon are avatLabll and slight corrections to tliffusS-on tbeory are

at hand (Refer6nces 1 and 6).

' We have not consiclerecl fattice-t1rye pi).es slnce Ee 6ee lro reason, at

present, for bel'leving that a ldtttce gt'ructure has argr aclvantages for In?5

or plutoniun reactors. (tne AeVtce of a l-attice.was Lntnoduced to avold the

consequences of resonance oupt* in II238 plles).

A ilefect of our rlesigns rqith wriforn .rrranium content ]s the fact that the

power leveL wil-1 be hlgh near the centerr low ngar the outer surfaces, Gradatlon

of the ulaniwr content appears.to tre necessary. An inerease in the uranlwr son-

centration near the outsicle'ei1l pefnit sone decrease near the centerr but

fbon the physics of the'sltuation lt appears that a net iaerease in the anount

of uranium wll1 probably result.

Exept fon this last point, the srevera} impro.vements of t\ tforfr listecl

above, wlIl resuLt tn a snaLler rraniuur require'rent anil a deerease of critlcal-

size, Dr. tbrvey tlalL of BqAer has kindLy cliscupsedl roith us the gross 5.n-

aclequbcy of dlffuslon theory for the parts of a reactor Lying within a fers nean

free paths florn the surface; the effect on reector size is not clpar at thls

writing. Provisjon of space for controLs. r'i1I increase the s.ize.

We hav.e ennloyed the'true densities of C and Be0; in practice the bulk

tlensltios niLl. be nuch lowerr a$d the veight should be correctetl by mltiplytng

it by the factor, (ttue denslty/bulk density)z. T[e sbal1 not, atternpt refinements

here slnply beeause of the uncartainties of available data. It ls felt that the

deslgns given are correct ln order of nagnitude but are tleflnitely on the Low

side, as negards .,eight. Ile cannot set limlt,s on the errors lncurrqd andl'remind

the reader that no enphasis shzuld be pl-acecl on the e:ract ,rntt"t, given in the

tables of reacto?propertles, except for corrpfrrativo purposes,

o
ton-Lw.
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)lt tfon Reactorsn

I BY oeorge canrow

IJ is shos.m in Ghapter Il:r.rr"tu A and B, and ln other chnpters of thle

report tha.t sLos, neutron'"u""C*. sey be feasible for l-ong range Jet propuLsion.

It ls lnportatlt to analyze the poselbll.lty of reactors built flom pure flsslon-

able rnaterlals (plutonlum t fiZlS) r.,fricfr o,ork on the prlnciple of fast'neutron

chnLns. Let us conFrlre reactors of the fast ancl sloro'varletles. Fcn the sake.

of sirnpllc!-ty, we deal ulth sollit reaetorsp renernber"lng ttrat in aotual-ity the

tr,,o varletlcs r'Ll,L opernte at cllfferent tenpere.tubes and my have different rela-

ttve gas-stream aroa.s ,phen nad.e up ln tubulbr form, for use ln a nlssll-e.

' A FoLt$ fast neutron renctcr lr:rs the advantege of I

(1) lfuch srnller tote:l *eight 'lnd slae due to the absence of noderatlng
nnterlaJ..

(Z) Corrparatlvely srnal.l lmportnnce of pi,lsoning by fissrlon products beseuse

for fast neutrons all-'nuclel h:'ve about equal cf,oss-s€otions'

(l) Itre possibiLity of turni.ng the pr:re flsslonable rateriaL usecl for
proouJ-gl.onr .iirto the explosivo at the encl of tho traJectey lngteail of uee-
ieslty disperslng lt as ln the case of slo'u neutron reactpt's.

(f) Sm11er nass of fissionable rnaterLal, 'rhLch can be reduced by use of
reflectors.

The ctlsadvnntages of such reactcrg ,-tu ,rrt

(f ) The danper of n runa,,ay chaln reoetlon whlch *ould pnernntureiy turn
the reaotor J.nto c los order ntorri-c bonb.

(e) Necesslty 9f caolpgs to hold the rnolton or softened fissionablo nnteiLal,

'ohieh adds eelght antl lrnoedes heat transfer.

?, Tb?t'Neutnon lbigg.

. I€t us conslder a sphere of pr:re fissionable sntorLnl rd.th ttre ftrdiue R

and calculate the. overage effeetl.ve bnenchl.ng rntlo of a fast ncutron ohala

developlng ln ltS interionl T. effecthre branchin€ ratJ.o K is evidently

givenWK.rV (L 
"6 

) where Vls the nuraber of fastnoutrons forrreil lnan

(

and. [i can be trefined as the leen ro].ative nurnber of
4t5

O
lrdtvldual-.flsslon,

s.
at

0?5



O.3

neutrond starting in an arbidrary direction frorn an a"bitraly

int B (Ftgure 1)O the sphere e.hich cone out tlrrough its slrface. Consider a poi

. at the dibtance r frotr the ee'nter of the reactor. Ttre reLattve nurnber of

neutrons ul with the nrean free path ) corning from thls point and escapLng

. through the surfaqe is approxinately given by the fractioa of the sphere of

rl
I

ot

1

radlius ) whieh l-lee outside lhL sphere

. vt = (r - cos 0 )/2.=g (r -
of radius r. In

R2"- /\2 -t2
2 z\r

the ca.se shomr this ls

\. (r)l'

III

(tff a,
(2b)

Sumrnarizing all the four cases uhich exist, we have these tr' values 3

z\5n: rf n S 8.Ar u/30
rfr] R- r u=(r-cqsO)/2

Alir rf r( )-n , ,rr=r
' rf rl A- n ; w= (1 - cos 6Jfr'.'

T

In the actgal case there ls a]"eys a probautlity that a r'eutnon "itL be

absorbed. The dllscontinuity in the sLope of ur ls a result of approxlnating

the true proble,m by peths of definite tength. As the objective of this cottlpllr

tstion ls an accuracJ corresponrllng to one signi.ficant figure, the approxlmete

theory wlLl- be follo'recl beeause of its.aitrpi-icity. (A clo-oer approxiration

worked obt by Dr.'N. M. S$ith is available at APL).

Averaging orrer the volurre of the.origlnal sphpre we obtainc

ror i $n,
R2

^2

2r I'fff at1 (2a)

Lb Tr s3
2

'androrA) R,

n

J.:( '
1{--.tJ/

t-o=(+) +

nlls

t /g 1.T s3

# -'y'2 - ,2
i 7\"

^o
dcta!e
A€t, 50ot

U.
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o Introduelng X r rTh and d : ,\F, and inttigrating we obtain:

For c( S I'
r

E,= u 
L, 

- (r - *,'] - i/s";p [' ' 
(r 's(,1-*nF -(r

i;i1
ancl forg( ) lt

o =,jl- r)3+*h' ,n' 'lJ+:z*

Lt-(d-t,o]
The graph'of Dis shown ln Figure 2;. We

* I
1

(ru)

see fbo.m this graph that for V eq.mL

to about 2, the critiqal. dl.mensions of 'the sphere correspond tod;0.691

l.e. r Rg3 I 1./r5 A . Assuming fo.r the Jlee path of fast .r,"utroo" in riranium

3,5 cV, we get Rcr = 5 on. 'The oorresponding rnass is about 10 kg. This

critlcal ru"s ian be reduced by sunour,rding the reactor pitb a gootl reflectctr'

For the variation of K rvith R near the critical sLze ue obtain

K 
= 

v (1 * 6) v ,d-{1,1, -E ) *$ dR?ad--,dR'
The first tarrn j.s l by definitlon; the value of the slope (fnorn Figr:re 2) ts

- o.9?h]'lrlrf also a -c(/an. -c(/R, and it is assru'}gd that v is about 2,

Therefore

- (4- rr]"fa

,
R o BcIr

R"t
(a)

2. Two Uiavs of Usins Fast Negtron Reactors

One na;7 of using a fast neutron reaetor rcould be to run it slightly above

the crltlcal eize, preventi4g the rurn'.ay chain reactlon (exploslon) by aheckr

$g ft peri,odically through the insertlon of a control ban; If T is the

vibrationel period of thi controL bar, and T tUe time corrrespondtng to one

llrik of a branehlng cba in, the reactionf s ampli-tude r{Ll be given by the

expresqion:

&Ls 0??

'}
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For fast neutrons 7'f" aboud .5 crn e 3.5'10-9 see. If we can builcl
cn,/sec

a vibratlng control. rod s'ith.a perlocl of one nlll,tsecondr.tLe ccrndition that

during thls nerJ-ocl the reaction rate w111 increaser say, by only a factor of

two is:

(.*o.rr:#t- 
)'

R-Ri3
0.w -.--?--.--rR""

a€- L0-3

3.5.10'9
: 1o96 2,

the natlonal

so that
R .r Rg3_E;_'

= 
23'La-6

J
ThLs a.ssumes tt-rat the roaetion is undercritical- in one cycle by such an

arnount'and such a tiroe tbat the ret rnul-tipJ-ication factor is one. 'The cal.cu-

Lation is rneant only as an illustratl.on. The faator of increase could be any

suitable rralue. This a.ccrracy in the over cr:.ticat size is a rather hartl

condition to satisfp, Here lies a serious disadvantage o.f fast-neutron reactors

€s comparecl arith,slcrw-neutron.reactorsr *here the tine'period 'ls considerabJ-y

longer (of tUe order of 10-4 sec. ).

In vier" of the dj.fficuLttes of c6ntrolling fast-neutron chains even Ln a

reactor of only a slightly overcritical- size, we nai consider the poggibilitv

9g usiry lbg lea.gtor gg slrehtry subcritlegl, .elzp ggg !&g nF'po$ g$ "g!Epli- '

figet+g. gil dl g fqllt!:on !g9g' suo,nlied !g eg[ng FnonFneous deggt !E9EEE,. If

the effectire branching ratio is snalLer than unity, being given ty (f - E),

the total number of fission processes resulting fron one neutron entering the

reactor fborn outside rvil-L be, *'hsn E ls very snall- conpared to 1,
'@

f =f (r-s)n=t/E (5)
I-. 

n_O
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If, for exanple, the reaetor is one-tenth of a per eent smIler than eritlcal

sl.ze, E = 0.9?.10-3 attct the anplifieation faetor beconps f r 1030. The

(probably unobtalnable) accr.raoy of radlus required fon control in the above

e:rample of the supercri-tical reactorrwith 1n ' n"")Ztsv =2.) 104, would

correspond ln a srrbcrttteal reactor to the arnplibication faetor

f .: /+.5r105!'

The aborre deseribect arnpllfying sr.rangenent represents a hybriil bet.,een the

rethorls o:ftg the chai;r reactlons and those basedl on the use of radioactive

naterialp? ft has the ad'vantage of both, representLng no lmmedlate dlanger

of expJ,oslon (tn contrast to the casg of slightly overcritioaL size), s'hile

on the other hand lt can be at least rartialily controlJed. The radioactive

neutron souroe-repnesents here in fqct a sort 6' [piLotrf]arptt liberating

within itself a eomparatively smIL amount of heat before it is pushett into

the J.nterior of the fissionable mterful.

rhe besr .o***"1" "#ffiesent is a nixtwe or

berylLiurn with sone alpha-ctecaying substance as for e:ranple Foloni.w, Agsune

that wlth a sultable subFtance qe are able to reaLize one neutron per /.1000.

alpha perticles. Since the energy liberatetl per fisslon ig about .('0 tirnes

Larger than the energy of an qlpha rertlcle, an anplifler rryith f = 1030 will

a a aa ffi{ III
III

o

pnoduce an amount of heat

liberated in the radioactive rrpilotrflatp.rr Ihe use of larger anplification

faetorsp and.possibly aLso rnore efficient neutron sources will increase thls

anount rrany tirnes. It can be srrggested, for e:ranple, that ft inay bo pos.slb1e

to build an elenent phlch ls subJect to soontaneous fisslon rrithtn a cgtnporar

tivgly short perlocl.of tLne, If such an eLenent (a rre"y 1lght isotope of an

.r*:. x il30 Y12 ti,,es larger than the heat
4000

C-, 3l s!i[ 4t5 071)
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elernent luith high atonlc number) can be built, 'ne sould have a noutilron source

giving about ts'o neutrons por elementary decay. In this case thd heat-. ratl.o

between the anpLifier ancl the ttplLot-flamerr could be easily tnade "q*t to'

several- thousands. (Editorts note. hesunably, tlre sBontaae.ous flsser rsouLdl

be very sensitiJe to neutrons both sl-ow ancl fastl anil it,s critical nass lrould

be'very srall).

5. The Slze of rrPilot-F"lanesrr for Ran-Jet !.,ot-ors
-F--#

fn oriler to operate a ram-jet of reasonable size we need a total power

supply ofabout tO15 erg/sec. (comp. Chapter IIe Par!A) r.hich lreans /r'1018

fissions/sec. With an arnpliflcatlon factor of ld rve woul"d need a pilbt strean

of /r.1015 neutrons per second, gith the efficiency of one neutron per 41000

al-pha parlicles we wiLl.need about 1919 alpha particles'per second. The

hecessary mass of poloni.um, i{, :i.s deternineil Ibom the eqr:ation:

M, )/n 
= 

lo19

whe:re n.is the rmss of the alpha rayerr ?,5rl"lo'22 gm, and z\ is 5.2 10-8 per

sooond. We get.

M : ?,LO4 Bnr = ?0 lcg.

ft can be reducecl, hornever, quite considlerably by using mcne effl:cient neutron

sources a;rtl hifih nultip[ication factcs. Thus if gne could, fe example, builil

a spontaneously fissionlng elenent wlth a halflife of one year ( 1.2.2.1A-8 p""

spo.), an {f, the ampllfication factor canbe increased to 1-00001 the anorurt.of

such material to serve as the rrpii-ot-fLamen in a Jet motor oould be ddtermined

w'
Z AWn ; d.1014 or,

!f=3s, (!)

tllllc 080
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o ft mny be remerked here that, accordLng to the theory of the nucLe.t fisshh

process the nossLbiLlty of hnvlr"g a s!:ort-flved spontnneously flssLonlng elernent

ls not at o1l- excluded. Supnose, for e:rampl-e, thnt there exlsts some transuranio

elenent Z rryhich goes th:r.ouglr snontaneous fisslon as 6oon as it ls forned. If

this el-erneut is obtalned flbm so;rre llghter and rore stablo elenent X tlrrorgh

the proqess of tno betn enisslons (tn ttre Earlp lvEry 
"" nf39 ls fornetl *otn IF39),

ve cnn use tlie elenent X as the nilot flane. The reactlon seguence lfr thls oase

wllll- be

x --*?-) Y+ F (rolg nerlod),

y -_-) I + * +* (shortor period)3

This Ls sirnilar to the fanillar :reaotlon: r,fg oG-*-g, By Zru.4, rt .!-s not

necessary that the elenent { }rave i.ts fission barrl.er equnl to zero, sLnse the

beta ilecay leadlhg to its production nay r,roduce tlp necessarT e:rcitntion.

L Conclusions

In thls sluff of fast-neutlon reaetors, the effeets of deleyed neutrons hrve "-

been neglecterl for sirnpllclty. As stclted on page 11.12 of ItNuelear Flssion and

Atomie Energ:yrn tt ts possLbJ.e to const:ruct assembLies -hich are octual|p

overerLtlcel, b.ut 'uhich r.'ould be strbcriti.caL if the deln.yed neutrons '.ere not .i

present. For suoh systerns th.o offect of the delayett neutlons is to lnc::eaee the

rela:cation }*, easlng the problem of eontro.l. But re shnll pot pursue the

rmtter here.

It can be conchriled from the abo?e di scussLon thrt !! sepmF feri,sl!}e t=o

con?lrFg! pure lggctole'*,lriql, g}! opeletp '{.thqul I$TE", rlqqg,,er of eirplosl,one

on thf, srndiftee-tian nrlnclnle. .Sucb pure reoctprs, having conslde::ebly
#-

grnller geornetrLca.I clinensiong nnd totll- ,oeightr ney prove to be more useful

for rnr5r prrrposgs of atourLo pnopulsion then the ordi.nhry noile'rated systems. Thpy

de6erue
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a can probably be used ,oith advantnpe for the jet propulslon of nlrplenes; dlesigngd

,. t'
rolth the hory of long.Llfe. Their advantage in the case of bomb'oar4frrig rqcketb

61. 1.stn-jets lles in the fact tf,at here ggg Sg3 g! lggs! thtn\ about sr" lEiSl-

b-llity of trtrnlne gg tre.piEall-q gkx!3f uFgd fof gso,pl+lsigl in g g bontu g!

gp @ gg *hg traj*l.orve tnsteail. of qseLessly.ilispersing it as ln the case of

enrLched plle notors.*

tt Ed'itorts note, Ttpse eonclusl,ons stiLL overLook nuny paotioal. difficu]:tles.o
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sBf-.D. sxEc4t wrl{ps 0F IGAI, PRcogqTro,}r asD rBl$sIqB.

By R, B. Roberts

The itifficultles eonnected with the eritical size and poisbning of tubular

slov.neutron reactors and fast=neutTon reactors mke it desirabLe to search

f,or othen noans of frroducing heat, W nuqlear processes and transfercing it to

a gag strea4.

1.. Use of Sewratetl Fission Proiluctg.

, The use of railioactive fission fragments as a source of enerry for pro-

pulsion hag been proposed and various estirnates nade of the aetivity avail'able.

The neqent r,sper .q-5, by Way anrt lfignerl presented at the Chicago rneeting of 'the

American Physical socienty, Jrme 20, 791+6, gives a fornula which permits

aceurate calculatlbn of the anount available, They giver'rtHandy rules of

thnnb giving correct values withln a factor pf two for times between 10 sec.

and 100 days are:

€t )'Uerr,/sec.fission a 2.661,-].2

I Utev/sec. r/tisston = 1.26t-1'2n

CalcuLattng roith this fornula ue fi.nd that twenty-four hours after fission the

activity gives 1,3 kiLqrvatts yrr gram of uraniurn fission Er per gran of pLutoniun

producecl. Thls includes both gawe rays and beta pays. Taki.lrg 10 ki3.ograms as

the weight of the bombl the total porer availabLe rvould be 1.3 x J:Cll+ kllomtts

(one day after the bomb had been nroduced instantaneously); ancl this rroul.cl be

slfficient to power a l6rin ram-jet at sea leveL (25 per cent.therml efficiencyl

22OO tt/sec, J000 lbs thrust Fcr squele foot of 'conbustion charnber), This .

f,lgure gives the rnximun possible available powerr as it includes both betas ancl

gamnas and. makes no alJ-o'sanee fcf decay duqing the finite time required to produce

the bonb, As most oi the gamma rais uouLd escape fron the relatlvely light

ffir
?r.
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structuro of a ran-Jet, thtg poier should be reduceil by'a factOf of t-wo. 0ther

dlfficulties arise fYorn radloactlvity and. fron the lack of control orer the

energy rerease. 
t:

i 
of 1,1 kllowrtts, corresPonddOne gran of this tmterlal, 'ohich glvos a tot.tl of 1rl kllowrtts

to I x.l-015 aistntegratlon"',,per second., taking an averago of ono rnllllon volts

per tllslntegratlon. 0f these; 3.85 x tg15 per second "'iLl. be gamra ray disln'

tegratlons; the equtvalent tif fO5 crtries. Since one cur:le gives approximntely
:i:

one R per hour of oo: meterlg this one gram source couLd give a lethal dose of

500 R tn 18 seconds at one ineter. The quantities required for any sct of Jet

propulslon are 1Or00O to fOO'OOO tirnes ap large, ,nLth eorrespondingly increased

gamra radi:rtion. As a consequence, the nrateriaL would have to be handled by

renote oontrol through the entlre separatl.on Drocesse fabricatlonr ard insertlon

into the nissile. During afi ttre ttne of fabrication it woultl have to be cooled

sufftciently to dlsslpate even nore than.the finsL desired power'

The cornblnstion of difflctr3.ties arlsing lbom smlL quBntltlesl radiat5.on

and cooling, seem to rule out aqy posslbllity of the use of artificial ratlio-

actlvlty i-n senrice reapons.

?. Direet Use of Fissiod Fraphents or Evenorated lJhterial in the Gas Strgam.

-

Most.of the nucfear energy. is initinlly carrLeil, W the fisslon fragrnents

thenselves (1ZO rnfffion volts of 200 mi]-llon total). The range of the fisslon

fragnents ln alr ip less than 5 cnts, so that sheets of any material woulcl

have to be extrenely thln lf the tbagnent ts to dissipate rno.st of its eirergy

:in a gas sunounding the sheet. Converting the range for the difference ln

denslty between air and a reasonable. rmterlal of denslty 3r rohlch uiigtrt te a

mixture of rrnanium and moderatqn, r€ findl a Tange of 2 2r.10"3 cnis in the

rnaterLal. ltrthermore, the range in the mterlaL mrst be sna1I conpared to the

I

-.
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rang; ln alr, glvirg a furtheq, redirction ln the thlckness of the mterfuL per-

pernlsslbLe. A.l-lorlng aLso for the angular. distribution of the fbagmentor we

arrlve at a tmxlrnun thjcloless of 2 x 104 cnrs or rougttly one-ten thousandth

of an lnoh. These sheets are far too thln and fragiLe to be practleal.
:

As a seconcl posslblllty ].et up eonsltler a special forn 9f p1Lb rhich woul-cl

nburnrr Ilke a carboq arc. This rnight coneeivably operate at extrenely hlgh

tenperatures and transfer heat to the cool,ing gns by evaporating sone of its

natertal. lhe basic difficulty here is tbst the heat'cannot be gererated on

the surface. ttre range of a neutron is rough1y I cnts, so that the energy

pnoductl.on ls dlstrlbutoel thnoughout a depth of the order of 6 cmr'

9. Dlrect Use of the Momentum of Fission fuqgnents,

ft has been proposedl ln the |tsrmday Astoni.slrersr that rocket ghtps ean be

drlven by: atornic paint vhlsh nouldl be.appliecl to thp rear of a rocket. Uranlunp

for e:onpLe, would be palnted on, rmde. to undergo fisslon by some lnocess not

desorlbed whereby one flagnent shoots out to the rear whlle the other prshes

into the base of the rocket and pushes the rocket aLong. 0n calculattpg the

enetg'y and nonentqn of such a process rpe find that 3 kilograms thnust soulil be

del-lvered foi 1001000 kllor,atts disslpateil in the base of the rooket. Thls,

of cour.ser stoulil burn the rocket up long before Lt noved,

L. Ee of lrtificiaf naaioact e

fnrprovenent on this idea is to produee polonlurn artlfiolalJy and use it as

the paini. If the poLoniurn alpha partlcle.coulcl be squirted out to the rear and

the recoLl heaqT atons caugh! by the base of the roeket, ttris woultl offer aU

J.nprovement of a faqtor of 20 tn the thrust per kllomtt, or 6O knograns per

1OO2O00 kilowatts. Unfortuna*fy, there ls no conoelved rpchanism by which the

alpha partlales couldl be.rlirecterl to the rearr, as they have a bod habtt of eonrlng

Thlr
3A-
Il7.
a

l
the 415 085



artrr|T---hb

off ln all clirections. Sinee the aLpha partlcles l9tg l9-ug-!1y-tlt9- g1ry

a

a

$8$frfrT;===

-J velocity

as fission Ibagnentsl they wouful clevelop the same rnrutber of ldLov,'atts per .unlt

of thrust as do the fissl.on fragnents so ttur.t only a faeton of 2 could be

realizetlfrontheproportionoft'healphaprticlest}nthappentogointhe

right dllrectl.on. In addlitlon, a f\rrther factor of 2 (rmfavorabl"e) cores tn

because a large poportion of the nomentun is dlrected out. io the sides 
.and

is not usefirl, The eonrespontllng energy ls nbt so nicely cancelled out. Thlp

matter ls consldered frrrther ln.Apoendll.x ?.

2, Psq of,.4ccq1etq!9d Lse.

A fi:rthor appl.icatlon of tfrls lilea 1les in dirccting a bean of high speetl

particles to the rear by use of a cyclotron acceleration trrbe e other mechanisns.

Thls avol.ds the tlifficulty of absqrbing the energy of the recoil particLes but

the sarne or a larger fraction of the energy is sttll- developetl J.n the rockett

as the electrieaL energy requirecl to aecal-erate tbe particles nust be derivetl
t

from heat energy, andl.the thermal efficiency of the hea! englne is unlikely

to exoeei 5O per eent. These. eonsirlerations effeetivel.y rrrle out the use of

very hlgh speedl exhaust gases"

For very large space ships, a 1o", vol-tage bean of, ions can bs consLderetl.

Such a bean, say 100 voLts, djrected to the rear would give roasonably high

speoific $npuLse, brut the thrust woultl be Llmitedl by the power "hich corlcl be

dissipated, Thls, oi oolr'se, wouLd only rlork outsldp the.atrnosphere as the 1ow

voltage lons wouldl have no penetrating pot@r to energe through a rvinclowo'

. As an e:anpile of this conpronise rocket motcnl ste oan consider a L00 volt

ion beam of 1001000 ktloeatts energy, This beam directed to the rear roultl give

a tbrust of ,6OO kil-ograrns, a specific irnpulse of 301000 and srould requlre 12 grans

of natenlal per second. There nay be sorne nlnor diffioultles, of courset as

dclcore
Ast' 50
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Fission Products of W?5. Gruilnltt ancl lH.J..klnsonl
Nature, August 3, L9L6, page 163.

Bethe,.Rev. Mocl. P{irs. 9r page ]l5l., 1997.

Bennstein, 0rr the Exlstenqe of a Resonance Absorptlon of Neutrons ln
Graphlte, IDDC-XI, November l9li2.

I,A Relort No, 2/+r Lectr:re Series on Nucl-ear Physicsr Qctober r.9l+3.

aa
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o thls tean vrould require L nlltrion an[reres, and l.t seens hard to boni:eive bn

1on source o,lth this capabiLlty, partLcularly as the efflclency shorl-d be very
:'

bigh. ft ,nould be neeessary to d!.sslpate approxfunately 2001000,kilomtts'if lhe

therrml. efficiencycan be keptiup to.93 per eent.. As a final dtfftculty, the

nlssile woulcl qutckly acquJ.re a charge so high thrt the beam couldl not escape'

The use of trro bea4s, o.ne positlve and one negative., wou3.d solve thi.s.diffi;

cul-ty, but the other.s remaln.

.* * * ,r * {T lt * ls i*'r.{'* * tf

E08[I=,&-

EglCrencegs

1. trNueLear Rtssion anil Atornie f,\:ergyrrr by rerabers'of the.Physics Staff,
Unlversity of Pennsylvanla, (ltireographedt MSr l9t*6),

lfucLei Fonpd ln Plssionr Plutonlun ProJectt
Journa1 of the Ateriean Chemical Soaletyl'68, 2IrLL, L9lr6?
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