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A Pila with Space Uniform Act1yltT 

. ct Goertzel . 

The pres8Dt note considers a pile-breeding arrangement 

which eXh1bits some des1reable features and for w~1ch a reasonab17 

exact solut10n mar be obtained ~1 elementar,v methodso A aimple 

example of such a pile 1s presented here for illustration. 

The system 1& considered to be divided into two regionB~ 

1) a spherical core containl~g fissionable mater1al t moderator p 

and breeding material and 2) a blanket contalnlug moderator and 

breeding materialo !Phe moderating propert1 es of the system are con·· 

s1dered to be independent of pos1tion~ both in the spheriCal core 

and the bla.nketo The densH;y of fissionable material in the core ia, 

almo assumed to 'be constant. In addition, it is required th~t the 

thermal neutron :flux iD. the core be con8t~t ~hrous:hout the eore~ This 

.eans t.Mt the nUlRber of fissions per unit Tolume and time '-lill. be 

CODItant throup,hout the eor8& so tbat the heat liberation In· the core 

1s 8asentlally independent of position. 

In order to accomp11eh these aims.-lt is a~parent that 

one must dls\ribate the breeding ma'~r1al in the core ,In a manner 

determined from. the condition that the neutron' flux 1 s ,to be' constant 

thro~)lcut the 'core. !he prob~f!za in the blRDket is b.y no meane so ' 

defini te" 

The example considered in this report is a s7stem wi th 

23 as the fissionable mater1al D thorium as the breeding materlal D 

and hea.". water as the moderator~ It 1s aesumAd that thorium 18' 

". 

/ 



'i. 

.. 

~ 

, .. 

.. 
I 

( 

- Cw 

available in lar~e quantities 80 that, tor thft primitive discussion 
, 

presented here, no etfort. need be made· to keep the amoUDt of thorium. 

\ 
required to a minimum,. 

-
Howe.,er.) an a.ttempt is made to Indi!-,ate the 

relation between the amount of hea~ water and amount of 23 required 

to make the pile go" 

Since the amount of thorIum used Is of no interest for the 
I. 

presentu It is aeen that the bl~et m~ be subdivided into two, 

regions. 1) a spherical shell ,reflector enrrounding the core ~d con­

sisting of heavy wBter. and 2) athorlum--heaTY water mixture in A' 

bl?llket Surroundln~ the reflector auch t.hat the thermal neutron flux 

d~~s1ty at the reflector-blanket interface 18 essentially zero and 

aliSO· such that all neutroDs entering the erl~rnal breedln~ blaDkflt 

may be assumed to be captured by thorium • 

The requ1remPAts that the pile considered haTe 

10 a spherIcal core contalni~ a.uniform density of 23 and 
a variable density of thorium in a heavy water moderator 

2. aspherlcal shell reflector eontA.inill.P,: only heav;y water 

3. an ~xt8l'D.al 1;»ree41n,o;'blADket cone1st,1nf; of 'pure thorium 
or a thorium heavy wat.er mixture 

4. constant thermal· nux throUP'.,hout the core, 

is Bufficient to define a two'parameter set of p1les~ These para-

meters may be. for 8:.r.a.m,ple. the rBdius of the core and the thick1le8s 

of the reflector. Boweverv for the present purpose one pArAmeter ...,ill 

be taken 8.p. the 23 dens! t1 1n t.he core and the other parame~er (which 

need not b~ specified in detail) will be fixed by the condl tion that 

the thorium density RO to zero as tbe edP,e of the core is apnroachedoo 

~ This assumptton Is made'principally to simplify the discussioll; in 
some usee it may also ~1ve the smallest actual mass of 23? 

v 
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We have thu8 defined a sfn~le parRmeter family of piles. Three 

such haye been. considered, in some 48\8.11 and their chP..racteri sties 

aresumJ"lar~sed In Table to 

ND2 0 (J'8.~ ¥ , 
0 ........... 

Mas8 of 23 radius radius of out ... Neutron ab~orptlon per N23 ,023, 
of core 01 de ren ector neUtron absorbed in 23 

(kg) ,(em) eurfaee Inside core Outside core 
(em) in D~ in 1'h. in D~ in '-'h. 

0.02g 3~7 104 
\ 0,,028 0089 0.42 

0.02 4,,4 99 209 O.OcO 048g 0.021 

0.01 7~2 92 135 0.010 0,86 0.010 

, 

Table I Summ817 at characteriBtic8 of three piles with space 

unIform actiTityo 

Pile A is lhe limIting case in which the IIlasso! ~3 :h as low 

RS is consistent with the bJpothesis of a 23t heavy water pile with 

spacE! uniform acUTU7. Piles B and 0 are of more practical Interest 

since they each involve sufflcientlT small noderator ab80rptlon that 
" , 

the breeding ratio may be greater than un1tYt provIdIng other 108ses 
I 

(eg. fission products. reprocessing etc) can be kept likewise small. 

File 13 ,will contain. 3" 9 kg, of 23 and ap!)roximate17 47 tons of heavy 

water whereas PIle C has 6,,4 kg of 23 and about 13 tons of heav water, 

a88,un1n~ no heaV7 water in the breeding blanket" :B)r increasing the 

mass 'of 23 stl11 t~thert one,can reduce the heavy water required, but 

the fact that 1.n this case an apprec~able portioll of Jas~ neutrons 

O.IK> 
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wnld leak out t.he rei'lector would probabl¥ make the specU'lc 

arrangement considered here impracticalo 

In l1~ 1 the neutron flux and thorium density in the core, 

are plotted against the radiUS for P1~e B~F1l;'Ure 2 1s a plot 01 

tOOl'ium dencity in which the abecise8 is t.he relat1"fe Tolums ,rA.~her 

than the radiu$o 

It should be point.sd out that the aboTG result. ar~ baoe4 .. , 

. on a primi t1 ve calc.ulatioD in wbich 110 consideration haa been gh'en -

t? the e~1neeriDg features of the pile. so that the estimates of 

mass of critical m~terlA,l required and losses do not talte into account 

holdup, absorption of etrnctural and cooling system. poiaon111p,,' etc~ 

'A Gan8sian slowing doVD. function usjng the experimentally determined 
.. , 

age of thermal neutrons ill beaY)" water was used throu~hout the 

ca.lculationsc It 14a,8 a.1:uo assumed that elementa.J..y diffusion theory· 

waG applica.ble in the -reflector,: A brIef SWDma.t7 of' the method of 

calculat~ion 1s given b~low,-, !!'he various material proper-ties used. 

are ltsted in Table II. 

A~ Heavy WAter. 

Dendt¥ 1 .. 101 ~'cm-3 

D1f:(us1on Lenl;th 111 em· 

, , 

, 

~e of thermal neutrons 125 em2 

.7' ~t' :: 205 em 

B.U?}} 
{Iii ::: 500 barns 'J:: 2.34 

Table II" Material ProperUe.s Used In C~lcul8t1on"~ 
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Ma'hemat1cal Formulation 
_~44-.:aei "*'Il"" ......... _~ 

,The not.atton used lsls:unmarhled in !able,ln~ I It 18 

aS$wn~d that a .,a!ue of (Nr,r)u/('Icr)m is 'speclf'1ed. Then one hae 

for the slowing down denslt" 

q(r) = ~~(B~I,~t. j:r 2Jp( 1ijf~312'~{~1(~i=Tj -Ilfll+~) J 
where thee Ji8 the'slowing down densttr 'at a point. f)trom 'h~ 
origin ~or ,s. spbedcal shello! radius r ,wUh unH, stren!!,th ' (1 fast 

neutron/~ec4 from the ent1reshelf)~ Carr;1~g out the Integrations 

one has (1) 

= ~@.\ -~ = ~ft1- J(~#}~~:~ -~xli~ ; ~. · 
, ' 

Q.(i) 

!a.bla III Notation 

(N(T)u absorption cro8sm section of flsaionable material, -1 em 
I -1' (Nr.r)m absorption cro Bs-..sectlon' of moderator em 

(Nv)b absorption cross-section of breeding material pm-l 

A t tranl!tport mean free' path of moderAtor em 

L' 41ffu.;.11 lOJlll'h 6t !.-) ) i in modOl'ator em' 
} N." Ill' , 2 r"" age of therm&! neut.rons lA moderator I em >.1 

1) 
fisslon neutroD.p ~~produced per neutro~ a.bs'lrbed 
in fhsion:.:tble material" , 

or "" -L/r~> -
f 

.... !lv.thermal :a.eutron flux e~-2sec-l - & . 

fo = thermal DautrOll nux in core em,",,2sec'" l' 

a ... b ~.radlUS of ,core em "" 

fif":G" , outer radius ,of refi Actor_ 0111 
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r :: x)t-,,;-' radius of s:tq point' from system orgin 

~ !" 2: : /X . ~ . ' . 
) (x): ~ -.":... e-r dJ: ;7T . .10 

X - 2- . -xf! - d. ;t:l (x).. fff· e - dx· 

q (1") 

ct(*); 
F (-n-)= 

slowing down dene1 ty for thermal neutrons 

q(r)/ ro ~N01u '7 ) 
fer) 
to 

ClIo 

cui:3sec ... l 

It 18 .well to note that if b.)" 6, se i.true for all p,11es of the 1;lPe 

under consideration, one has' VBr.f c108e17-

Q(x) m 1: - if (!.;~) -rl-~1 (~ b) , (la) 

Eqo (la)' 1s ueed throughout the york belovo 
, 

Since the thermal flux f 18 constant in the core\>' one hae" 

in t.h,e core" . . . (2) 

~IJ(j)u + (Wcr-)m-t(Nrr>J fo : q(r) or *<T~b:a n,Q.{-~·· _ gio-~!! - 1 r' /' . U LI " - N~u " . . .. z: . -
wbich giyes the breeding material dlstributlonln the coreo . Since 

(Bo1b/(Ncr}udecreasas as , increasee, one seee that 1t m~ go to 

zero at the ed~eof the core. The core size will be determined so 

that 'this 119Fpeu~· Theraforee the equatton to determine the core size 

is 

, , 

. 0 :: 1Q.(b) - 1 - Of 0-). or r i) Ii..,. ~) -= 1 ~N'(.:d.m 
(Ncriu I \ ~ ffF· 't11~ 

(3) 

$See footnote on page 2. 
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The, thermal 'neutron flux'f in'tbe reflector 18 then the 

.01utl~A of 

"'~. ) At"", •• 2 ~ 
T "' "rr f1 

, I 

(Eer<)m t -t- q(r) :: 0 

which satisfies the boUndary ,conditions 

f (a) ~ f(b v'~) = fo, 

fO(a)'::O, 

" 

r1tin,g fer) 

ODe has F(x) 

: fo F(r/~} , 

- 1 filZfNC[~g fX
-

b 
II-- rx. N .¥llJt v.m 0 ' 

Q.(H-b) (7+ b)q..b-;l] ~~(~~ ) 
1 [-r~1I )u ( x~b 

p-:r .' J( N~~ ) 0 _ e-7/1f ~(7 -+b) (7+-'b)4T+ b-~ 

one uses (4) to determine the edge 01 tbe reflector b7 noting, that 

F(x) go •• to Bero here. 80 that 

defines t) " 
i 

F(,IJ) :: 0 

,Using (J) to obtain b and (5) to obtain /I. one thus has 

( 

" (Nrr)u (Ncr) 
the pllediJl'll!Jlul10ns for a;ny specified (N(::rjrtlo If tbe Talue of ''1~_ -, (~ 

l's ~oo ~al19 Eqs.:' -(3) and (5) will be 1ncom,;.lat1ble. The Umitinl; , 

value of (NtJ)u/(lta-)~ 1e found b7 eetUng /}'= 0'7, 1.e. b7 r.qul~ing 
the ,second [ ]in (4) to TAllish,,' ~1s condition ,together with (3) 

will determine both b and (NU)u/(N(J"")m for the limiting case" 

It is 110'i'feas1ble to determine the neutron econom7~ The 

neutl'Ons absorbed in moderator inside the pile .per neutron abeorbed 

by fissionable material 1s 

(I u)m! (NO\':)'Il 

) 

(5) 

(6) 

:' 

(4) 
\ 

" 
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'The neutrons l~,,!t. to moderat'or In, the reflector are ..... ven b;y 
',1, r' " & ... 

4-(1" (Nr,tlm ~rft1rl ~ dr - h (~(/J-b '- 2 
u; ".7)/2, b (NtT)u "fo - b (l~,J., . J 0 F(x-rb) (xt-b) dx ,(1) 

The n~tron8 absorbed in breediug material inside the pile are gl ven by-
\ 

(Ncri': = 1j (D ~ ,i dx 
(N <T 'b (J 0 -(1ro-~-

The IlEiUtrone absorbed 1n thp. external bl~et ~qua18 

the outflow from the refiector:)i.e. 

(- 7lj f "0') 1 ~1T(,8Yi')2 
j1TT3/2 b}to (NO""k-

- ~_/2 It,:? Fa (,8) .~:;~ 

Calculations presented previously- were made with ,the 

abo". formulae and the cons1amte of Table II .. 

G, 

*To this must be added the neutrons slowing down in the blaDketv 
but this was negligible for the caee. considered. 

, 

" 

(8) 

(9) 
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