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lJ.trroNltru mEBMAl't PIt 1lS 

R.. C. Mason 

'2ammtY 

Thl"ough the tission of Pa.241., the highu. 1Botopee of plutoDlua , 
increase the bl"ee41ag ratio 1n a pile which u.s .Pa..239 .e the -Jor 

fuel.. In thi8 report, curves show the bulld up of the lsotope. 

and other important qaanUtlee in a modal pUe" Pl'Oba'ble "f'a1: ... of 

breeding ratio in a graphl '.moderated pUe of tbe lIaDtord t7Pe 

are worked outo and tbe factors affecting them discus.ed.. 

A pile etartlzac up on raatuzoal uraDiQlll will run 80me time oa the 

plutonium produced, without addt tton of new fls81oD8'b1e material; vb_ 

new fuel 1e requlreCl" urw_ w1th a low content of U236 BlaT be used.. 

fhoD&h def'tnl te figures inTol ve' 741. which le at pre.ent UU:noVlLo 
~ 

there 1. hope of -such pile. showing a breOll1D& ratio aboft ,,850 

-t,... 
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FQRE';19BJ2 

.fbi, report., togetber with MOD P-287 b7 Ma.son end Mon c..374 
.l': . 

by Ott,,/pre8_t8 the worit done b,. tbem whUe at the Clinton Training 
.~.r 

S~9-?i1"0l1 p11es which beam operation on natural Uo A more complete 

bi~iJgrap~ on the subJect 18 g1 VfIIl in a. recent DOte 'bearing Central 

J'llEr No. 47 .. 12-7.1. .. 

. The considerations on Pu. isotope. are releYant tor lU thermal 
/ 

piles generell:r. and oue caa consider Pu. pUes with no U in their corea 

Just' a.s Ott ia CL-Sfs...31 aa..dCL-1lWS-41 ~nalderecl U unita yUh DO 'lh 

,in the corea" 'AbU. this P088i'bllity 1& implicit in the pres.t r ... 

terenceS II the _tho" hore bave 1I08tl,. coae1d8l"ed ~les l'laY1ag 

fenU. lla:ter1al in the cores. 

Mr" 1·laBOD vaa called back, to :'.et1Dghous8 eooner then had been 

upectedp which lntenoa.pted rerlsS.on of the manuscript tor the present 

report.. Thus. it is perilaps not in the fiDal. form he would have giTen 

1t bad there been more t1me available .. 

Gale YoUDg 

iv 
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PLO'l'QllIUM ~BERMA'L PIL::[§ 

I. IAtmductlon 

The probabU1t,. of Pa.24l. possessing a large fission croas 88011108. brought 

out in MoDP-28?, has raised a new lntereat in plutonium thermal piles. So,cb 

piles voald be fed. Datural or perhaps vanta deple1tec1 111 u235. bu.t thel' would 

l'Wl pl'imaJ"i17 Oil. h239 and it s hi per isotopes.. a. C" Ott. in Monc..3'14. bas co ... 

aielereel a he • ..,. vater modft:ated vanl-..pln"oaiWll pUe •• hUe this report vt.ll 

.tnveatteate the general. pos81blllU •• of graphite moderated pUes of the ~ 

ford t1])e. .,. 

II.. Sist. I9dM fllt. 

Aa & tire" step. In order to ftx Ideas, suppo.e a. ..... 17 81mple model be 

co8aldered.: o_ln whlch oDly Pu,239 and. 0238 als. orSglDBll,. and to wblch 

pure u238 1a added. 1n proper aDouat to maintain the pUe cr1 Ueal. .e the ieo­

topes of plutonium bu1ld up. Wore the iaotoplo colUltltutlon as a functioa 

ot t1me CSA be determined.. some ch01_ ot cros ••• ctlo_ DlU8t be made. 

A. ~U §Idi 9M. 

As the pluton.lum lIotopes crow, the rates of neutron prodilctloD. and all-. 
sorption change. AO ~t the energy 41strlbntioa of 'pile neutron8 vill Y8Z"7 

vt.th time, Consequentll'. beaan •• of resonance absorption, the effective cro •• 

sections, at least Pu239 8II.d u238. aa.d p.8s1'b1.7 ot the other Isotope.' 

Be well, vill not be constaAt. ' 

Let 

Y .:: Damber of' aeu.trons pmduced lSr ua1 to ... 01um8, pel' eeooJUl. 
per unit thermal nu 

<I'=th~ fiuz 

p(E): probability ot f18s101l :o.eatzon reacb1ac .81'., E 

~ 
-1-
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For a homogeneous pile 

,.-~ :£ II (j" 
(1) ptl): Co J J aj j 

with 

-
~ '= 

~ It .1«1"83 .,.0-&.1 J, 

;: 

~ I ~ 0;'.1 .;J.1 

t llJ ~J 
J 

-1.... AI 
- It .J 

tie Iftlppose the cr1tlca1.Uy of the plle 18 dete:rmlned bT a characteristic 

qoattOJl of the Fermi '1Pllf) 

(2) -","Ii j>- fllJ a;"", l"'+.h(lthl E-Jil1:(l!tb)f 0 .0 

~"e J.IIQ' def1ne an average reaoDlUlC8 abeorpt,loJl C~8B ,8ectlol1, ~arl. tor the 

"-til apect" ot atoll b.Y th.e foUOWlug:J 

(3) JI~r...s f =)ff r e.. -JP7.'(I) 

'h 

«Cll. 
~. dB 

\"here tbe limite of integratloD are the thel'll&l and f188108 .nergi .... 

... 2-

/" 

• 
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From (1) 

~ 1.1 0:-;.1 
i' ~ (4) R.P :: p(l'!) < If «) '-to- ~ 

~ E c:::;. J t;J a..,. 
J 

80 eq. (3) transforms to 

!It 

..l... -.1-.r E 
.... 
-; 

. (s)O""art=f[ p(E)'E ..;B:),1"(E) 
~ _ <' cr:. 
lit. t. L 1t4 (0"'" J . + t:r ) a1",JU!i 
-.h ) J .., s aJ E 

In the same way" an e.verace resonance fission crOBB section iffr! can be 

. defined by merel,. replacing Dil .tnthe A.bove integral by ~lo 

For simplicity, we denote the ,int.egral in eq. (5) b;y llll. 80 

-
(6) ~rl :.N'fa1 

ctrlJ1tl 

If the thermal C!'Oss lactions are indicated by the subacrtpt th. then the 

!9~e1 er098 section 

(7) 
~1: J;thi+ ~1 

ath1 la1 

8ft = otthl ... .,An 

In order to examine a little mo!'£ closely the a.,.er~e resonance'crosl 

sectiollo suppose these s1mpllfl1ll& 81S'W1rptlons are made: 

",,3,. 
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10 S ~ X;/a-'ej -t-O;, • .,>-.. ..;.. iii Nxd"'SMo · the subscr!;pt M denoting the 

properties of the moderation Blon8~ 

2~ Resonance levels of all Pu isotopes are below those of U238• 

3" All resonance levels fl.!'e low eno\l8h that· f. -»2 ?-{J!)may be taken &11 

constant in aq (5)0 'With tha value.6 -B2 7"(:lth)., 

4e The dilution of the plutonium 1s larce eD.ough 80 that the p for Pu 

~one approaches ODe .. 

Th8lla if P28 is the value of P(Eth) for u238 eloJleo eq (5) reduoe. 

to 

(8) a;..1.:...r~-]l2 (~h) Pas· n C"SII 

~ . 

~~~ 
Bth 

tor other than 28 atoms; while for the.latter 

( 
_ U'. _B2 7"( li!. ) 

9) a-'ar 2S.:vf € , ,h (1-P28) 

In MonP-28? \I pp.. 22 ff." 

~~6& gJ -- E -.. -.- , ~ ... 
lj)& ~.::.r. 

for 49 wu 

6't'alua:ted,l using the/ ApJ1roprlate for the Hanford pile. 'Phe coefficient 

=~ 
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. y.r-
P28f - II which amounts to about 086 1n the Bsnfor~ pUe·, was neglected.. ' 

Since tn that particular caBs" the Pu sample being i~ated WI pureo unmixed 

with 28" there V8.S JlatlflcatioD for the omi.lion.. For a homos_eoue 

mixture, liew..,ero the coefficient .should be included.. For a heterogeneous 

aaa_bl.T. a -.pace 8S well a. en energ aversge must be lIeedo 'nm, the 

Cr-&49 depends Oil the geometz1.(aL distribution and the concentration ot 28. 
, .' ......... 

aa well 88 onf. Likewise for ~a40e O'a4:1 o except that tbe e7.per1ment. ot 

MOD ?-287 ga.,.. the ratio of O--a4O allc1a:'t4l toe=-049' 80 for other arrangeDl8llts 

one mq expect theee ratio. to be,more accurate than the 8eparate cro •• 

sectionso 
, 

Since only or1.ting calcolatlon8 are intended hereo 110 will 

be e,S8'I1Iled that the C1'OS8 s.~10n8 of the higher isotopes of Pu are tho •• 

ot Mon l?-28'19 Met that thetr ratio to o-ta49 18 also the same as in Mon P ... 261 .. 

. :Build Up. B" IsotApe 

'(I e. shall .uppale the concentration of Pu239 to be varied 1n such 

a wrq 88 ....A""and P Chance al to maintain alwSTB 

-(10) B49 ~9 ;;: conatent 

'!'hIs requirement keepl -49 (Y 049 also 8'O.bst8l1ttall,. constant, since b7 

Mor&P=287 a. ~% change tn .Kvould oAly change ~ 049 b7 l~~~ 3 eo furlher 888W118p 

(11). N49 a:-e49:: eon9tant~. 

The ~~oss sections and de~ constanta 'whiCh Vill be used are, 

[nef: E·ionP-287~ C!L=ml~2DJ 

=5= 
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~49 ':. 515 'b 

, - 1005 Of49 :: 

.... &49 =- 152:> 

-' ""'4:9 
... A.95%10-13 -

ec40 '= o~40 ;; 2000 

'" 40 .. -: 
3.6xlo:..,12 

lSf41 ... 2511 000 ... 

"C41 - 600 ... 

~ - 1 .. 56:l0'" 9 -
• 

<rc42 : 600 } Pvely arbi'traJ"1; 
o:ba.1a stopped and 

~a42 .: 600 end product neglected .. 

~ - 5fj() ... 

}\' 
51. = 4 .. 35:xlo-11 

)\52 ::. 1 Q 13:z:l 0'" 5 

.i' 62 ";:: 5 .. 3:I:l.0'"' 8 

From the". the equUlbrium cone_t. t1on8 which build up ma:t 

be read1l7 calClllate4 as: 

!1Q. = om8 
-49 

B~ :; 00198 
N49 

~ :: oOl~ 
m4Sl 

, ... 6:", 
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~ ;: .. 00056 tor p;.lol4 
1.149 

.:-. ,,0056 tor t:: 1013 

11~.. 6 
~ '::. .2 .. '14xl0"" 
N49 

!§i-:, 
1149 

.. 00058 

The eODcentratiollD as f'uDctloD.tI of time are shown in Fig. 1" where 

per cent of 8q,'I1Ulbl>lum concentration 1 II plotted S8alnst t11ilEP 1n 1014 J'G8rI" 

It 18 80E1l ~t Pu.240~ Pu24l. would rflach subetantial equUlbr1um in about. 

hait a year at a flu of 1014
11 or In five years at a nux ~t 1013

0 The 

hieber isotopes would take about 5 tlmes a. loug., 

It- the higher isotope. haYe a la:rge r81101\8.11C8 absorptt.on. ths t.he time 

scale ot Flg.. 1 !vould be coDslderablJ' In 8l"l"Or; as alr~ mentionedl) the 

oquilibrium concentration rstio. are iess likely to be fa%' wrong .. 

c.. !ltMt»£S.Mo 

One ot tbe features of a plutoniUll1 pUe which ofters some at.tratUon 

Is the etdeDaturlnglS etfe'" of Pu.240. P?esuma.'blyll any interDatlonsl cont'rol 

scheme might require le89 etrlngellt laspectioa and control eafG£D&l"ds -

for pUGS in which 1m. f1saiouable material :l.s milltart11 mettectlveo 

--• actv.al11o flux-time .. 

-7-
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In Fig., 20 the ratio of concentration of Pu240 to Puaa~ t. plotted fl68iru:~~ 

tlme!) with the assumptioDS ae to C1'089 sections of the Pl'e'V'ious sectton. The 

ratio 5 wh1ch the lllaterial 18 efiect1vel,. denatured 1s fLOt known to us" 

Han:tord product haa a.bout l~~ Pu.240.. It one cuess •• a pUe etartlug on pure 

Pu239 might be flaate' when the relative concentration ot Pu~ reaches 

1~1> then Fig .. .2 give. the time tor denBturinc aD this ba.is aa .. 015 Teare at 

. a flo: of 1014g or about 29 week. &., a nux of 2:11()13 .. 

Do 'M"QAct;lntr. 

In the eleaents which bu.lld up from l'\t2391) either b1 Ilaltron capt'lU"e . 

or radioact1ve decq. tbere 8.1"8 tour o<...emltte1'8 (Pu2391> .PQ,24011 Aa241, em242) 
" 

anel. two,d _1 ttera (PaOOo A.,.242) which need to be considered 1n cletel'm1n1nc 

the activ1 t,. of the pile material. Pu242 18 neglected solely becea.se Its 

propeRies are Ul'lknovn; and' the act1v1t1etot the elements which refJUl. t 

'from the deca;y of the aboTe are negligible" 

If all the above products are 'left 1. the pUe UIltll equilibrium . . 

CODeentrat1omamestabltsh~. then e::xaalnatloD of the data of the pNTloul 

•• etto. above tlie Ghort life of CmM2 make. 1t the oBlT 1mportant o!.. emitter", 

deep!t. it. low concentration.. The jj aUte" are ot equal importanc.g ulnee 

the;y ocC!l!' In •• qwmC80 and for the same rea.ODe the activity of each 1 • 
. 

eqtl8l the 0( act! vi tl of 0.242
0 

101lowlng actlv1tiea8 ' 

In equUibrlumo 'henll calcu.lat:l.oa giYee the 

0(... actirlt,.",.v 500 curles/mo1e 49 

~ aetty",,. N 1000 =r1ell/1I.01e 49 

!he above i. aD upp~r 11mlt to the actint)" of the pUe material.. A 

• 

=f).,. 
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lO!.>fer 11mit IIIal' be foUD.d b7 supposing ohem1cal proc.8.1~ 1"_0"'08 all 

el811ente except plutoJ11umD so their activities Dever become epprecia'bleo 

'.l!bfla the GGactlvitl of Pa.239 and P1t,240· rill be of the eeme map! tuc10 in 

eqttillbrt~ Sl'ld j) emission will arise ollly froll Pu?A1" CeJ..culaUoa 

then glvel'!: 

0(... act 1 vi tJ" ""V 301 curies 1101 e 49 

~ activit,. N roo/curies mole 49 

Sitae. u238 is presumed prellent o the ft em1&slOD of U239 and Bp239 

weruld a1. so have to 'be cons1dere4.. If the breeding ratio of the pUs approach-> 

e!l l~ theD in equU1bnwa the activities of theee two wOuld. be several 

hundred times that of the Pu above.. Whether or not the eQ.uUlbl'!ua activi t7 

wonld be ellowecl to obtatA W'ould depend on the conetructloD and processing 

aohedDle of the pUeo ID aD.7 eYent. the dt.integration rate. of -0239 and 

lfpa39 we 80 larp, a moderate "cooling period' could reduce th.:dr activit, 

-to mob less tban tbat of the plutoni'Wll,. (The 8ame remarks apply to tho 

U2a7 which might be formed tmm an.,. U?..35 pretl_t In aD. actual. pile.) In 

cont:rantll the half 11fe of Pu241 18 14 Teal't or greater (raf'erencee prnlous17 

ciitoct).., eo no. practical coolinc period 16 gol11& to have much effect Oil the 

Activit,. of the pluton1um when equ111~WD attaiD .... 

Eo u.,tmp. .,ltogucUon. 

The rate ot production of D._tronao -Yo in the model pile wlll be 

a f\mctlon of time through the ·growth of the fissionable isotope Pu241: 

. JJI"'" - - ('1 + ot. ~) .:;::... (12) ..,n ': 1'49 6'&491'49+ l~..,w;rh . 141.gt4}. W41. 

",,9-

1111.11.1 
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~ I 
wbW'€i -:-:l.-=. ~ I) Q(...: 

. tl'f 
~ 
~f 

and O""t= ~-t.f 0 _ 

'ile have sup:poee4 that 149 will be at\3u.sted 8S X"anc1 cr'a49 'VBrie.o in IUch 

a 'f187 that 149 <r 649 =. constanto Dividing eq (12) bl" thill collata.11t 

..Ar 1 +- c(., . Ii d-: 
(13) ..... -=. 1. +- - :iL , 141 ~i{4k 0 

. N49 cr &.49 l+CICI41+"'-41 549 649' 

Since both """41 oqi..Q are certa1nl7 fm8l1 

I -1" Q9.+ tl 
1~'41+tA,41 

I 
-) 1 ... 0(.41 

~1 

As '141 itself is unlmOlmo the yalue used. for it in future vill be taken as 

I -a.ctuall)" including the 1 .... oe.. 4].0 It 49 0 eince it 18 the average for thermal. 

and resonance fissiona. vUl be e. function of r.. Subetitutlon of cross 
. . 

8ection8 preriouBl;r ueed show howeTero that forA chang1llg by 60% froll tbe 

% spp1ytDg. 1A the origin of t,hose sect10nlo '1 49 would. var.v bT leea tbaD 

l~o 

IfClC1141 denotes the eteaq stat,e value of N.Q. then 

QO li41 ~ t41 ~ 1'49 ~ c49 

Binee the ra.d1oactive dec:a;r rat~ of the lntermediate member }'u240 is negllgi ble 

compared to ,. t8 neutron capture ratoo Thu8 eqo (13) becomes 

. -J:. - q.,49 lijl" = n49+ J141 -=-_ - - 0 "l ',( c:s-'a49' lf41 
. 00 

(14) 

-- &: . 
Just e.s i~ ~hG C~15Q of I{ 490 =;;.. Mti \1111 be a function otA"; 

tr'~49 

=10= 
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aleo ae tOI' 
d' 

114'· ~ "Ul chs.use oDl.7 a11gbtly tor a lug. variation 
6'849 

1n...Jf; 80 tbe ra.tio meT betaken aD constant at 

wi th ~9 the "tal ue corresponding to the 0" u" of Clectton B.. 'fhuu 

(15) we ., - 01-
-496"a.49 ... 149+ l-ft'"c:.If.,.;! 141 11141 

,:541 

If the 'Value ol..Afa.t t1ll1e :aGro!} • .lIbm 141 :01) 1e called .4 the.n 

fo -: 149 

_4 

(16) .....y-'... .... CoIG49 ~ ~. 
."... ... 1 l+d'- JJ 0 ~ o 49 {4~ 

, 1lI ~ ....r:. 
The t 1me Va.riatloD ofY tollows that ot ;4l shoe ;.... R 

Cl--:i'4t' ...-Yo 
18 dtrect17 

proportional to _!~... \'he lat1;er~. computed in 'FiC ... 19 ",nel h rE.¥peatec1 
t:t4.11141 

111 Fig .. 3., Agaill, the calculation aed contltant erosl sectlollfJ g and 10 

I'llq be cons! :'le.r~'bl1 'In 8I"rol" tn t 1m. acal. (10.. than a factor 01 two though) .. 

',Then oquillbr1um atte1D.80 and, B £.". :: 18 very cl08el7 
oolf41 

~~"'~"'l""" c4'49. _~ '~ 
- - T 7tr': Ko 1+~49 ;~49 

(17) 

-11-' 
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Putt1Dl: in ~49 ~ .513. Y 49 -::2,,9~ 149:: 1,.9S. (Ref .. 01J«...)tW-lo Maxwell 

p..ver&4CeSe also SecttonAg to \i 0 Marshall in Mao 1 ... 2733 U8e~ If 49- 1 ¢ 85!) 

cI..·49':o59~ 1t 1s not know tbat these are an:¥' JIlore reliable than the aboTe~) 

L. 
Yo 

=--1 0 434 for 141 ::. 20 5 

:= 1.52 for 141 ::: 3 .. 0 

F" he • ., Bmmaa PlQ4Jgtlsm 

Another quantity which 1s wluable in following the t1me behaYior 

of the model pile 18 the excess o:.f'1umtron8 produced. over the abeo~t1on in 

~u isotopes.. '.;fe denote this bJ7 f p in 

(18) £:r: % - i/; i cr'sPu, 

e represent. the 1!IaJ11!lJ1l nwnber of neutrons whlchm1g.b.t be absorbed in 

U238 ; and the change of l: with time will glYe 'the change in me.~imum COJl:= 

version of U238" .The actual change ill conversion will not att~ln tbiB 

latter figure. however. beoanBe of flssion product absorption, alteratton 

in control absorbers. aDd chango in faet neutron leakqev .whicb vUl be 

proportloJ'.U!t.l, to ~ 

£. = .K .. 149 ~a49'" W40 0;40 ... )J41 0;41 

= absorption in higher isotopes 

The last term will be neglected, Bince the concentration of hlgher isotopes 

18 so small their contribution will not be overl~ of z." Then 

(19) 1- ..-Y'" 
1149 3--'&49 - 149 ~49 - 1-

~ ~a4(L ~ _ 0--3&1. 
Jf49 ira49 - .49 ~Q49 

... 12-
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Stnce 

(>c:o :140 ~a40 ~ 149 CC49 

substituting from prft'ioua equations (19) 'becomes 

(;JJ) f .. ::.JJ49 - 11'- (~-1) dc49. ~ "' .. trC;49. ~ 
N49 ~49 <Ta49 ooD'41 c:r &49 00140-

\iith the approximations al.reac1.Y cons1dezoed.1l 

(21) ~ =()l4g.o;l)+ d- ii r< YI... ~ i) n Btt ... !!qJ 
.49 ~9 l' 1+cL,.49 L f'&'o oC B41. coO 1f4O 

e The quant1ty 1n the bracket 1n 8q" (21.) we call (3 .. ft 'ftU"le8 trom zero, 

when the pUe etarts OD pure pU239
l' to,&o::lJ4t - 2 at eCl~Ulbrlum" Thus 

of - Eo is directly proportional to ~ .,' From the !il. and ~ alrMd,J 

e 

. . ooB41 ooN4) . 
tound& . .tfJ _ hae been plotted 1n Fig .. 3 tor two valuee of 141,. .. 1»: Fig" 

/It:lO ' 
4, ',,9 tor three 'l'alDes 01' 141 18 plott~ on aD ateraded tim. seal, .. 

, I 

It vill be noted that IJ fbet 1a neg8t1 vel') rea.ching a minimum and 

finally 'becom1ng poa1tl'f'e again ae \ime gees on. The negat1 va dip 1n /J 
18 C&t.t.8ed b7 thePo.240 growUsc in flret and absorblns neutrons, before 

tbe, Pu241 bulldaup from the Pu240 ; laiu~r t,he gain of neutl"Ou froll the 

fl.sion of Pu241 oTercomes the absorption in both lsotope.o !he duration 

... 13,., 
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of ugattve ~ 11 rather short. being between a fflti dqs and. a few week8~ 

depending onJ(41 aII4 t:;,. After thi. 4ipv /3 ~< 'follow. £oe817 the 
. / ~ , 

curve ot !A.: 
00·41 

. Denoti. b7 subscripts 0 and 00 the VallJ811 of ~ at startup aDd after 

atta1ament of eqallt'briWD 

(22) 

and. 

{OQ -£9-:. 0/;49 .. ® - <2 
to 1+ a.. 49 149 - 1 

~ 
149~ ~ 095 

~eP -B49 a"a49 - 1,,119 tor '141': 2 .. 5 

z - zo 
i.o 

:.1.288 for 141::: 3 

:: u178 tor 141 -.:.2 .. 5 

:. <I 356 fOl" '/41 :.3 

Go ketd~ B&U.9. 

If "e defille (lee further' eU8cue8101l of the defini'ioD. 1. 8 18' .. 980\1011.) 

the breeding ratio. i. as the DUmber of flss1oJl8.ble atOlll8 created per second 

per tteelonable atom Cl.8tro7ed.. then in th1& hlPotbet1eal pUe whlch contains 

. 0Dl.,. pure U238 ( 'e. no U?35), 

. -14) 
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(23) S:. 128 ~c?g+ BAO C'dQ 
149 c'-a49 +- B41 ~ t41 

.. 
(24) 

528 d c28 .. BiQ:rc40 
g= Iii c;:-Mi ·49~ M9 

1 + Ifl ~S41 
149 5"&49 

Bow, we are presuming B28 w111 be 'f'8.1'led ln rmch B wtq al to malntB1n 

the pile C!'i "teal alwqs.. We can get an upper ltmtt to B28 a:c28. and to C, 

by euppos1ng the changO 1n 1128 0"&28 88 the hlgher Pu isotope8 bulld up IJL the 

pUe io just the £hangt 1A E... 'lIlat la. ve neglect for the present the tildon 

product absorbers. and flDT alteration in control absorber. or taBt leakage, 

68 menttoD.eci ta. the previouG 8eetlon.. :JIIa.rthero rather tball fix Iltllllerlcal 
6: 

'f'8lues. we introduce #0 tor ":28 a:-~ at start up wh8ll 140.: N41: Oc 
, v ... 49 8.49 . 

Theil" at e.D7 other timel! 

(:as) Bag a:g28.. 
B49a-a49 

£. -, £g 
::: &> + Ji49 <f' &49 

SubatltutlD& from previOUS equatloll 

~fikl.-b ot4l._!to. ~ -I-~ ~!6L 
(26) B _' -:R4g e&49 Bf;9 (r'M9 B490"'Mj 

- Btl- a=-w. 
1I49~49 1 + 

Since cTc40.=. d&40!l eq.. (26) become. 
J 

(27) &0 -+ .of...4L (11 41- 1) B41 
l-rGl-.I1Q -\. 

IS.:. 
a..49 541 

1 i'" 1 .... 0.. 49 at::I N41 

";15-
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wUh 

'(28) 
go 4-- ~ ('141 "" 1) 

Ifd..119 .• 
g c>o -:: ' . <X.. 

1.,. ti. 
1+01-49 

, 
'!'he time nriatlon of C 18 easiee, ehova throuch 

(a}) 8 - '0.... _ 'a;o-ro -
ol-~) !41- . (l-t-l+~4i 00141, _ 
ol . '41 1 + 1-+O£!; <:IO'B41 . 

. 11141.. • Thh' q'08nt1t.7. calculated from the -.- alreadT foundo 1.1 plotted as the 
00 N41 

dotted 1tne In ,Fig. 30 

In 0 rdel' to afford a q,ulck eetimate of the maximum c: which could be 

expected 1n a "ile of th1a tweo Coo . from. ect (28) has been plotted a~ a 

function ot Co for different Jt 41 In Fig.. 50 

It will be noted thQt~ gives the excess neutrons, which aside from 

otherloesee might be captured 1n the breedi.ng material, U238• !he 

aince capture cta neutron 'b7 Pa,240 leads dlrect17 to Il 1'1ssion,';ble atomo 

Becauee ot the28 oppoetng effocts~ the terms in 540 in eq (26) 

cancel D and leave onl:r terma 1n li41 in g. 

We are now interested 111 whAt Co lnS.1 be. For a Hanfo'rd pile on 

start UP. &'0 is About v,82. (Ref: Private Com-:unlcatlon9 K~ Way; also 1'1'011'1. 

.,,16... 
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data - in Memo 7 ... 2733p Lo \y~ Marshall) Supr088 the U235 in tbat pUs were 

replaced by Pu239j) and the CDD.Ce':ltl'atiOJl8 of Pu,239, U238 were adJust~d 80 

the pile would run under the new conditions identically as under the old. 

-Then with the Pup go would be changed 'Just b¥149 "''1 250 Since ~ 25=- 2.12 

(CLM-KW-l) whtle 149~ 1 .. 95; the new Co would be,BJ)proxlmatel7 .,82 ... ,,17 :.65.' 

By Fig. 5~ when equilibrium isotope concentrations had bIlllt UPo SClQ would be 

,,99 for J{41:: 30 or .865 for Jt 41:' 2059 or so oa. 

Whether or not go could be increased ve leave for later dleca.eaio~ BUd 

procee.d now to consider Bome factors which ',-111 certaln17 decrease &...0 below 

the maximum heretofore dfiP1cted~ 

11.0 

1.. 1'181101 trqguct~i! 
\ 

:Qecause ot neo..tf'on I1boorbl~ fission p roduot80 the Mount of tJ238 Which 

can be put 'in the pUe \tUl be reduced~ If neutron capture is the only 

tmp6rtant cause of' decayD then lnstead;y state 

lip ~ap:::' 7p (149 Of49+ Jl41 6f41) 
I 

where :np I'lli the concentratioD of p~o'duct P" <Tap 18 cross secUoAJj and 7p 

the :f'hsion 71eldp assumed theaame for Pu239 and Pu241Q 

Then 1.. B c;:. (~f41l 8"'1'41,~) 
p i: ap :;., O"'R49 +tfa.49 B49 
Jl'49 849 

~T(1449+1::!! j 
=y 

... 17-



e where y h the aUlD of the yield, of all such fil810D productso 

e 

-', 

In calcula:t1nc: the effect on &xi of tbe fission product. abaorberB o 

~ Np 0' Iq). mult be subtracted from 
p -
- ll49 C"a49 

-~ 

N28 O'"~, by sqs (25)and (28) this 
N4~ o=a.49· , 

18 exact17 eq,ulvalent to reducing by 7 the go figured for a pUe with neglect 

of' fiBsloD productsD 

Undoubtedl7 In the type of pl1e here conslderede Xel35 would be pre,lent 

1n equilibrium amount; we shall· Bs~e smll9 wlll a180 0 With a 71e1d of 

5.5~ for the forJl!,er and lo4~ for the latter (Cc.,.3420)· 7 would be .0690 or eaT 

~07o .Thus in the example considered in the prevloW!l EJsctlono go would nov 

be reduced to .. 65... 007 : ~ 58. from :r1go 50 100 becomes 094 for 1. 41 = 3. 

or .81 for 141 :: 2 0 5" 

Reference to eqs (27)1) (28) (30) shows that 1f sau Pu239 vere present 

y ergO*::> .:;. .. 1"," "&"49 

while if the higher isotope 1& tn equilibrium 

Jg~= y 

Qt..4i... 
1-t" i .... dw49 

Substitution of numerical values shows the rednction of g~ because of fission 

product buiid up 1 s 13~ greater with Pu241 1n squiU brium than 1f Po,239 alone 

11 preaent. '!'hs increased effect on goo occurs because of the inci'eaae in 

effective f1esiona pSI" fie&10nab1~ atom destro)"ecl& oJ.. 41 being vera- small 

cODlpued to eN 49. 

If the tiBston products are l1ml~ed by processing ·to a definite concentration. 

then 

t1goo(vtth 41":49):.fgO'Q(wlth 49 alone) x _1---: __ 
. l+- 0,..49. 

1+cl.49 

= ,,75 JgoQ(Wlth 49 alone) 

... 18,.. 
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Beca:o.s. of' the great.,. D.WI1ber of neutrons formed. "hen Pu241 18 pre.eat. the 

effect on g'OO of a tl~d 1088 18 les8 In. this case than 1'01' pu239 alone. 

2. Q.QJltro~ Ala90fber, 

11 neu.tron absorbers. in the form of necessa17 control rod.. or perhaps 

structural Change., are addedo beyond tho •• incorporated when &, 18 figured, 

then in ordor to .malnta1n the tame Crlt1C81ltT concUt1oaa U2Z8 .. 111 baw to 

be reduced and g will deereaae. 'lh.e effect can be seen b.7 decraae1ac Co by 

St II wher. S+- 18 the total C1"08S seoti on of the added absorbers. 
5490"a49 

J'renuentl7. such absorbers are specified 111. terms ot /kgi...o 
k 

It keif :: -¥ 
Beut:ron. absorbed. +n.eutrons 1eak1nc from pUG!) 

th~ a departure 1':ro1l1 a stead1' atate in which k.ff: 1 will be g1'"ft by 

. - gJHmge 1p. D!U cheff :: 
trop' absorbd. 

Since kwtl1 be near 1. appro%1*&te1y 

, I" Co = ~. -< (~~t'L.) 
~ 49 6"'&49 \it 

Proll eq (15) ~ will be betwe-m 2 and 3. probabl, nearl, 3. 8Oj)' '"1'1 
B49 ~a49 

roughly" 

dCo =:: 3 Jke1'~ 
1t 

'!'hue tor dktff: 3 to 4~ j ,r B4J ~~.~ 10 

Apin Ftc.. 5 shows the chance 1n ~; If ill the axample prevbUs17 
• 

carried thro'Ogb,ll ,'go h decreased from" 58 to" 48~ ~:: 0865 for Jf41.:' 3, &:x,:" 74 ~or 

i141 ;: 2.,50 

-19-
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3 0 Chern 'gal fmgeasbg 

In the chemical proceestng of pUe materials neo •• ear117 some 1080 of 

fissionable ~tome. or potentlallT fissionable.atoma, will occur. The effect 

18 the eame as a reduction In breeding ratio.. We suppo •• · the processlngteke' 

place 1il discrete Step8 .. the materiel Is supposed to remAin. tJi the pUe for 

a time T~I\ then be processe4 and returned again to the pile- 'bu.t we average 

the 10s8 over all t'tlB8o l'h& 1088 of 28 atom8 which have not beeA converted. 

into 49 1s not counted. .. 

Let 

!ben 

80 

f : fraction of totel fissionable atoms which fission in Tc .. , 

OJ.:' fraction of atoml 01' 8J17 specte •. which are lost In one 'Processing 

C.:. c
1

:. &ve1'868 fraction of fltO::'1S lost pe;r secon:l. 

-.~ 
f (H4S lr't49 .... B41 Of41) ! c ::: f (U49 ..... 'I.-u) 

- N-, 
<'f49 .... :.tl.-Of41 

(31) -&... _ -!l.. 
Y' - f 

• 49~. ___ _ 

1+ !4l 
1149 

Thu ...JL has the dl~enBlons of .J...ross section: the C1"08S secUon· whlch gives the 
l' ' ,... . 

average procesa1ng los s~ . To eve17~. tbeno + IIlWtt be addedo 

It is con-.mlent to call +:!log and to Introducecr:...5t--
~d8 

-20-
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From aq (31) 

(33) ~ [t:fJ9""~.4~ Cf.;' 
49"'· ~ .., ~ I 

1 .... 841 149 I 
, 

We ellall consider. only e~u1l1 brS:uJIl Yalues. to 

?e. lf41 O"t41 (11" 4"41)::.«:.140 o-c40 
and 

(33) 

co!l40 ~ c40(1+ ?I' 40): 149 Oc49' • 80 .. 

- 6: (aI--aY 1 \ 
.,c1l41 C"t41 (1+ t 41): 549 a49 1+0... 49Al+ ~ 40) 

1'hus~ by snbstUut1ol'1, since a--f41-~41 

(34) 

ol. t9 
-../ _. 1+0+ lf415 1 .... 140) 
.049 - !I 

l+~49 t+ ~: (1+}41)~}40)] 
({ 40 :: Y49 ~ ail = .. "16 )(49 

0""040 

- , 

"2141 s 7149 .~Ati == ,,05S}(g 
e"t41 

n 

Sinoe •• are intere_'_ oDl.1 In Ilmal1 _lue. of z~ cel"talDl7 below .. l8 we can 

get limits of t49 for ,theee ... &lues: 

For ...... 011 Y49 ~. 982z 

z-'01, ¥49 -f :96z 

'Ie shall .ewne thAt 'for. ezq a" )('49 hal the· avp.rage value of o 97z .. 

... 21-



e 
Then. 

(35) 49::' o9?ZI) t 40 $ ,, 735zl> 2f' 41 ':: ,,056z 

In cal.CIllaUng the bree4ing Z'at1~& DOV eq (23) . chances to 

or 

g= Bas ~ca8"" B~ ?* 
B496'&49 (1+ 49) .... li41 Crt41 (t-ti!'41) 

~ Co"" (>f41 ... 1) Nil _t.il 
(36) c :.,~ r . H49 er a,49 

1+ tf'49+ 1:41&t41 (1""'2f41) 
N49 a:-. 

~111 considering the steady state ve.lue" and SUb8tituting from above 

. . ~~ 1 (.' fl ' 
(37) ffpJ:.40+ 1i-~(..41 ;"'l~\l~~_ 1+€J01 .. 

A 1+?f 49+. oLi9 ( 1 ... '\ 
,., I-t 01--49 1"'" if'4tJ J 

e 

(38) 

Since the ~ 8 are small. to a fail' appro:nmatioa 

Co +- roJ.,. 4.9 (..At 41 ... 1)(1 "'?J41 ... ~) 
Coo:::::::' .. :+-d,..4j . ,~,'",,,,_. __ 

U"'" . ~49 ( .,."..,), 
1+ 6 " ... + I 1 ""040' "It., +~49 ~ 

from eq (38)0 1t i8 se_ that the ma,or effect Oil C 1t. throup. .tho f 49 tn tbe 

4momlu.ator. r-epresenttng the pr-oce8siac 10s8 of Pu,239 a The ,1"410 940 
tn the DWD8ratol' account for the effecUve reduction 1. n neu.tl"Ons 'ava1lable for breed.­

ing 'becan •• of the waste ot 41. 40 in pl"Ocesdngo 'lh. Y40 tn \be cienominatol" 

show. the 1088 of 40 which mit;ht have been cOllverted into 41 baa the lame effect a8 a 

greater de8tl"llCtlon of 41; Y41 doel Dot enter here 'because the createI' loss of 

-22-
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41 41t@ptl! 1s exactlT bslaaced by a l'~ucUon 111 N41 UDder the conditions 

of chemical proceeatng loee .. 

Substituting from ,eq, (35) 

(39)Bcc::J go +0 338(1(41 - 1)(1 ... 079z) 
1" 338+ • 122z --

As z 1s emall. Coa will be nearl,- linear ill z~ or approxima.te1.7 

(39a) 3...0-:::' 80+ co 338( 1 41 .. 1) ;:. z ~336( ~41 - 1):'" .405 gc:1 
19338 l: ~ 

Thus 

(39b) 
~. Se.: - .. 336( )( 4l - 1) - G 405 Co 

·.~z 

o 

For the ranee ot J{ 41 and Co here considered. ~ ~ ... would be betW'8en .. 75 

and 1.. Since the. to be expec\e4 can oill,. be eatimatedo U wUl be sufficient 

to tak~ - () 8 M 88 l~ ud 'hUD to ea;r J floo:' ... Z .. 
() Z . 

Ae • lower limit to 'be expected. OJ. m~ht be .001 to .. 002: poaB1bl:r f 

lId.ght 'be greater than .. 1" On the optlmi8tlc Elide. theD, z m1gbt be .s low at 

001, and thus the redu.cUOJl in ii;;adue to proceestllg lOMes oalyabout. .. 01 - a 

1'"elatlye17 IIlnor el'fect. On the other head" if' OJ. were as great ae .. 01& tlnd if 

t had to be as" emall &S ,,051/ 011 t,be peae:lmlstlc slde Ii could. be greater than •. 2. 

In the latter case., the reducUol'l ill ~ lIould be ?e'!!1' serious" 

~23-
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4.. Z-.emW , ICtus. a ~. 

The calculaUo.8 1& thie repor\ an camed out t02' 1'0011 temperature, , 

aiDce the data' 0& OJ"08' •• otloa8 apply 0Dl.I' at about that t8lDpltzat1U'8. 

AcCual17,l l' 1& expected the pUeB it.ca.._. heHlA Woald produoe pow ... 80 ~he 

opetafJlnc teupen.'UH II1gbt be quite hip" Bow the e1ew.te4 'empel'atve 

II1ch' atteet th. oro ••• .-10 •• of •• Pa.24OD' Pu.241 1. DOt kDowIllI bu. .. S t 

is ~ to d-<69 "Ul be tDCrea8ecL. !has g vt11 be remoe4. t:bo~ the 

tlsaloaiag of Pu241 vUl allulllora:te the eft_ to eome extent., 

I. Jt1.sd. at Mdlt\9ptl '_aD Gala' 

1 .. ,In,,"_ J.l&nlSU 

Bow coIlRlc1eratloD. am be &lv_ to 80me wqa 1Ia which iaoZ'R". m.lcht 

COIle to gao.. 08. ot the •• 1s through the oaptUH of 1eakace .... tnDe 

e III lJZi8 placec1 8l'oUD.d the pUe.. If a traottoa £. of ~he D_tnDs promoed 

leak tall the pUeD and ttot' these 'apia .. 1'J'actloll b could. be captured 

lD ~t tben the etfectlve 1Dcrea •• ill Co woald be, 

--

,... -ilL' ( 40) "60- Jf ~ 
. 49 

hom eq (15) ..A::.- ill flquilt.lIIrla S.e 1 .. 95 + .338141. 1Ihtch.. all 

149 VM 9 ' 

'Opper Ualt mlCh' 8pJ)roach 3,0 It the BaDtol'Cl pile is • piele. J? mtch' be about 

004. .0 it 'b could 'be sa larp a8 ., it &so would. amouat to ,,06. Slplticut 

ga1n. could. relUlt h_ thi. ~~ 

2. FAn l1sdtm,.. 

Anotho8' tJ~ iil'. tJMeh ~oor:l1@i 5l.E!ezoeaee 18 through tan fission.. 'O'lUall)'D, 

thG ,ef'1~@t of fag'i; ~1 oo1l.Q~ !Ls lreipi1"(,)otw.~c::m b1' a eoofftct.., E au.1 'ip17lra& ~ .. 

,~~~ 
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FrOB et). (28) )' 

/, -~ 49 "'U::: i'l,:n (&.1>= (1.46+. 253 141)(1\.1) 
C..o - r::::J. 49 

1 .... ----
1+ 49 

If the .ffec~ of faet fl •• ion has al.!'eacQ' bNll coneldered. 1D. tbe 80 uaedp 

thea the first term' should be old.tt ... 
o 

As an e.:ramp1eo suppoae it41 -= 20 75, £ = 1,,0350 theA.le -= .. O?f) 
. '\ (lO 

Again., a significant gala reeultDfj which Dhow. deliberate encouragem.t 

of t~st f18eloD mlgbt be worthvh11e. 

J. ~~f1nl t;o~.~..!_~ __ 

In pUe. which'produce aome new fisaloDable lIaterial as theT I'Wls 

aome flgo.re of merit 1e needed to se.,.,. the pertol'lD8J1ce of the pUs 8S 

.a manutac'urer~ and to compare one pUe with aaother .. 

The criterion has beeB ~alled 'he "breeding rat10· 0 s; and for B pile 

which c9ntalna oDl7 one lissio_ble epecle"9 a definition .In common ueage 

18 

(X) g:. aumber atoms of A produced in pile ~ .. atom of A deetro;yed 

When a pile contaln.~ aDd produces!) more .than on. f'hslonab1e species, an 

«:ten.lon of the def1nition of g becomea necea8ar.r~ ~e direction \he 

extenalon·:_sk.e w111 d~encl upon primary purpose of the pile .. 

In Sect 1011 11 Go and al eo In 1(011c...374 b,y B.. ~.. Otto t.he defln1tloa chosen 

18 the logical menslon of the aboV'8 '0 

(II) & ~ number of flsaloaable atoms& of all specieso produced in 

the pUe per fi8SioD.able atolll> of all species. des'royed.. 

",25. . 
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!hon -l- = .. bel" of filuliouable atoEe used 1D the pile per f1sliIioDa'ble 
1 c> I 

at om auppllecL 
I 

oa the ba,18 of detlnlt10D Ill! it Coc,.c:: 10 

BUlber a'oll. 49 added '0 pile per 49 

COD~ed. in pile ~' (1 "': Ir. ) r1f: c:o<..49] 
~ l l~o'-4S 

\ 

aDd 

, (i - gee) 1+ n. 
Fis8tOU per atom 49 ad4ed to pUe::. " ~ 1~ d- -~ 

. . ~~ 

In thiG panlC1llar model pilef) in which oDl.:y Pu isotopes are fl.siou.ble p . 

dIPPlel' exprea.lou for the· a"bImJ would reDUlt if definitioB I had ben ued,p 

with A denoting the ma30r isotope 49.. Then 

lumber atoaa 49 added to pU. per 49 COD_qed:. l""g~ 
_ 1 

~lB810n per atoe 49 adde4 to pile 
- I-COd 

The latter rela'"oll renlt_ I!I1nced.t41~.oo I. a pUe, in which U235 is alao 

pre8entl> lUI cone1dered ia a later secUonD defhition I doee not )"leld a~ 

simpler expresslollio 

Other definitioBS of g appropriate for particular purpos.s, might be thought 

of~ tor e:mmpleo if a pile 1s ran chief'll' to proehlce atom C when fed fissioDable 

speel.cs Bo then g mii;tlt be detlaed aa 

(III) g = 1lUl!lber of atoms of C .produced pelf atom of B COlllltllled 

Or if power production 18 the chlef a1m!)'then a e1mple crUerion tor performance 

would be given by 

(IV) 3::. number of fle810u fl'OlD atoms created in pUe per fission of 

ell kinde in plleo 

-26-



e 

e 

e· 

-'-= !:n.e;:a: »rope. " pit. ..,.. 
1-& saer&!" produced. only br filDSioD ot material' feel to pile . 

g b.r IV ditfen from 3 b7 11 'beoau8. in gum~rol 0(, wll1 not be the SUl01 fol' 

all fiasionable speei,. preset 111. tbe pUe., 

For the t:limple aatJi of defb.ition It olle caD writ. 

g.::: "1 .... 1 - lI.eutrol'l 1.,8 ••• 

mB$ -.cb. tem· 18 ratened to the deatJ."D.etioa of on. atom "of A... For 

definition 110 a 1I1mUar ral.attou ca.:a be usedo oxcept the ref'ereilce basie 

needs to be the destruction of one ft •• ioraab'Le atom of All t1n4so . ifhuv 

we. no&d en average ~"o defined u 

lfamer1 cal.17 

., = Yj. 1'49 ~9 .+ ~41 141 cra4l _ 

849 "i49 +- Jl41 CS'"'Ml 

O(tL 
YJ 49 -r i 'f O(A=)J_~. 

"'-' - -ct
49 

1 + l+" ~ 

~41 

141= 3 \) 'r) = 2,,22 

:, 2 .. 75. -:::: 2 .. 16 

::: 2 .. 5 " ::: 2 .. 09 

In the previous 800\1ono . U was lIimpler to compute loea •• 011 the 'basis 0'1 

atom. ot 49 deet.1'07edn IiiJlnce 149 'GM9 ft' a8lW1lea. coastu'o The "dIlction 

vas conven1ent17 aCOODrpllahed by su.btra.c'1J't6 theDe neutron loe .... fl"OlI 10 

,-,-2:7-. 



e 
ta the numerator of the ezpre.810n for g. ~i8 va8 14eD'lcall7.aqul~ent to 

apre.ol.bg the tn te1'lD8 ottotal fissionable atoms de'tJ'07ea. by d1"le10ll 

b7 1+ QL.a·\be ratio of' total atome •• troTea. per 49 4e.tl'O.c'to~ and 
a~G . . 

subtract1. thea. from gOc:l" ./ 

K. :probable. ~ 

i'he re8111t5 dbcu •• e4 111 detail 1a prm01l8 se_loae are recapltdate4 

1ft Table I below.. As a starting point, it is 8Seumed the pile is duplicate 

of BaIlford. eDept that ru239 it a'Q,bstl tuted for U235t) and. the COIICEIltraUon. 

ot p'Q,239, u238 are adjulted. 80 the plle i8 crltlcal.. The nbatitutioD reduces 

Co froll the 082 of BaDford at .tan lip to .. 65" 

In the eOCODd.l1nep the et.f'oet of fleetoD prodnctu 'S 8u~racted.. Proce.sing 

.1ght occur frequentlJ" 8II.Ough 80 -.u111br1um 8m did Dot. bulld a.p~ oa 'he oth.r 

hand, procluct .. other. the %8, 3m would a.ppear to increaee the rednctlo11o 

The ,,1 Ileutzooa per 49 JAtom ustro;red subtracted.. for cOlltrola and po.atble 

e etRctural c~e. perlJap. i. on the high Bide.. Llkewllep the ,,1 for chemical. 

proce.slDg mar be greater than the fieure to which chemists m.a.;y uttil!8.tel7 

re4D.oe 10 •••• 0 

. The caln til a breeding blaDket 18 specal.atiY'" The fast f1esloJ'l affect Is 

added: for the 41 flelioll8 oJ1l7o the effect for 49 pr~nmabl.7 alreaCb" beiDS ,ak_ 
into aemut 1a the original go" 

As tbe tlga.reri tor 100 are p0111bl7 ra\her oOllsel"Y8tlfto one Jlicht hope 

for an '141 hiah aough to glve ~.:; .. 86,. Blue, the exi.teace of the hiper 

teotop •• of ru hal 'been .8JlOuchv to ccmate:rbslaacethe 10 •• e. introduoed" 8.n.d 

to rai.e C fna 065 to perhaps .. 85 0 !he net effect ot ~e Deutron loesea; and 

pla. ls .... to be about .,. .. 09 011. goo<o 

A' .the eDd ot !able I 18 el ..... tbe Tal118 tbat the initial Co 'IIould h&:,e to haveo 

t.n 01'401" to come out at the end with Ioc:o:.l.. Bots 110 bl~ the imposolblUt7 of ob» 

e tainlag a tHI!! breeder "Uh a pile ot thie t7Pe le 11\41c8:t04o Bow high Co might 

become will be conBldei;'8Cl tn a ~ater •• CUODo 

... 28-
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Cause 

'iDltlal 

!rAELE I 

Bree41Dg .'10 in Po. Moc1Gl PUe 

Baed on RaDford initial Co ::" 82 

ChaII&tl Resul'eD\ , h 

laC &'0 

. ,",' 

"> 8.2 
kbatltutlO1l ot 49 tor 2&. £ Crf ... ~1'1 ..65 

. 
~1.810.P~du~. lev ~"O"1 ,,58 
(~t-.) 

eo.'&: 1'01 s, Stzoa.ct.u.r8 cfCo:;-~l .. 4& 

Ch_laa1 P~cel.nng !~-,,1 

lb'ee4iag Blanke' crC~06 
I 

P'ScP= ,,0270 I'a.' rta.loll 

e ,,022 

Value of lnl' tal. '0 tor flDal 800::; 1 

e 

14.1::: 3 

:.2 .. 5 

Co ::.1 .. 02 

1 .. 19 

-~ 

. 

~ eaII c:;...l;It II:.'W tM;Io __ 

800 . 
" i}4lr 3 r;u ';. 2<; 5 

: 

G99 0865 

.94 .61 

.. 865 . ,,'4 

" "165 .64 

.. 826 ." -.0 

.. 882 ,,'22 
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, L., CO!!m!!'f.!!.Q.!!' 2! tl,.lltll~i~ w1.~th 9.!Jl!.r. 1D!~..l!\ 

Ott" in CL=mrs...31l) bas cous~d.re4 'the effect of h1gherisotopes of uranium 

on the operation ot a U233_Th breedex-o Comparlson of his retml t e with those 

obtained bere for the PQ,..U238 pUe ahow three striking d.1ff8rene8s~ (1) tbe 

Ume acale fo~ 'the build up ot the higher 18otopes from U233 is "ery ma.ch 

longer than for the plutonium case~ 'because of the,much largQI' cross sections 

of all Pu iBotop •• o Depending on the unknown ~ tor U234.. the d1f'fer:.mce in 

time of attaining equ1l1br1U111 might be as great as a factor of 10" (2) ThE) 

exC&8.8 ot nea.troBe produced OTSt- those abllorbed 1.n U iflotopelB (analogous to 

the quan t1 ty £ of thi a report) firet deer_ais beCtlr1.UIO of 'the f ormation, of 

U234; tlwu increases agaiAp 1trith the ba.ilda.p ,of 1]235 which is fi8a9.one.ble~ 

then decreases again am U236 comea in.. !fl).e Po. .hovs the f iret deere.&B.~ but 

not the ~econd; the time scale 18 much lesII forPu" (3) The net loaD 

(counting ill the recov817 tl'Ol'A fission of u235) of neutrons to hlght>J: tao= 

tope.o per naltro~ absorbed in U233" 111 only "OO~4" The similar qn.&nti ty 

tor the plutonium modal pileD per neutron absorbed. in Pu239 p 18 e> ,,169 for 

141 ;;:. 2015D or- "'" 0 338 f Qr 141 ::':' 3; the c. 1nd~CR.t es th.'ii. t the 1018 is 8 Q.l.J..n.. 

Thu p 1n the u23a"Th~ the higher isotopes haft practicel.17 no $ffeei; 011 the 

bree41Dg!) ~hlle in \hu Pu239,.U23'l they contdbute umteriall)" to incnaae the 

breed~ng ratio.., 

In a p'ile' rwmlng on U235'o the build up of O'236e U237 would olso . 
be slowv the O"c25 being 85bv pd OC26~ 15b. Sinee U237 deC81'S to 

llp23'i p if chemical proceilliing rUllOV6S rapidly all elements .ave uraniWllv 

then fot" each Mutton a~orbed :in U235
D' <:J.- 2.fL :. 0915' neutro~s will. be 

1-r d- 25 
loot to the highor lsotopeao On the other hands. if all isotopes a?0 lett in until 

aqul1:i,brium attains after two neutron captureS} and one A d<3C8To Pn239 

_ w111 bfJ reached" Using 141 :: 3~ thl!l 1:ru:! 2.22D IiIO no~ the net lOIJ(!J of 

~30= 
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D_troDS would be at 2fi [3- (2,,2a...l) 1=.,2"1 a_trolls loat to h: gb.ez> 
1+--245 , . 'j 

isotope. pel' 1l';;'Ut1'01l absorbed. sa' 25" 

Wipe ... l:t.u DOted (HUC-EPW-l34) that a. "*"'a1n perc_t 108. P ot 

l'leutroDS canll •• a recluctloD in bree41q ratio which 1.8 Pl o so the 108s' 

Is relatlye1;r" aore 1mportantj! the higher 1 It !hIe appears to be true of 

a t1:l:ed loee of . neutrons ~ for otherwise idatlcal pJ,l.' cOl'ltataiD& 

material ot different ~.. For C8Jlenl colllp8.ri80n ot dltferent tlPes ot 

pUes. OBe would not e2pect a ~D.t81l~' per cent loss of neutrollB 1a strv.c~ 

ur811 controls., or b.r 1 eakege .. 
( 

A. alread¥ notec1 ill the 49..41 qst8lllc the prellnce ot a fi".loDabl. 

higher isotope inqr .... the rela.tt..,.. fisston product 1018 0'Nl" tbat for 

49 elone .. 'III. the 23-26 is,..'_ the hipIII' isotope has practlcall,. AO 

.ttecto because c/.. 23 BJ1d~25 are nearl,. alike; ,iace the cJ- 8. are small 

compared to ~9D the tieaton prod'GCt 108s 1 tJ more l!lJ,)ortaat 1D thts 

e1etem thea 1n the p1 utoniUD qst_ .. 

The chemical proceasluc lOIS 18 relatlTe17 gJ'Oater 1.n thoee Systl!!llUl' 

1n which 8. high member flssloDtIe since Us neutron 11eld is re4uced bydi ..... 

appea:rauce of leo'ope. aloD& the line" Such 108s 1_ Itore lmpor1i8llt iD 

thA ~-41 cha.1a than.1n the' 23-250 because l1k:e17141:?1260 aDd also be.. 

0811 •• c:.<4.9.,.~ .. 
l 

II" 9.nu:alWA i~: 

1.. 1~' 2.11. ~iUU·.!}J !u ~ , 

Ftgo 4 sl\ow. that lrdt1al17;.3. snell ... £0 0 deeNa.e but quIckly l"eCOTero 

AI U238 would hay. to be v1th~ if changes til 1ts cOILCe.eratioa are made 

.... 31 .... 



e to ma1ntain oritioallt711 and then 800B returned, oae l!.'Iq silk it tho 

dip in p mq not be oount.erbalanced bT controls" a.Dd the handling of 

large amounts of 28 awldecL The chauge 'of 528 will be Just 

e 

- " 

~_ f._Cq 
, R28 - ~o 

= ~ (3::o356j!; 
"(49 -1 

Dince JI/ia small in this range and?a28 w1l1 'be practically _tent" 

71go 4. allow8 the yalue of. ~:28 a.t t4 min to be oomputed; ODe sees 
"28 " _ . 

it probabll' will be in the neighborhood of l%~ Uumer1callYII Illlg8 ~aas 
lt49 O-a49 

1s a.bout the same Taluef) t1me mach emelle!' than the fissioD. product absorb=. 

erll., The appear_c. of XeDOIl rill probab1.;y be more rapid than the cheng. 

ill P e ~t the S!1Jil8.rium will likel7 fall in the rug. of negative po &th 

of these suggested variations in WaB can be handled b,y controls with m28 

constant" wi thout much 10118 1n breecl1ag" 

20 E.g" .. Pmduction 

The pavel' produced. ill the hypothetical pUe considered here would b$ 

proportional at COJ,l8taut nux to the number ot thUoJUl per" sEtCondp oro 

sinc. in this model B49 0i49 Ie supposed to be con8tar.\t 

p <::£ B49 C'49 + ~ c?m 
U49 ~a49 49 ?a49 

01" the m.tio ot the pover at 8.DT Umee to the initial powU' Vben l!ta:ll 00 

..L -:·1+ oL49 . 1;41. 
Po r<J 1i41 

At s'e~ state" then, the power would. have 1ncreaeed 5l~" If ~h1e change 

were objectionable. the flux could be vari~ and all the prmous Nlatioll8 

_ would go through just the .amep 0ince oDl7 Y't is l11T01Yec1; w1~h varie.'Qle 

y. th~ Uma scale would be al\orecio 

'" 

-3:a.,. ~ 
" 
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""" 
WheJ1 the pile i8 going in 8tea~ stateo it would. make little dU'far-Mell 

whather pure u238 or natUl"al urwwu V~8 used as fuel ~ Suppose for example. 

the pile had. a g..- aa low &, ,,75; then 3 atoms of'28 vould be -supplied per 

A.tom of 49 0 It each 28 "were accompanied b;r 0007 atom 25~ the chance 1~ 49 

required vould be eU.pt", 

On start up" hovevero 1f natural uraa.l'CU11 ".re \1sedo the effect 'WOuld 

be greato In the'next sectlofl, a pUe starting on na.tural uranium "Uh 

!!Q. plutoniWL 'initially' pr8t1ent;wtll be contJiuer~d.c,. 

I U., f.u.a. R.t lanf,g;rj ~ !!.U!l U235 Presen!. 

.In a Banford. pUe starUng on na.tural urBAiuma the, thalol1 tY of' the Pu239 

,which 18 created more than balance., the reduction ot Of through deatru.ctioa 

of u235
D 80 the reactivity ot the pUe incree.eea witb time., We wish to 

tollow thie as the higber isotope. of Pu239 ~11d Qpo 

In a practical pilea one might imagine the exeeS8 reacttvtt;r rednee4 

at frequtmt intenals b,. removaJ. of a fraction of all the plutonium pres8l\t" 

(Ref: Unpublished Mem8 dated June 49 1946.." 'Power Pile8 Operat1uc Oil Natural 

UrantumQ
).. . !he mathematical analysis of' such a problem i8 diftlcul t; e1 ther 

a laborious step b7 step calculet1oD.1) or, 10. the CAse of the approximation 

of a continuous removal~ the Bolntlon of no~homoBeneou8 differential equations 

would be requtred.. Berell it will be supposed all isotope. rEmain t.n the pileI) 

and £3 a fa.rther o1llplU'icatloD.& that the Cl"OS~ eectloo.8 are coastant. even 

thOUGh 8.ctllall,. the resonance absorption will increase as the neutron pro-
-

duetlon lncreaaesg as, alreadJ 41scussed." With such a:a approxlmatio~ tho 

concent~t1oD. of each speciel can be oalcnlated readily; thet1me variation 

viIi follow the same pattern &S in the pre~1ou8 brpo'hettcal pl1ee since 

\bl 8!!DlS 9£2s8 ".etio!8 are 1I:,yo1114" 
CI:ay o. Yo1U:lg 

G -33.. 
,I 

.... U.... C· ~I""Q. 
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A.. Eml" ~rSUl fJ!Q<W.CU9D 

An interesting quanti tT is ~ ... ~o aa el re&d;y defined; the increase 

in tbe number of neutrons" vh1ch \foutd haTe to be absorbed in controls if 

the pile remain! JUlt critical. Similar to preylouR .~UAtlolls. we h~Te 

. (41) z:. ." f - iii a:~ !:\1 6'""UJ. ... _ Q - :::; ('149 ... l) _IlL - +- ( H 41 .... 2) -
1128 6028 . B28 ~81 128 0 "'028 

[ 
IIZlj 5' I!Jl6 IIllli iT ~J + ( J'l 2S-·1) .. '.~ ... f:-

( B 28 CC28' Das ~28 

Here we haY. assumed tho PuMl will alwSTs be in squilt orlum with Pu,240f) 

beeause of the much larger Cro88 •• ction of tbe fo%'ll81".. oB25 deflOtes 

the concentration of '0'235 in natural. urania at start up; flO addl tiOJl 

i.8' preaumed to be made. It 18 further a88t111led 1128 will be flubstaDtiallt 

constant during the period 01' interest., 

)*rom eq (41)9' .£ ... ~Q hat been computed. and 1 s plotted in Fig .. 6 tor 
N28 OC28 &,' _ 

tvo .. ".ol."'.68 of )ifiJl~ In stead,y state" 1j9 a41 -::. 1" ud Iftl 6""'~ ;;: ot. 49 Q 

,'t 1288'02 149 C'eAlJ 1 """d.,..49 

linea the plutonlWll chain. 18 der1'1'e4 oaly from the 4eetrucUon of U238, and 

tbe u235 ~l1centration t. zero" i. -<Lo has ,8 negattTG Taluee ud1e&ting the 

JU'IRlRplle whlch .tarteel out wll1 not run" At ft between l"and 1.5 --

that 1s~ atterl \0 1.5 1ears at a flux of 1014~ or 5 to 7~5 ,ears at ,8 flus 

of 2xl013 - - ~ -fo becomes zel"O. 

!" CrUiMl CoDCluSm1;lpQ at a235 am\. ~liM1Dg .!lU2. 

·In order to keep th1e identical pUe (lclemUcal as to I d£fl9 et~ctUl'el.l 

absorbers!) etc .. ) runnl!lgu thone 1125 could not be allowed to go to zero.. 'Sq. 

(41) glveo therequlrement at atead7 stateE 

(42) (k.:,...;.>+ (~!l - 2L~--t1~~5 ~Q :: ,~2§ ~025~ = 01 .. 22 
125 - 1 ('125 ... 1) 1 t-Ql...49 

~~4= 

. :;.,.. ..... 
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(43) .~ :: .. 312= 0302 <.141 ':'2) 
N28 <)c28 -

It ODe a(lJuta :128 to match the chaDge in 0028 so as to keep l'f28 Cf"'c28 

collstpt ('hi8 means decreae1ng B28)" theA 

(4.4f - )faIL ;: 0306 "" ,,24S( -141 ... 2) 
oN2D 

fbe breeding ratloo 

_ »28 0028 + 1"40 &' MQ 
g - -- -- --149 O"'a49 of- 14\ 0""&41 +- li25&'825 

l+ __ -~ 

(45) ~::._ 1 r.j.. ~ I ~ 

1 +- c.t 49 +!a5 .. C:.a25 
1+"49 128 C"c28 

~.(QL3S8 -
1 .. 338+ .,312 "" ,,302('l4l "'" 2) 

Values of = R2ft_ end ,1:)0 tor a t-141 are tabulated. in Table XI .. 
0·25 -

~41 

:.75-l 
-2.5 . 

2n25 

TAmsE 11 
'1'f;;,-------
~ 
oW25 

.. 057 

_.119 

,,181 

~243 

o 

'0(1 
,,95 

.. 90 

086 

,,82 

I I ._ ...... _, .... __ .... _- -----------. 
In contrast to the former exampleQ which 8,fJsumed Pu239 wa.s added \0 the 

pile. for whicb g ~ vaG lell8 than 0 D.el) this case ISIlvi9Q&ea 11235 ae being the 

",,35-
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fiesionable material auppliecl, alone v1 th the u238 tor collverslon into 

plutonium" Since 0125 :is the dens1't:r in .,vAL UHAitlll1l1 the abo.,. 

table show,a that the pUe will run in eq,ullibriwn with qun. a low COD=­

cent ration of U235" Materlal of the low concentration of U236 would 

be Q)ntbu.al17 replaced; the replacement would not have to be natuml 

uraniUllo but need oDl,,. haw a hilmK concentration ot tJ235 than the pUe 

_terial.. It would be perf.eUy feasible!) for emmplep to make use of' X-25 

dlaear~ which Me about 2/3 the .25 concentl'&tion 0'1 nat'lU'el u.ra:nlWD; 1a 
. , 

'hi. pUeo 1t would be further d~4ed.. 

C.. Witb!JDDl At E,U\OB",. 

Instead ot the laborious exact solution of required. WUhdl"awal rate 

of P11 to matn\a1n alvql the pile cr1tlcel. tbring isotope buUd up!) aD idea 

of the reeul te 111.81' be ob1;a1ned fro. tbe eaalytlcal17 811lple solutiol1 based on 

(1) &.8U1Dption ot Pu239 alone present" or (2) All SUJnpt10n, at all bigher 

,isotope. in ~ulU.br1UlD w1 th Pu239 at all time. [ReJl; Unpublis,hed Memo 

dated June 41l 1946 "" 'Power PUe. Operating OD NatUral UrSJll'Wr1lt~ her~ 

we extend td 8 work el tchtl7 by ualng actual ~ U It for 25 8J\d 49" and bl 

usttmptioD. (2)J 

'rom Section IU and eq (41) uMer assumption (1)11 the :r-equirsd COD.= 

c.m.tratlon of Pu239 1e given b7 

(46) <149 - l) B49 ~i14i =. ( 1'1.25 ... 1) 0·25 ~ft?5_ ri.", s ~ ~25 Y=>t 1 
. .128 0'"'028 . I N28 c:rc28 r J 

'-
Stea.d;y state opeJ"atloll w111, beslA at a t for wh1 ch Big o-'£\4i ::: 1 

l\t28 is e28 

. , 

" 

".36-
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The fractloual withdralllal ratea v, is given by 

(4'7) , 'd ,Hi9 . ;; 1'" • 1142 c-tii "" -1-..L li49 
JOW28 ~c28 Na8 C1"'c28 pdt lV28a-c28 

and the'total. 8JIIount "UhdrawB per tmit volume of the pUeo 1s 

t 
(48) $49 = ~ w.K.49 At 

o 

EQ.IS (47) and (48)0 'with the aid ,of aq (46)" reduce to - - r ." 0"-"5 <pt ~ 'N ~ c:::::r-: t:. ew::. (49) '!.. __ :: 28_ c2..f! CD 1 "'" == a25 ~ ____ _ 

t ,~c:ra49 1149 <5"&49 8'a49 1 =c- - c'a25;ct 

(50) , _. St!, . ': ~i 0§.*9 ", 1 (1 "" ' __ ~~ ) 
~t1l28 0;28 . )J2S (f'"'c28 pt a=--a25 eo 19.49 

+ [1 = fuR "" 1) 9-25~~25l 
\If 49 - 1 , 1I28"""c28 J 

Eq (49) shows that w 1; tint poe1t1vo (me.tertal being wUhdrawn) then Z01'Oo and 

later negativo (material being ac1.dede from store 549)" When the pile l"sachem 

stea4T state., ::49 c?&49. -:.1" w 1s nept1vll~ At the, time" by eq (46)0 
288'028 

E :" tr&.ZtPt :. ,,3050 a A25 ~~ 1,,19\1 80 from eq(50)' -, ) :: ,,085 
. 1"1;,,1'28 e2S 

'llhat ~.BII 8" ~ all the Pu239 made 111 the pil,. is retained oU'hllde, th@ pill:)" 

The time inwl"f'ed ( ?a2:) sPt;::;1,,19) 18 3.,3 788rlJ at sP=2:rl013o , 

Under aSGumption (2) which would imply long steps between w1thd:nxwal 

or add! tiOD of materime '/49 - 1 w111 be lDCl"eaBed to 1/49 - 1 1'" "" ~( 141 - 2J 
,'. 1+ot.49 

We calca.late only for 141 = 3; the'll149 '" 1 in th~ aboy" , eqs (46) to (50) i~ 

multiplied b7 1 .. 3560 Steady atat.$ sets in at e: -~a25 Y" ~ .. 060 a=-a25pt; :.;.2,,81~ WId 

549 -,-_ :::. . .,162 
1?vN28 OCaa 

=3'7= 



In thh cam.~ the eXcetle 49 1s about double(4a.nd the time for stead;; .tate 

e is '1.,8 leu8 at p:: 2:1013
0 ~e would S'ltpect the COl'Tect solution for au 

actual pile to 11. belivee:n. thee. two enreaeB .. 

Do ~S1oA m &tL= l,.. 

While the 8f18umption of N28 a--e.28 COllatMt vu the !implel't mathema:Ucell:v 

in oomputing concentrationo(, let 11S examine the eon.aqutlBlces on tho eteac'b' state 

8oo0t' increasing thh quanUt111 and let U13 aeke wbat would Ji,28 <T'c28 have to 

b8 11\ ordel' to achlsye a. g~ of ou'!' It is olear that in t.hb ca.eo thill>, eon... 

oentratioll of all plutoni'Dlll a.toms vl11 'be dlrectl,- proporttoDal '0 Was a--c28" 

while S~80rpt10D. in <control. and pel'mmu'm,t absorbers, a6 well all le.sktAce ~~ 

the flre.rt appronmation (the fset.1Qlakago actually 1. proportloDSl to)() 
. . . -

,will bl8 ,iMG1!l5W1 of mao for conuteat pUe size., Thus it mtf,bt be pracUC&l ' 

to to go dOml 90 g .... 1 .. 
;;;, 

In this calle. let th0 2S ab8orptlou. be included :1.Jl f. \'I tlO 

e (51) f:: <149 ... 1) fi49 &a49+ (141 '" 2) Jif41 ~41 -= JJ28 ~C20 

e 

We suppose ~ln tlO liZ5'l: 0" If' the pile rW'l! 01'1 the original li2S. li25~ \hon 

sluo 

80, 

or 

('62) 

£.. -= (125 = 1) 0 125 a=-a25 {l'tZ8 (Tc2S) 0 

(1/49 ... 1) Ji49 0;.49 +- (J(41- 2) l'if41 q..a4l, .,. lt28 8ca8 

- (125 "" 1) 0525& a25 = (B.28 ac2S)o . 

(Jf49 - 1) + U/A"I ... 2) .• ct- 49___ - 1 
'( f"'u. 1+01.49 

=f<"ks ~ 1) "s&lj ~A2f- -~ (~~_~I12&)o L (lias ""028 0 J mas 0"'028 

,-as.. 



e 

e 

e 

Put tiUC in A.art cal WIl UU!) 

(53) (lias ~02a)o ::. .. 92'7(141 -2) <=> ,,137 
" il'28 C" c28 

low vrl tlug devn:' tOI' th1e case 
o 

(54) L:. '{49 + ~ ~G. 
.A'i - -o '1 ~2§ a-a25 (.28 a'" e281a 

~5 Ti28 C-c28)o '> 1(28 6-'c28 

Po.tt in« in JIWD'ber1il 

(55) ...L 
.AQ 

.. 754 +- .. 1:31" 111 
--(Bas ~lQ 

"·~8 ;'028 

ana. tJUb8~itutlnt!: f1'Om eq, (48) 

(56) ~ _ ,,'154 T-" ,,131 
..4"'0 - .,927(141 "" 2) ..... 137 

Value. ccmputed froll! eq,a.(53) and. (56)s for the caGe where Clo.;:lg are 

glvea in C01Ul?J.'D.8 t'llfO and three of Table IU., 

.mL.Ull. ---_ .. ---- ..... ---~-.~'" 
Y/4i BaD a--l\21L. ./ - ~saL ..!a 

(Baa a--028)0 A(, { 0--02810 (B28 )o --------
3 1 .. 265. 1 .. 45 1017 ·1,,08 

2 .. 75 . 1 .. 79 1,,95 1,,45 1 .. 23 

2 .. 5 30 06 3,,32 ?~18 1 .. 14 

I i I I 

-39= 
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e 

i 

In order to aepaza'. the d:laDCe.re(ltUrad 1zl B28 from the total B28 ?c2SIl 

the al ten' lOll 1n aYeJ'&Ce .ffootive capture C1"088 section IlUSt' be ewluateclo 

For a homogeneous mixture. log Pal w01l14 be proport loaAl. to Bas; ~or the 

Butori. .'ru.Cft!'e ~ r elation nIl nUl be apPi"Oxtmatel.7 tra.e.. It IlII.7 

actual increase 1a average a. •• U7 of 28 at;oml 1. secured. tor eDlBple. by- 1ncreue 

111 slug mdluiI" the Nla:Uv. fJurf'ace abaorptloa of reeoll8Doe neutron. would 

deoJ"eaee; further.the volume occupied ':;'~'" graphite uould Probab17 haft to 

decrease.. The tvo effects" somewhat offset oach. other\) so lt will be aecumed thot 

108 Pas d.. Bas_ and futher that Paa 1e Bear eD.oU8h oae tor 

(1 .... P28)oC B28 

Iftm.80 b7 eq (9) the relODSJ1ce capture part of <;'28 n11 be propor",oDal 

to/Bas" 

W. IlIq' wri to 

. 

(81) . ao28 = t1oth!'}t}··f- ~c'ZO'" ..At'"_liaL . .... »"- lii'8>o 

vh.re ~:S' 1e etf'~uate.d t~.r the pr.,eat ~utor4 t4'UCo Diree'17 tZ'Om (52) 

ve obte1a 

0:. _ O'C\h20 u gal ~~ f - ~ 2 - .~.., ~ -
(sa) (~=)o - (0028)0 (6-028)0 +(6"028)0 

i!lhere (q. 028:-' 0 1. the Tal_ by (57) for 

% 
~ 

. B28 '!"dI 
(128 ~28)O 

Jl -Y" _1- -=a 
""""0 - ... (1128)0 

Ifor the lianfor4 plle,ftoota data given in Memo 7 .... 2"13a., L .. W" Har'8ba1.11/ one 

caD compute (Coaa)o- 3"as,.I; O"cUl2S= 2co 21.; _d&"a28 lit 1,,050 From othe­

a&ta{xo W8l'11 private COll11lltlBiCa.t1oll)o 088 etm caleolate., C"c28':3,,3aA}; 

OCth28= 2..26; aad 6i-c28 :1 .. 06..1a oach case. V. crrib28 reters to a ,Maz.. 

ve111.9..» 8 .... ~. a.' 1"001& tllllPe!'ature. We cb.oO.8 the lat'. 8et of figa.res, and fro. 

A the . ....v- ~ ~a~~I)ot Table IU compute b.r eq (53) tho( ~!I gl'1tea i,ll the 
., . ...YO 128 '.028 0 d"c28 Q 

-40-



fourth col UI11l of tbat .ta"bleo Then from co11Ul'm8 two and four, -!at 
(1128)0 e of the fifth column follow8 o 

If DO other 1088811 entered" the increase til (I) ncent:ra.tloD of U238 

II.OO.8s817 to achi",e SoD:.l 1s 110t lal'ge if If 41. Is high" end would perhaps 

be atteinable. 

Eo !ff'tct Q' LpJU!..U.. 

In Sections III :a and D~ the additional 10"ees and gains of neutrona" , 

OV8r those present in the natural. uranium pUe on at8l"t \1p!! d.18a\lssed in 

SectlolUJ II B and ~" were not. counted,. In Table I it 10 seen tbat the effect. 

of all of theee OD. gQ\7 Ie a reduction ot about .. 09" Since the cODcentratlon 

of U235 1. DOt V8-q h1cho thee. added lO.BGeS end ¢ns in the present pUe 

would be nearly the Bameo In. ordor to take them lnto accouat in fable II" 

,Coet should be decreaeecl l"O'D6hl7. ''b7 .09,. 

Ita. ·S<lItt1~,,'i.\!);,:tWI:J requll"emeta for &>0::1 in Section lIt D, the add.od 

e 108S011 can be brought in aactol,o b7 reter1'1ng then to one neutron absorbed 

In Pu239 'tv 'll»mct1M .,09(1'" ~fi) tl'Oll eq .. 510 'lbe ,,137 In: aqa .. (53) 
1 f'c::4- 49 

and (56) becomes cbimged to •. 461.. !he ficus. of Table III TJJB:I' then 'be 

rmsed to tho •• l~ 'l'able IV be1.ow 

Tml IV 

'141 128 asia ..AI'" ~ (.~f: -(1128 O"c28)O /0 (0;28)0 
--~ I 

3 2,,12 2..44 1,,62 le3l i 

2 .. 15 402'1 4,.'1'1 2,,92 11.,46 

205 3 .. 33 30 60 lc96 1,,'1 

An iacreaee of 30:' to 601' in average ooncatratloa of U238 mllht 'be 

e' .... 41 ... 
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-

t· : .... :: ',' '._", : ;-, :.'~. 
, , 

4U'tlcu1t'to obt$1a' (l~ W 15~ Incr ... In slue diu.iel'll tor lD8~ce)~ 

PerhapS ,'-be. pometr1cal &rreA8 __ t'ot the u238 could be cbaJJ.pd .0 as 

to Increase a:--028 f'tarther. III a", ,e18n'p 11" tbe pll~ were to start OD 

Batural \11"8111_0 and we". ezpeottSd. to rua tiDally vtth &o~l" proneioJl 

would hAve to be, made in the dealgn for ch8l1g1ng uraatum &iliDeatratioL 

IV" .Qsmc1U!loDI 

ft1e report baa attempted to analyse the effect 01' the h1gheZ' isotope. 

of plutonium on the breed.i"Dg ratio 1Jl ~1te modeated thel'lD8l plleeo eDalo-. 

coueor Identical nth the IaBford pile" The f1881on1»g with a small «. of' 

, Pu241 cezota,1Dl;v increasee the "ft'Ilue of g obtainable" Bo Y81'7 definUe 

D.tII'J1berB eaa be'gt" .. o but it seems extr_e11 dDubtN If a hue breederp 

vtth g considerably larger than 10 could exist.. It 18 opUmlot1cp 'bu.t 

not without hope" to e2;pect toatta1n a 6:::'1" It lIeem8 fa1rl7 certAin. a 

g 01' ~ 85 to perhaps" 9 a1gh' be gottt!lD.p it the hoped. tor high value of 
\ 

J{41. "a117 exlot.1) an4 if operation at hl&h temperatures 40 •• DDt seriou17 

change the relatl't" Cl"088 oeot1011. 0 '!b.~ effect of the h1&118r isotopes" theDp 
o ' 

caD be sa,id definitely to 'balance a.".1'8l es.traDCIOue aeutl'OJl 10S8.811 aad to 

increa •• the Banford g over its 1'8lue Oil Ita:rtlag up of' a f'reeh plleo 

1'ho pU'ee d.lliJC'11s sed here as Dtheftaa:L" II NalJ..y lnvo lv. reeonaace elF> 

tIOrptt.OD to a. considerable c1ogree. in both Pu239 and U238
D 81ld ~ •• l"blT to 

_ \U1kDow amount lD other isotopee. lAfo1"llat1oD. of ~ klDd Oft h2401l PaUl/) 

and. bettet" data tor Pa.239 are 'ba4l7 needed.. '!'hero mq be hope of increasing 

, thJ'Ougb deB1p vb10h eDcour&Cee reeol.'WlCe abBOrptloa lD 1)2389 and perhap8 

• 
discourages 1 t 1n Po.239; and which. adds to fut tls.ioA 1Z\ all caaeflo 

ltrm though, g I.1UO" be le8. tban onef) the pile can be made to l'Wl a long 

tis. Oil the plutonls Sl8.AiJtactured 1& the pile; md when new fuel. 1B nscet88r7 

... 42-
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~ 
UZ'S1lium with quite a low cODe_tratioD of U236 csa be utUize4., fh'a.fIl\' 

discarded materiel from isotope separation plants can be uoed to produce 

power.. If Pv.2S9 i* manufactured ill Bome other plaa\9 wore used as the fue1& 

then l."iL ts... afiJ much enel'IT 'Would be d.eYeloped as tD a pUe which 
1 - g 

bumed the Pu.239 directly. w.Uh a c;: 0 .. 

In a heavy water moderated ~ue.. Ott [MonO 3"14; eog .. p-31] hae ahowa 

bow the buUd tlp of the high.. isotopes c£ plutord,tIIl increases " from 

.. 86 to 1 0 06 (based Oil 141. = 2,. 75) .. ' Bel doe8 not consider 80me neut:ron lOllsee 

specifically!! but belleve. 111 8D.y event the pile caa be made to 1'UJl with a 

C :1.. Furthermore the haa.,.,. vater pUe elso would use as fuel. ul'ard:1III 

depleted to Bome extent in U235.. From the 8Uad.polnt of breed1ag ratio ll 

the hea'9'J" vater pile 8e •• d1etlncU,. superior .. 

Betore much better est1matcs ot ~"ed.1D.g can be mad, 1 t w111 be 

neoeIJ8f117 to h_e more 1nf0l"lD8tioA about the Pu isotope eros. sectioDJJ, 

how t.h~ 'ft.I7 1I11;h xu.troD. ellercY., and parUcu.le.r17 tlle1 fo:r 11l241., 

... 43=-



, 
! , 
I I , 
) 

i 

, 
~ \ 

~. 

s)'val1 or, 

"" 

.  

~ ~ 

n to 

~ 

~ 

tll 
..0 

t: 

~ 
""i 

t: 
3 

) 
l~ 
 
 
 

\ 

Q 

0 z 
!" 

e 
. ..........,. 

(\ 

0 
0 
M 

" Ol 
0 
0 

" (\ 
'0 
l: 

" > z 
;< 

~-if z 
5r ~ z 

0 

'" :? 

0..-

~ 



, t 

e 



~~ 
:~ 

E
 

'" ::> x u " V
I 

'" <It :I 
ci g ~
 

~ Z
 Ii ! ,; z " .. :I 

o u " o g )
l 

'" Cl 8 :i t 

c   
~
b
-
a
o
b
 

°6_p 
c> 

 
,. 

i'.
"
 

) i.' i
i
i
'
 i •

•
 , I i 

I I
i
,
 •

•
 :)0} 
\\: 
~
 

.. .. .. ". * " ~
 ~ 

TC~±I-' :,' r
'
~
 CO'r -, T

',el l'!:"=
->

;-.'~ '
~
'
F
'
~
"
T
"
 

I ,-
iT

f I
' rirn-rif.,...n~ 

C
l fi~": IN

 
.L.. H+-~'+! ;...:'$\: .. : ~

~
l
~
j
.
!
 

i~ +
1

: ;,.,'~ 
j,ti1

!·,,-r:: .
~
~
~
~
~
;
.
:
 

:i+'~ 
L

H
11-4'-1+ +

l·,-
lj I++~-t·! ;+~I-: -

, 

1f 
I
~
N
°
O
 ., 

~
 

4
-0

 

...... " . d 
; h'~ 
.. ;:..L'l 



'\I·,·n 
"1

 
Q

L
L

N
U

ld
 

·.J....L
lIsn

 ... ::::>
v
.s

v
K

 
'Q

O
O

M
lS

O
N

 
'::tN

I 
'A

N
'W

d
t'lO

:) 
)6

0
0

8
 

X
3

C
O

::; 
'S

N
0

1
6

J
I\IO

 
a

D
Z

 
.lR

 
O

C
ll 

, 
, 

, 
u 

I
n

iC
I
 

.... "
"
 • .u

 
5

1
.,.-1

 
C

 
.... "

"
"
tC

lI
A

.n
 
n
~
 

.
-
~
.
:
.
 

~.I : ; 
.... ~ 

,J
' .
'
 

t 
. 
,
'.

' 
'
"
 

.. • •  



;:; 



·00 
-

+ .,. 

o 

L 
• ... L.UUmH:I"SSVI'l 'OOO""\lON 

,.;, T,' 

• '~~~I:J.~I~, e<;I! J.~~I .'!!f:V.M H.~,!. H?~~lId SN01SlhlQ 01: 'al~ 'ON ... :. . 






