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PLUTONTON THERMAL PILES
R, C. Mason
| |

Through the ﬁ.suon of Pu?4l, the higher ieotopea of plutonium
1ncrease the breeding ratio in a pile which uses Pul39 as the major
fuaL In this report, curves show the build up of the isotopes
and other important quantities in a modesl pile. FProbadle wvalues of
breeding ratio i.n. a graphite .,modqrated pile of the Banford type
 are vorked out, and the factors affecting them discussed,
| A pile starting up on- patural uraniom will run some time on the
plutonium produced, without ad;d!. tion of nev fissionsble material; when
new fuel is required, uranium with 5:1w content of U235 may be used.
Though definite figures involve' vﬁl, which 1s at present unknown,

there is hope of such piles shbwing a dreoding ratio above . 85,
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'{fhis report, together with Mon P-2687 by Mason and Mon C-374
14 on,f/ja;esente the work done by them while at the Clinton Training
. Sch%pi‘;";u piles vwhich begin oPera.tion on natural U. A more complete
'b‘lbliomhy on the subject is given in a recent note bearing Central
File No, 47-13;71° |
' The considerations on Pu isotopes are relevant for Pa thermal
piles é,meially; and one can consider Pu piles with no U in their cores
 just as Ott in CL-ES-3l end CL-B/S-41 constdered U units with me T
An the cores. While this possibility 4s implicit in the present re-
ferences, the authors hore have mostly considered examples having
fertile material in the cores,
Mr, Mason was cal led back to Jestinghouse sooner than‘ had deen

expected, vhich interrupted revision of the manuscript for the present
report. .'I'hus. it 18 perhaps not in the final form he would have given

1t had there been more time available.

Gale Young
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PLUTONIUM THERMAL PILZES
I, Introduction
The prodability of Pudl pﬁasessing dllarge fission cross section, brought
out in MonP-287, has raised a new interest in plutonium thermal piles. Such

piles would be fed natural or perhaps uranium depleted in U235, btut they would
run primarily on Pu39 and its higher isotopes. H. C, Ott, in MonC-374, has con-

sidered a heavy water moderated uranium-plutenium pile, while this report will
‘.1nvestiga‘te the general possibilities of graphite moderated piles of the Han~
ford'typo. ' ' .
II. Simple Model EBile |

As a first step, in order to fix ldeas, suppose a very simple model be
considered: omein which only Pu239 and U238 exist originally, and to which
pure U238 18 added in proper amount to maintain the puo. critical as the iso-
topes of plutonium duild up. Before the isotopiec constitution as a mncuon‘
of time can be determined, some choice of cross socﬁom mst be made,
A, GCroea Sectlops. | |

As the plutonium 1uotopés grow, the rates of neutron production and ad-
sorption chango.' 30 thgt the enerzy distribuﬁon of pile neutrons will vary
with time, COnaeqmtly. becaunse of resonance absorption, the effective cross
..cno,g,, at least Pu3? and 0233.' and possibly of the other hotopes"
a8 well, vill not be constant, | |

Let |

N = mmber of neutrons produced per unit volume, per séconﬁ,
per unit thermal flux '

V:: thermal flux
p(E): probadility of fiseion neutron reaching energy B

-l



For s homogeneous pile

(1)p(E)=£'§! %N_o‘ .%‘..,@
E NJ(G.BJ +O—83) 5 E

with -
. Z5 %
Z 8 %

We suppose the criticality of the pile is determined by e characteristic

quation of the Fermi typs,

(2 :w\Bzfe-ZHJ ,‘,,h;o.../(zm Bz”‘*tb’f - o

Vo may define an averaze® rosonance absorption cross ,sacfion, 0""9,1-1. for the

$ith species of atom by the following: s

? Ee

R 2 Rrm ~
(3 0oy f = j/(f) E () X(B) 4 Y% ‘,

th

Where the limits of integrationm are the thermal and fission energies,



From (1)
EN a
R
ZJ §J " sj " ad 1

80 eq. (3) transforms to

B 2
(5)% ars= A rey > TP oy, 4B
‘(;; b3 HJ(O';J,-O' ) . B
Bgn >

In the same way, an average resonance fission cross section 5"fr1 can be

defined by merely replacing Oy in the above integral by ofy

For simplicity, we denote the integral in eq. (5) by Inq, so

(6) | Ea’ria),iai
a;rf‘ﬂfi

If the thermal cross sections are indicated by the subseript th, then the
total cross section
. Gai= Zathi+Tary
(7)
atht Tat

h £1° OppnitAley

In order to examine a little more closely the average resonance cross

" seection, suppose these simpli‘fyi.ng assumptions are made:

-3- I



4 “the sub t M denoting the
1. §§nj(a‘gj .,.o;.’)“,}“ Ny &gy the su scripv enoting the
properties of the moderation alone.
2. Resonance levels of all Pu isotopes aré below those of U238,
3. All resonance levels &re low enough that. & -82 ?’(F')may be taken as

constant in eq (5), with the velue'é -B2 ¢(Bn).
l 4. The dilution of the plutonium is large enough so that the p for Pu

alone approachee one.

Then, 1f Pég is the value of P(Eyn) for U238 qlone, eq (5) reduces

= -B2 (Byy) ’
. £ th . 1 -

(8) Oppy=A P2g e Gi—é‘%-
Een

for other than 28 atoms; while for the latter

-B2 7"
(9) o 33«./(6 B (Eeh) (1’P28)

In MorP-287, pp. 22 £ff,,

6; for 49 vas
Ku S

evaluaved, using the aprropriate for the Hanford pile, The coefficient

=4



I
Pzef B 7'9 which amounts to about .86 4n the Hanford pile, was ne.glectodo '
Since in that particular case, the Pu sample being irradlated was pure, unmixed
with 28, there was Jistification for the omission. For & homogeneous
mixture, howevar, the cefficient shonld be inciuded, PFor a heterogenecus
asgsenbly, a space &8 well as an energy average muet be used, Thug the
"4 depends on the geometrical distritution and the concentration of 28,
as well a8 on X, Likewise for 3‘340 ‘S'm except that the experiments of
Mon P-287 gave theratio of ° 240 anda-‘mtod“wz 80 for other a.rrangmts
one may expect these ratios to be. more accurate than the separate cross
sections. ’ _ »
Sines only orienting caleculations are intended here, 1t will
_be eseuned that the cross sections of the higher 1so‘tope£ of Pu are those
of Mon P-287, and that their ratio to C”pq9 is also the seme as in Mon P-287,
B, lsotope Build Up. |
e shall suppose the concentration of Pn339 to be varied in such
a way as A and P change as to maintain always
(10) By 5;49 = constent
This requirement keeps Ngg O’ 49 al#o substantislly constant, since by
MonP-287 & 50% changs in Awould only chenge 5-‘049 by 11%. ;80 further assume,
(11). Ng0 5349: constent.. |
The cross sections and decay constants which will be used are,

[Ret: tonp-287; 1-His-20,]



Sga9 = 1005 ‘
= - 1520
5049 .
A4y = B8.95m0713
% 40 = °§4o = 2000
).40 - 30 Gﬂﬁ:‘lz
Ceq1 = 25,000
agu - 500
Ay = 1.56x10°9
]
Ceaz2 = 800 Purely arbitrary;
chain stopred and
o-m z 600 end product neglected,
Cem = 5%
M T 4.38x10-11
Den = 1,13x10°9
2 = B 3x10-8

From these the aqtiiubrinm concentrations which build up nmay
be x;eadily calculated as:

3

Bg0

s 258
Fa9
«FQ& ped '00198
Hag

B

282 . 0165
Pgg

e




.00056 for @:10t4

> 0086 for ¢=10'%

2.74x10~6

Tou _
N49
%ﬁﬁ - .00088

49

| The concentrationa as functions of time are shown in Fig. 1, where
per cent of equilibrium concentration 1g plotted aéaiust tine® in 1014 years.
It is seen that Pu 40, Pu4l yould reach substantial equilibrium in about
half a year st a flux of 1014, or in five yeers at a flux df 1013, The
highe} isotopes would ¢ake about 5 times as long.

I¢ the higher izotopez have a large resonanci absormtion, then the tirme
scele of Fig, 1 ould be considerably in errorg' as already mentioned, the
oquilibriuh concentration ratios are 1es§ likely to be far wrong.

C. Depatuping, |

One of tl;e features of a plutoniom piie vhich offers some attrattion
is the'”dena,turingu effect of Pu2d0, Presumably, any international control
scheme might require less stringent iaispecﬁlon and control la.feguards '

for piles in which the fissionable material is militarily ineZfective.

* actually, flux-time,



]

In Fig, 3, the ratio of concentration of Pu?40 to Fu?3? 14 plotted againe®
‘.l:i.mea vith the asswmptions as to cross sections of the previous sectic;n. The ‘
ratio & which thel material is effectively denatured is not known to us,

Woﬁ product has about 1% Pu40, If one guesses g fne starting on pure
Pu?3® might be "safe” when the relstive concentration of Pu40 reaches

108, then Fig. 2 gives the time for denaturing on this bdasis as 075 years at
‘& flux of 1014, or about 20 weeks at a flux of 2x1013. ‘
' D. Rafiopctivity.

In the elements vhich ild up from Pu239, either by neutron capture .

or radioactive decay, there are four OCenittors (Pu2®, Pu2d0, an?4l, 93242)
‘and two £ enttters (Pu24l, An?42) vhich need %o be considered in determining
the acti.vity'of the pile material., Pu242 15 neglected solely bécemnse its
propertics are unknown; and the sctivities of the elements which result

from the decay of the above are negligidle.

If all the above products are left in the pile until equilibrium
concentratiomsaiceatabliched, then sxamination of the data of the previonn
section shows the short 1ife of Cn242 pakes 1% the onl;} tmportant of emitter,
deaﬁite its low‘ concentration. The 4 emitters are of equél importance, since
they oécgir in sequex;ce‘, and for the same reason, the activity of each is '
equal the of activity of (m2%2, In equilibrium, ;Ehen, calculaﬁion gives the
following activitiess | '

ol activity ~~ 500 curies/mole 49
A activity ~ 1000 curies/mole 49
The above i.s an upp‘er‘lix'nit to the activity of the pile material. A

=8=
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]

lover 1imit may b found by supposing chemical processing removes all
gl ments excopt plntdnimn, 'ao their activities never become sppreciable,
Then the eCactivity of Puld and Pul40 will be of the same megnituds in
equilivziom, and 4 emission will arise only.from Pu?4l, Calculation
then gives: | )

ol activity ~v 30/curies mole 49

A sctivity ~ 500/curies mole 49

Since U238 is presumed present, the A entssion of U233 and Bp2S9

world slso have %o be considered. If the treeding ratio of the pile approach-
es 1, then in equilibriom the activities of thece two would be several |
hondred times that of the Pu above. Whether or mot the equilidrium activity
wonld be ellowed to obtaln would depend on the constructior and processing
_scne&ue of the pile. In any ewent, ths disintegration rates of U239 and
Wpl3P are so large_., o moderate "eooling period* could rednce thoéir activity
%0 mach less than that of the plutonium. (The same remariks apply to the
7237 wnich might be formed from any U235 presemt in an actual pile.) In
contrast, the half life of Puctl 13 14 years or greater (references previously
citod), €0 no practical ooaliné period is going to have much effect on the

activity of the plutonium whqn equilidrium atiaine,

The rate of produnction of nentrons, +, in the model pile will be
e function of time through the growth of the fisslonable 1sotope Puldl;

(12) A"z Hyg Teso fas+ (%} '?415"1,41 BEgn

e a

fea
=]
o
)
o
i)



g I
whers ri-‘ -??;s.. 0 =7

and- a‘ta a‘f fz © .
e have suprosed that Hgg will be adjusted as And 0"’349 varies, in such

a way that Nsg9 Opq9 = constant, Dividing eq (12) by this constant

. ’ , 4 Ko W,y %
(13) LA 4 qa At
. Fg9 Gasp 1 1+°"41+""43. 1 B9 Spag -

Since both *qy .*a] are certainly mall

ot
1ot g+ A iy

- 1= d—4’1

51

A /g 1teelf is vmknown, tho value used for 1t in future will be teken a8
actually inciunding the l = 0“4&, }7 49 , since 1t 1s the average for thermal
and resonance fiselons, will be a function of # ., Substitution of cross
sections previously used show however, that for / changlng by 50% from the
ve spplying 1in the origin of those sections, )] 49 vonlcl vary by less than

© 14, | |

Ifw ¥4 dsnotes the stesdy state value of g, then

oo Eg1 Sya = Ha9 Teso -
since the radioactive decay rato of the internediate member Pu?40 is negligidle

compared to ite neutron capture rats. Thus eq. (13) becomes

(18) ~_=4._ + @:eﬁﬁ__ T
Tag %49 '(49 (e Sae  ola

Just o8 im the c2se of 44, r_%@g will be a function ofA45
: 249 '

=1Ce
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eleo as for 4 4q %‘;m will change only slightly for a largs variation
' a4y - .

in /", so the ratio may be teken as constant at

~Cptg - “Taa
Ta49 L dag

with OCyg the value correaponding to the O 's of gsection B, Thus

. - ole By
(15) s = - m—&i— - s

If the value of At time zero, vhen Ny =0, e called .4, then

""{'[Q":m: /’49
N4g &age
and
. A ol ﬁﬁ B
16 - 1+ mﬂ—ﬂm e .
(e) “o Wovyg  fa9 =l

The time varlation of4 follows that of ...E.ﬂ. since ....{:.{Q. is dirsctly
. . ) X - C)-QBQ. ..A’o
...,.g;ﬂ,.‘ The latter was computed in ¥ir, 1, »nd is repeated
o2 41 : .

proportional %o
in Fig. 3. Again, the calculation used constant cross sections, and go

nay be consilerably in error in time scals (lems than a factor of two though).,

‘hen cquilibriom attains, and .__x%élw = 1, very closely
. oo F4qy .

L S S PR Ay N

-

o 1+ 7 49

ell" | -




Putting in g9 =.512, Y,9=2.95, J49=1.95. (Ref, CLE-Ki-1, Mexwell

pverages‘, slso Section As L, W. Marshall in Memo 7-2733 nses /4 49% 1.85,

ol 49._059,, 1t 1s not kuown that thess are any more relisbtle than the sbove.) |

2,5

—j%/.—— =1.434 for ¢41 =
=1.62 for/y = 3.0
¥, Exgess Neutrons Production

Another quantity which is vsluable in following the time behavior
of the model pile 18 the excess of neutrons producad over the abesorption in

’

Pu isctopes, e denote this by £, 4n

(18) £=4"- £ Boipu

& representg the maximum number of neutrons which might be absorbed in
U238; and the change of £ with time will give the change in ma:lrimum con-
version of U238, The actusl change in conversion will not attain this
latter figure, however, because of fiAssion prodﬁct absorp'tiox_x, alteration
in control absorbers, and change in fast neutron leakage, which will de

proportional to .4

g

E = A -y Gpae - W40 40 -~ W41 ap
= ahaorption in higher isotopes
The last term will be negleeted since the concentration of higher isctopes

ig so small their contribution will not be over 1% of £ . Then

19) —— £ . A B San S5
19 = = Foaa "L e F
Bag “ad9 Ha9' S ad49 49 Sa49 849

=



Sincé
oo Nag Cat0~ Ha9 Eea9

substituting from previous equations (19) becomes

(2) E . Jpas = 1+ Ch-1) Toas | Bay - Bag

——

Ri9Tass 5249 coB4)  Sage oofig0

With the epproximations slready considered,

By @"aés ()l 1+d. ’[41 00 341 aom;o
The quantity in the bracket in eq. (2L) we eall 3 . ﬁ varies from zero
when the pile starts on pure Pu239, "°'€°°=)I41 - 2 at equilibrium, Thus
£ - €o s directly proportional to S .- From the _zg_ and Y40 already

oBa1 oolgp |
found, .Z”.é._ has been plot%ed in Fig. 3 for two values of )141, , In Fig,
(=]

4, /A4 for three valuves ofil 41 is plotted on an extended time scale,

It will be noted that 4 firet is negative, reaching a mintmum and -
finally becoming positive again as time goes on. The negative dip in ‘/9
is caused by the Pn240 mwiﬁg in first andvabaorbing neutrons, be&‘ofe
the. Pu?4l duilds ‘up from the Puc40; later the gain of nentrons from the

fission of Pud4l overcomes the absorption im both isotopee., The duration



of pegative 4 1is rather short, being between a fev days and a few weeks,

depending on )141 and /b,' After this &ip, _é_ follows closely the

curve of N4l
oo Na1

 Denoting by subscripts o and oo the values of £ at startup and efter
attainment of equilibrium o

(22) Eeo-fo_tag  Ju -2

&  1+%Fa9 Vge-1 g

n,_ge- — = .95
49 OBd49

oz = 1119 for fy=2.5

B49 Saag
21,288 for)y =3
and

€-2%20 . . for Jfy =2.5
£,

- .356 for /141 =3
6. 3Breedine Batio
If we define (sze further discussion of the definition in a later section) .

the breeding ratio, g a6 the number of fissionable atoms created per second

per fissionadle atom destroyed, then in this hypothetical pile which contains

!

r . .

- only pure U238 { 3¢, no U<3D),

-14)



[~ o e v
Mﬂ d‘ .-Mﬁ - ‘

Y- Nl
(24) e= --%2--&%9-———-‘-9—549—3 o
14 S0t

F49C 049

Kow we are presuming Kzg will be varied in such a way as to maintain
the pile critical always, We can got an upper limit to Nzg Je28, and to g,
Yy supposing the ghange ia Nog 5’333 g0 the higher Pu isotopes build ur in the.
pile i just the chance In & . That 15, ve neglecé for the present vtho fission
' product adbsorbers, and any alteration in control absorbers or fast leakage,
as mentioned ia the previous section. Farther, rather than fix xmmericql
values, we introduce g, for %Eg-—:ﬁ%— at start up.whonllhgz R4q1= 0.

Then, at any other tinme,

(25) .;‘lzg._._é‘ga.a.._go ..é_._.é.g__
: H49 S aq9 - B49Saa9

Substituting from previous equation o

" ‘.,Jfgx?.ex.' .@._m,«..,ﬁ:ssg,

(26) 8:6"("4’ i g 5, Soa0
1+ e
B49 Sh49

S1nce 040 Taage €3 (26) becomos
/

' Nﬂ
(27)_ a- o + 1+d~ 49 (’(41" 1) >0 Hg




with

The time viariation'of & 19 easiest shown through

g- ¢ '(1*14’0’;'49'&70211
(=) BTg, T 1+ e By

14+0yg PHHy

Thie quantity, calouleted from the oga%ill_ already found, is plotted as the
Adot.tod line in \f’ig. 3.

In order to afford a quick estimate of the maximum g which could be
expected in é pile of this type, goo from eq (28) hac been plotted as a
function of g, for d}fferent )1 41 in Pig, 5,

It will be noted that £ gives the excess meutrons, whicﬁ aside from
other osses might be captured in the breeding material, U238, fhe .
presénce of Pu?0 thue reduces £ . but increases the numerator of g,

" since cepturs of ‘A neutron by Pu?40 lends directly to a fissionsble .atom.
Becawoo of these afposing effects, the terms in Hao in eq (26)
cancel, and leave only terms in Ha) in g.

We are now interested in what 8, may be, For a Hanford pile on

start up, g, ie about .82, (Ref: Private Com-unication, K. Way; also from

=16~



. Gata - in Memo 7-2733, L. Y. Marshall) Supross the U235 {n that pile were

replaced by Pu239, and the concentrations of Pu2dd, UZ58 yere adjusted so

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

Then with the Pu, g, would be changed just by;{;g -)‘1255 Since ;(‘25: 2.12
(CLM-EV-1) vhile ]49=1.95; the new g, would be mpproximately .82 - .17 =. 65,
By Fig., 5, vhen equilibrium isotope concentrations had Wilt up, goy would be
.99 for H =3, or ,865 for N 41= 2.5 or so on,

Whether or not gy could be increased ve leave for later discussion, =nd

_ procéed now to consider some factors which 11l certainly decrease g.obelow

the maximum heretofore depicted
H, Effect of Additiona) Bentron L&m
1. Fission Products
Becsuse of neutron abeo‘rbiug fission p roducts, the amount of P238 which
can b put in the pile will be reduced, 1If neutron capture is the only

impdrtant csuss of decay, then in steady state
N, Opp= ¥p (¥g9 Tpaet Fa Fra1)
‘ .

vhere K, 13 the concentration of product p, Sgp 48 cross section, and yp

the fission yield, assumed the same rorqu239 and Pu24l.

Then < n

P ap ( ﬁﬁl_>
J—T—- I\&
¥a9 © aa9 a49 cra49 49

Ny( 1 +oc§9\

1+ 49 ]_-1-:#'49 }
b 4

&



. where y is the eum of the yields of all such fission produets.

In calculating the effect on g of the fission product absorbers,

5 C*’gp © ; mast be subtracted from 280228 ; by eqs (25)and (28) this
49 ©aa9 . F49 Caes

is exactly equivalent to reducing by y the go flgured for a pile with neglect
of fission products, )
Undoubtedly in the type of i:ile here considered, Xel36 would be present
in equilidrium emount; we shall mssuze 5m139 wi1l also, With a yield of
5.5% for the former and 1,4% for the latter (CC-3420) y would bev .069, or say
» ,07. .Thus in the example considered in the previéua soctiono 8o would novw
be reduced to ,65 ~ .07 = .58, from Pig., 5, g becomes .94 for )‘( 41:=3, .
or .8l for /4 = 2. 8.
Reference to eqs (27), (28) (30) shows that if gnly Pu239 vere present
‘ ' J oo = e o
1+ 249
vhile if the higher isotope is in equilidrium
ng T
. Tar
o 14deyg
‘Substitution of numerical values shows the reduction of gao, becsuse of fission
product build up 1s 13% greater with Pu24l in eqninbuuﬁ than if Pu<3? alone
1s present. The increased effect on g o Occurs bascause of the increase in
effective 7issions per fissionable atom destroyed, O~ 41 being very small
compared to oM 49. .
If the fission produ.cts are iimited by processing to a definite coricentration,
then | | |
g oluith a1+ 49)-{3”(«1%1: 49 alone) x _.l_._.__..

@®. | B 1+ 2l

= .7 Jgo{with 49 alone)

=18=



Becanse c;f the greator num\;ei- of neatrons formed when Pu24l 48 presens, the
offect on g of a fixed loss 1s less in this case than for Pu?9 alone.

2. Control Abgorbders

If neutron adsorders, in the form of‘ necossary control rods, or perhaps
structurael changes, are added, beyond those incorporated when & is figured,
then in order to maintain the same criticalitsr conditions U238 will haw to.

be reduced and g will decrease. The effect can be scen by docreé,sing g Yy

S¢4 . where 84- 18 tha total cross seetion of the added smaor\)ems°

N49 Sag9

Freouently, such absorbers are sppcified ia torms of I kﬂx o

N ' k
If ket = : : :
Neutrons abdsorbed <4-noutrone lesking from pile

then a departure from a steady state in which kege=1 will be given by
Jl;eff =

Since k will be near 1, spproxidately

{%-_4_ @.ﬁt.)

49 849
From eq (15) /‘./ ¥will be between 2 mand 3, probebly nearly 3; eo, very
: Ba9 “ase

roughly, r
Se. ~ 9 Fefs
€ =~ 3 &

Thus for éﬁgizii to 48, Sg, .1,

Again Fig. 5 shows the change in gog,3 if in the example prevhwly
] ) .
carried through, g, 1s decreased from .58 to .48, gou=.860 forf41=3; Eoo%. 74 for

Ny = 25.

=19~
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3. Chemical Progessing |

In the chemical processing of piie materials necessarily some losg of
fiésionable atoms, or potentially fisslonable atoms, will o.ccur, The iefi’ect
ie the same as a reduction in ireeding ratio, We suppose the processiné.takee
place in discrete steps -~ the materisl is supposed o remain in the pile for
a time T, then be processed and returned again to the pile- but we averaée '
the loss over all time, The loss of 28 atoms whiéh have not been conver‘lied
~into 49 is not counted;
Let f = fractlon of total fissionatle atoms which fission in T¢
¢ = fraction of atonms o‘f any species which are lost in one processing

C = ¢, z average fraction of ntons lost per seconi,

a———

| T ‘ |
Then : | o
P (829 Span + Ty Spqg) To =1 (Hyg+ Ny, o
80 '
| - 5 =
(A1) .- B49
v f 1+ Iy
N49

Thus _¢_has the d!.ménsiong of a{cross section: the cross sectic;n- which gives the

;0

average processing loss. To every J. then, _‘%e must be added,

It is conwenient to call .E!f..,: 2, and to introducess.C .
Pca



From'eq (31)

(32) o= ,[ 1+ R 1‘49 I

We shall eoneider_only aquinbﬂum values, ‘20

and
co¥20 Teao(l* ¥ag)s BigSeqg o 20
33 Nay Caay (1+849)= K
(‘) < “ra 41) 43 S ( 1+{40)

Thus, by substitution, since Sggq ~Sray

1(‘*"""5’?‘7—&9
10’41 1+J 40)

b —d
v ()6

Yoo s

' Vo f
(30) WansYie 2048 = 78y
40 4 O‘céo

141 = ¥49 | .g:ﬂﬁ&. = ,058%9
<tal
Since ve are 1nterentad only in small values of -.so certainly below .1, we can

get lirits of Xq.g for these valueso

For 3 =0, Yag ».982z
z-.1, )’49-9 .96z

We shall aseume that for any % )’49 has the average value of .97z,



Then
(35) ag=.972, Xap = 7352, Xy = 056z

In calculating the breeding ratio, now eq (23) changes to

Nop &g+ Nan O
" Fag Sasg (LF g495+- Wa1 Stal (14 741)

-

oF g, + (741 -1 3 5 %%
(36) g = 1349
| 1+ Mg+ By Grgy Qo)
Nag & aa9

Again. considarlng the steady etate valus, and substituting from above

ST
(741“1)1*3’4;] 7m)

(27)
1+ Y +,__e‘~_-za_ N
49 14 Jhgg \ I g0

Since the Jis are small, to a fair approximation

( : - &o + r——ﬁ-(/(,nwl)(l 321 f)
38) = R

1+ ﬁ9i+r§%§5 (3...%@@

1

From eq (38), 1t is seen that the major offect bn g i through the :}’.49 in ths
denominator, representing the processing loss of Pu239, The J3. 240

in the numerator account for the effective reduction in neutrons evailable for breed-
ing becanse of the vaste of 41, 40 in procéssingo The ¥40 in the denominator
shows the loes of 40 which might have been converted into 41 has the same effect a8 a

greater destruction of 41; Y 41 does not enter here because the greater loss of

..;.23_



41 directly is exactly balancgd by a reduction in N4) under the conditione
of chemical procesaing loss,

Substituting from eq (35)

go +.338(4g - 1)1 - .792)
(39) & 1.338+ . 7222

As z 1s =mall, g, will De nearly linear in z, or approximately

(39a) g2t ;3222'1 a-1., [._336( N - 1)+ 5g|

Thus
(391:) _.2.&.:« ‘,336()141 -1) - .408 g,
‘e

For the range of /{4 and &, here considered, _..,ad& would be Ybetween .75
: 2
and 1. Since the 2z to be expected can only be estimmted, 1t will be sufficient

to tako ...?i..§a=.. as 1, and thus %o aayargm-'a =2
[P '

As a lover limit to be expected, c] might be .00 to .002; possitly f
might be greater than .1. On the optimistic side, then, z might be as low as
.01, axfd thus the reduction in 8,00ue to processing lossee only about .0} - &
relatively minor effect. On ths other hand, if ¢; were as great as .Ol, and if
£ had to be as small as .05, on the pessimistic side z could be greater than .2,

In the latter case, the reduction in g, would be very serious.

=28
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4. ZTemperaturs Effect on o.

The calculatione in this ,report are carried cut for room tamperature,
since the data on croes sections apply only at about that temperature.
Actually, it is expocted the piles diﬂc;nsud. heroig would prodnce pover, so the
operating tempersture might de quite high. How the eleﬁtod temperature
might affect the cross sections of the Pu240, Pu”4l i not known, but 4t
56 certedn the Ob4g will be imcreased. Thus g will be reduced, though the
fissioning of Pu?4l will ameliorate the sffect to some oxtent,

I. Effsot of Additional Neobron Geins - |

1. Ereoling Blenket -

" How conntderation can be given to some ways in which increases might
come t0 goc. One of these 1z through the capture of leakage neutrons
in U238 placed around the pile. If a fraction A of the neutrons prodoced
leak from the pile, and if of these again & fraction b could be captured

in 28, then the effective increase in g, would be.

(40 Jees 42T

- Hag g9
From eq (15) A in equilibrios i 1,95 +.338/[q, which es an

e

Ba9 Case
upper 1init might approach 3, If the Hanford pile is a guide, A might be atout
o'()4; so 1f b could be as large as osp &o wonld amount to .06. Significant
gains could rosult in this vay.
2. _Fast Plasion, |
Anothor vey 4n wvhich gwmighé increase 1is through. fast tiss‘lon. Usaally,

* the effect of fast fioolem is reproccated by & eoofficient B mnl $4plying -

o Do



From eq (28)

Se, ( ““ﬁi 1 )(E-l): (1,464,283 4 4)(E-1)
14+ 249 . .
1+ 49

- If the effect of fast fission has already been considered ia the g, vsed,
then the first term should be omitted. ‘
Ae an example, suppose 441-.- 2,75, E= 17035, then ng.—. .07%
Again, s significant gain results, which shows deliberate encouragement
of fast fission might Ye yorthvhile.
J. Definitton of g |
in plles which produce some new fissionadle material as they run,
some figure of merit is nee¢ded %o assay the performance of the pile as
2 manufgcturer, and to compare one pilé with another,
The criterion has bdeen called tfxe "breeding ratio®, g; and for a pile

vhich contains only one fissionable species, a definition in common usage

is
(1) € = aumber atoms of A produced in pile per atom of A destroyed

When a pile contains, and produces, more.than one fliaslonable species, | an
extension of the_ definition of g becomes necessary. The direction the
utgxsion-:'téken will dapeﬁd upon primary purpoge of the p'ileo

In Section II G, and also in MORC-374 by H. C. Ott, the definition chosen
is the logical extaonsion of the above to A
(11) & = number of fissionatle atoms, of all species, produced in

the pile per fissionable atom, of all species, destroyed.

=25



Thon -—*— = pumber of fissiomablo atoms used im the pile per fissionable

-8
atom supplied.

i
On the dasis of definition 11, 8T g« 1,
Huzber atoms 49 sdded to pile por 49

consumed mpile:.’(l«egao) 1.-1-;2“2

\

_and

C Fissions per atom 49 added to pile =. 1
' Q- sco) 1+ ___19;__
49

In thig particalar model pile, in which only Pu isotopes are fissionabdle,
sixpplqé~ expressions for the above would result if definition I had besn used,
with A denoting the major isotope 49, Then |

Nunber atoms 49 added to pile ‘pler 49 consumed:z 1 - g,

Fiesion per atom 43 added %o pile = -—]-'--h——
A -

The latter relstion rosults since41->0. In & pile in which U235 is also
present, &8 considered _i.n a 1§tor sgotion, definition I does not yleld any
simpler expressions,

Other definitions of g sppropriate for particular purposes, might be thought
of; fér example, if a pile is run chiefly to préchaco atom C when fed fissionable .
species B, then g might b defined as “
(111) g = numbsr of atoms of C.producod; pe= atom of B consumed
Or 4f pover .prod.ucnon is the chief alm, then a simple criterion <for performance
would ©te given by '
(iv) = nnmber of fiesions from atons created in pile per fission of

ell kinda in pna.,

.26



. = ONnergy produced in pile '
l-g¢  cmergy produced oniy by fissiom of material’ fod to pile

g by IV aiffers from g by II becsuse in genersl X will not be the same for
211 fissionsble gpocies prescat in the pile.

Por the simple easd of Adefinition 1, one can write

g= M- 1 « neutron logges o
vhars each term 6 referred to the destruetion of one atom o:‘A. For
definition II, a similar ;'alatioa con be used, oxcept the reference basic
neads to be the desémtion of one fissionable atom of all kinds, '. Thua,

¥e nesd an average i)' » defined as

= _ ap Bas %9 + e Pa %am

M
@ Bye daa9 TXy St
— x
a9 T TT R,y e
~ AKyag
-+ o2
1~ 1F S
Humeriqally
cot ’ ) = 2575, = 2016
= 2.8 0 = 2003

In the previonp_ section, it wes simpler to compute losses on the basiz of
atoms of 49 deetroyed, since H‘&g '%9 vas assumed constant, The redncéion

was conveniently accomplished by subiracting thece neutron losees from g,



iz the numerator of the exprossion for g. Thie was idmtieauy equs.valent to
expressing them in torms of %otal fiacionahlo atoms destroyed, 'by divizion
by 1+ .ir;‘ﬁ. the ratio of total atoms doltroyod per 49 destruction, and

49

gubtracting then irom goo. .~

¥, Probahle. 80

The results discussed in detail in previous sections are rscapitdated
in Table I belov. As a atarting point, it is sscumed the pile ie dmplicate
of Hanford, except .that Pu23? §s substituted for U255, and the concentrations
of Pu239, U238 are ndjusted so the pue is eritical The substitution reduces
go {rom the .82 of Eanford at start up to - 65,

In the second 1line, the effect of fission products is subtracted. Processing
might occur frequently onough so equillidrium Sm did not bund up; on the othcr
hand, producto other. than Xe, Sm would appesr to increase the rednction,

‘rhe 1 neutron per 49 atom destroyed subti-acted for controls and poseible
s%mctnrgl changes perhaps ie on the high side. Likewise, the .1 for chemical
processing malv be greater then $he figure to vhich chemists may wltimately
reduce losses, »

.The gain in a breeding blanket is speculative, The fast fisslon sffect 18
added for the 4] fiesions only, the effact for 49 presumably already bsing taken
into acount in the original g,.

A3 the figures for g, ere possidly rather concervative, one might hope |
for an "741 high enough %o gsvo gao::,ss, ‘nma? the oxistance of the highoi ~
isotopes of Pu has been emough, to conaterdaslance the losses introduced, and
to raise g‘tron .65 to perhaps .85. The net effect of the ncutron losses and
gains is soem to be about - .09 on g0

A% the end of Table I 13 given the value thet the initisl g, would hawe to have,
in order %o come out at the end with go=1. g, 18 8o high, the imposcivility of ob-

teining & true breeder with a pile of this type is indicated. How high g, might

become will be considered 11; a later soction,

=28=



TARLE I
Broeding Batio in Pu Model Pile
Baged on Eanford imitial g =.B2

Canse ‘ ' Change Regultant , - 8c
Taitial L . 82 _ o
Sabstitution of 49 for 26  |Jgz-.17 .65 .92 865
FPission Products Js,,: =.07 .58 .94 - .8
(Xs 4-Sn) ‘ S .
Controls, S§mcturd ' Jg‘,:-yl .46 . 865 . .74
Chemical Processing Jw—.l ' ‘ . 768 64
Freeding Blanket ot 06 o ,825 .70
Fast Fission /e = -027, ' .852 22
. 0022

Value of initial go for finel goo =1

=2.5 1,18

-2%




‘L. Comparison of Plutonium with Other Fusle

ety

. . 0tt, in CL-E¥S-31, ha§ consldersd the offect oi’ higher isotopes of uranium
or the operation of a 7233.Th Sreadero Comparison of his resnlts with those
obtaine;i here for the Pu-U2%8 pile show three striking differences: (1) the
time scale for the build up of the highsr isotopes from U3 is very mach
longer than for the plutonium case, becanse of the much larger cross sectione
of all Pu isotopes. Depemding on the unkuown S for 0234; the differmea in
time of attaining equilibrium might be as great as a factor of 10, (2) The
axcess of neotrons péoduced over thoss absorbed in U isotopee (analogoue to
the quantity £ of this report) first decremsds becsmse éf the formation of
ﬁ2§34; thon incremses again, with the bnildap of U3 yhich is fissionable;
then decreases again as U236 comes in, The Pu shows the first dac?mco but
no§. the gocond; the tims scsle is much lese for Pu. (3) The net loss

. | (counting im the recovery from fisslon of 0235) of neutrons %o higher iso-
tvopeno per neutron absorbed in U233, .ia only 00274, The similar quentity
for the plutonium modsl pile, per n@tmn -absorbed in Pu2d9, i:z -~ ,169 for
)(41:‘- 2,15 ér = 538 for )141-: 3; the - indicates that the loss is & galn,

' Thus, in the USS3-Th, the higher isotopes have practically no effec: on the
breeding, while in tho Pn239w3333 they contribute materially to incrsace the
breeding ratio, '

In a p.'ile'rnnning on U235, the build up of U2359 0237 would alszo

be slow, the ‘oggg, beinz 850, and o¢os. 15b, Since U7 deceys to

@23'?” if chemicel processing removes rapldly all elements save uranium,

‘then for each mentron mdsorbed in U235, 1—%?2; =0.15 neutrons will be |

lest to the highoer isotopes, On the cther hand, if sll isotopes ars l‘ai't in until

equilibriun attains after two noutron capbures and one 4 docsy, PusSd

. : vill b2 reached. Using '141 = 3, tha ;{pu z 2,22, 9o mov the net loos of

=&0=




neutrons would be %ﬁn_ [ 3= (z,zaml)]:oz? neutrons lost to h gher
: 25 . ‘ .

1sotopes per n-utron absorbed in 25, .

Wigner has noted (MUC-EFW.-134) that a certaln percent loss P of
nsutrons censes a reduction in breeding ratic which is Pfo %0 the 109&
is relatively more important, the higher )[ o 'i'his appears to be true of
a ﬁxad ioes-ot ‘neutrons only for otherwise idemtical piles containing
material of different }] o For gemeral comparison of different types of .'
I;iles, ome would not expect a conitax;._t‘par cent 1loss of neutrons im struct-
nre, controls., or by leakege.

' As alreedy noted in the 49-41 system, the presence of a fissionable
higher isotopa increnseg the ralative fission product loss over that for
49 elone, 'In the 23-26 system the higher isotope has practically so
effect, bacause oL 23 and o5 are nearly aliks; since the o ‘s are small
compar#d to 49, the fission pmdﬁét loss i» more important in thisg
systea than in the plutoninm system. '

The chemical proceseing loss is relstively gregeor in those systemsn
in vhich a high member fissions, since its neutron yield is reducsd by dig-
appearance of 1sotopes along the line. Such loas is more important ia
tha 43-41 chain than ia the '20-26, becmse likely /41> )26, end also be-
couso <g9> oze | '
M. Qperating Questions: : '

1. lsitisd Daorease in &. - |

Piz. 4 shows that ‘1n1t1a11.y/3. and £~ £o0, decrease but quickliy recovﬁre
As U238 yonld have to be withdrewn, if chenges in its concentration are made



to maintain criticality, and then soon returned, ome may ask if the
dip in F may not be counterbalanced by controls, emd the hendling of

large smounts of 28 svoidedo The change of Hog will be just

Hag €

oL
. T==39
Tag -1

since 47is gmall in this range and Sa2g will be practically emstant.

ﬁ-,assxz

Pig. 4 allows the value of Q.g%g. at /4 min to be computed; one sees

Eod

St probably will be in the nelghborhood of 1%, Mumerically, 528 Ca2s
| ' W49 Saqo

is adbout the same valuo, thus much smaller than the fission product absorbk-
ers, The appearance of Xenon will probebly be more repid than the chenge
in F but the SM@ will likely f211 in the range of negative P Hoth
of these suggested variations in Hpg can be handlod by controls with Eog
constant, wlthout much lose in breeding.

2. Rowex Eroduction

The pover prodnced in the hypothetical pile considered here would de
proportional at constant {lux to the number of fissions per sécond, or,
sinee ii; this model Egg 5?8’49 is supposed to be co‘nsta.ns

‘ Nag Sy Ty
e e

or the retio of the pover at any time, to the initial powser vhen Ng = o,

b = ].'+0"49 —.Jﬂ
PQ rQEu

At steady state, then, the power would have increased 51%. If ¢his changa
ware objectionable, the flux could de varied, and all the previoue relations

world zo throuvgh just the same, winmce only ¥4 is involved; vith variedle

%, the £ipa scale would be altered,

=32-
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3. Presence of U236 B |
-Q'a’hen the pile is going in etesdy state, it Qonld make little difference
. whether pure 0233 or natural uranium wae vsed as fuel, Suppose for exempls,
the pile had a g as lo.v as ,75; then 3 atom§ of 28 would be supplied per
atom of 49. If each 28 were accompanied by .007 atom 25, the change in 49
required would be slight.

Oxlu start up, however, if naturel ursniom vere nged, tl;e effect wonld
be great. In the next section a pile starting on natural urgnium with
no plutonium initially present‘w’ﬂi" be considered,
111, Pile of Hanford gm‘ with U235 Present

In a Hanford pile starting on natursl ur‘anium,,. the fission O”of the Pu%? ‘

P

‘which 1s created more than balances the reduction of Op through destruction
of U235, o the remctivity of the pile incresses with time, We wish to
‘2ollow this as the higher isctopes of Pu239 mild up.
In & practicsl pils, ona‘ might 1msg:lné the excas§ reactivity reduced
. at frequent intervals by removal of a fraction of all the plutonium gresmtn
| (Ref: Unpublished Mem¥ dated June 4, 1946 - "Power Piles Operating om Ratural
Ursnium®), The mathematical analyeis of such a problem 1s difficult: elther
& lahorious step by stép calculatiozi., or, in the case of the ;approxivmation
of a continuous removal, the solution of non-homogensous differential equatiaong
would be required. Hera',,‘ it will be suppesed all isotopes remaln in the pile,
4 and &3 a forther simplificetion, that thexcrosa_ sections are constant, even
_though actnally the resonance absorption will increase ss the neutron pro-
duction increases, as already discussed. With such an spproximaﬁoﬁn the
concentration of e.ach speci.e'e can be calculated 'readuy; the time variation

vill follow the same pattern as in the previons hypothetical pile, since

the soms cross sg tions ave involved,
®RBy G. Young '

3
.
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A,  Excess Heutron Production
An interesting quantity is £ -~ £0 as slready defined: the increase

in the number of neutrons, which would have to be adsorbed in controls if

the pile remains just critical. Similar to previous equations, ve have '

¥4 Sa

: £-Z0 E s (H o o H49 552 _
(41) (}'("49 1) +();41 2) Bzaé“‘cza

Hog Soog 28 “cz8

¥
+( -1) _..35 %ﬁmz]
- )125 “?s c28 -~ (Epg To28

Here we have assumed the Pu24l will always bde in equilidrium with Pu240,
because of the much larger crose section of thoe formar., oN25 demotes
the aoneentration of UR35 1n na.tura.l uranium at atart up; no addition
is 'presumed to be made. It is further assumed H2g will be substantially
coxistant during the period of injerest. ‘

Prom eq (41), —é-_—_.g&- has been compnted and is plotted 4n Fig. 6 for
Boa Oczs

. N Kaw &
iwo wvalnes of - In steady state ..niizaaﬁﬁ =1, and P4] —ad) =3 g
4 }(41 dy * 28 o ¢28 ¢ 490"%9 - 4‘6\--49 °

since the plutonium chain is derived only from the destruction of U238; and
the U235 concentration is zero., £ - <o has & negative value, indicating the
gena pile wvhich started out will not run, A% ‘ft between 1.and 1,5 - -
that is, after 1 to 1.5 yesrs st & flux of 1024, or 5 to 7.5 years at a flux
of 2:1013 - - € =&0 becomes zero.
B, .Gxi.tinal Concentiration of U2 U235 and Breedinz Retio

In order to keep this tdentical pile (identical as to'size, structure,
absorbders, etc.) running, then, ¥ps could not bs allowed to go to zero. Eq.

(41) gives the requirement at steady state:

(42) (Vg9 =2), Vg ~2). g9 .ﬁm 5 o925 Fazb__ _ 3 2o

Mop -~ 1 Ugg - 1) 1+ "28%c28  (H282c28p

e I



Bo5 Qa8 = 372 - .302 (g « 2)

(43) -
Kog ce28

If ome atuv;sta'nza %o match the change in Sepg 80 a8 $o kesp Nog Teog

smm (thie mesns decreasing Npg), then
{44)" ...EZ.Q_ : L8306 - °243(.741 - 2)

The treeding ratio,

Bog Ocon + Ban O

&= i K- 0 E T —
H49 Ta49 + Eq Cag1+ B255 25
| 14+ a9
(48) g,z Ardtsp = -

ol Noc O
1449 4220 a2 (1,338
Itdgg  Fag Sezg 1.338+.372 - .302(/)yy -~ 2)

Values of __.E&Q_ and goo for a few 741 are tabulated in Table II.

o¥25 :
TPARLE 11

» Fs_ Boo
4 R .

) 0°25
3 ' .057 ' . ,95
2.75 .119 .90
N ' .181 ' .86
2.25 ., 263 .82

In pon%rast to the former example, which assumed Pul39 was added to the

piles for which g ,was less than one, this case envisages U235 as neing the

=35



I
ﬁssibna.‘blo pateorizl su@pued, along with Vthe U238 for conversion into
plugénium, Since oN25 i3 the density in ggg_n_z_'g;, uréniumo the above
table shows that the pile will run in oquuibrium with qume a lov con=
centration of U235, Material of the low concentration of U235 would
be ontimally replaced; the replacement would not have to be naturel
uranium, but need only hawe a hizher conceatrastion of U235 thén the pile
naterial. It would bde perfectly fessidble, for example, to make use of K»éﬁ
discard, which has about 2/3 the 25 concentration of natural urenium; in
this 1’).i.leo it would bs further dograd.ed.,
¢, Withdrewsl of Plutoniun

Instead of the laborious exac’c aolut ion of required withdrawal rate
of Pu to mainta,in alwaya the pile critieal during isotope build up, an idea
of the results may de obtained from the analytically simple solution baged on
(1) assumption of Pu239 alone present, or (2) assumption of all higher
‘isotopes in equilibrium with Pu238 at all tines [Refa Unpublished Memo
datéd June 4, 1946 - "Power Piles Operating on Natural ﬁranimn”r‘ hez;e
we extend tiis work 8l ightly by using actusl l]"e for 25 and 49, and by '
assumption (2)] : S

From Section IIA and eg (41) under assumption (1), the required con-

centration of Pud® is given by

(46) (.)]49‘-1)&9_0::9&2» (i?gsal)l'&ﬁ_d.?ﬁé, uz’;"@é%%j
. .H2g8 028 Ngs Se28 J

~

Steady state operation will begin at a t for which F49%a49 - 1
N28 Se28

.



’l‘he fractional withdrawal rate, ¥, 18 given by

Ve

¥ U0 "’é 9 . g ]
4’? _.u-—-‘——— :é" L= o
(47 JPPog Oapg  Fog Ogog  fo A4t W&o

and the total amount withdrewn per unit voiuvme of the pile, is

%
(48) 849z g N gg 4%
) |
Bqs (47) and (48), with the aid of og (46), rednce to
5 = - Saop #
(49) w ..M %c28 _1. Zes | &
' Pas9 Va9 Sas0 Sad9 1 ¢~ Cass et
(60) ———49 . -Ne2%R49 .1 - —Sa3b
Pt Ces - N28c28  f7%Ce25 as9
o)1 (Me5=1) Fa58azs
Hag - 1/ g ezs

Eg (49) showz that w is first positive (material being withdrewn) then zere, and
later negative (materisl being added, from atore Sgg). When the pile reaches
Nyg &, -
ateady state _nﬁ._gﬂﬁu =1, v is negative. A% that time, by eq (45),
° Nog&o28 " ’ 4=

- & ot - . . - :
€ T A 0305, Cons 0= 1,19, so from eq (50) %o = 085
° " azZb . #t:Bgg Soog

That ie, 8,5% all the Pu239 made in the pile &s retained outsids,the pile,
The time involved (‘é—'ags #$=1.19) is 3.3 years at 50:2:10135 , .
Under assumption (2) vhich would imply long steps botween withdrewsl

or addition of materisl, - 1 will be increased %o - 142249 ( - 2
o /49 Hao 1—1_&_%49 N4y

YWe ealcnlate only for )) 41=3° then 749 - 1 in the above eqs (46) ¢o (50) is
multipiied by 1,356, Steady state sets in at & Za2s pt = .06, Cang o =281, and

—.549 = 262
i Bza c28

=3P



In this caoe, ‘ahej gxcess 49 is about doundled, and the time for steady state
1s 7.8 years at p= 261013, Ve would sxpect the correct solutlon for an
actuoasl pile to lie beSween these two extremes.
D. GCondifion for &=L

 Wnile the aseunption of Nzp F¢28 constent was the simplost mathemetically
in computing concentrations, let us examine the conszquences on tho steady state-
&co0F increasil;tg this guantity, and let us aslk, w‘;zatl would Kog 31@28 have to
. be in order %o achisve a 8o, of one? It is clear tixat in this caso, the‘ G0N
centration of all pluioninm atons will be directly proporiﬁioua). to ¥og 5“&33,,
while absorption in @wontrols and permenent absor‘ber-s. as well a® leskngo in
the first approximation (the fast leakage actually &s proportiomal to 47
will Do MQ&M of Kog for consiant plle sige. ’Ehms.ﬁt aight be practical .
to increzee Nog snough for the relative losses of neutrons to go down 2o g >1.

In this came, let the 28 absbrptidn be included In €, so
(51) &= = 1) Fag Tpso+ (s - 2) Bay Tom = ¥ %czp

We suppose gs1l, 20 Np5=0. If the pile runs on the original Npg, U35, thea

also
£ = Ulas = 1) oB25 %25 . (Fzs Fe28) o
9.
(a9 ~ 1) Nag Spg+ Yy~ 2) Ny Saa1 - 528 “ez8
= (25 ~ 1) o265z ~ (Hza Soza),
or ' )
¢ haod + | - M-_. o
(62) (o = D+ Uy - 2) < gy 1

=|(# al)ﬂgﬁ.,,aai&”i_w..- M‘H 2280
Chs (Bag gog) o ] Bop Seos

=38=



Putthag in numerical values,

s3) (E28Csc8lo . 9zr(fg ~2) - 137
(53) sz ess Ya -2

Fow writing down %fm for this case
° ,

| ) |
A . e * L a?T) fa
" Y Tﬂaafm_, . $B28 Zezn)e
=% (Fzg Se28)0  Wag Sezs

Putting in mumbdere

(54)

(55) A ‘,754%”1-'51}"{4;_.
- (Hog Feonle

-Hag Zang

and subatituting from eq (48)

(56) 'J‘_ 0754 ‘1_9131 qﬁ
Ao 0927(%31 = 2) = 137

Values computed from eqa.(53)and (56), for the case where g <1, are
given in columns two and threg of Table 1II,

IARLE IXY
| Bog 5, r | & " Bog
Ha 28 _e28 C cori— T'JAT" a3
(xm G"cze)o /V'o Se28'0 (HBS)O
3 1.265 . 1.45 | 117 1,08
2.7 | - 1.7 1,95 1.45 1.23
2.6 3,06 3,32 2,18 1.14

=39



In ordar to separate the change raquired in Hog from the total X2g 5328:,
the alteration in aversge effective capture cross section aust be evaluated.
For a homogeneous mixture, log ppg would e proportional to Npg; for the
Woﬂ structure the relation w!.li et4ll be approximately trme. If any
actual increase in averaga‘denaity of 28 atoms i§ socored for example, by increase
in slug radius, the ralative surfacs absorption of resonancs neutrons would
desrease; further the volume occupied iy graphite would probably have to
decreass. The two effosts, somewhst offset each other, so 1t will be assumed thot
log Ppg < Hzgg, and further that Ppg is mear enough one for

(1 -~ Ppg)oc Hzg |

Thus, by eq (?) the rosonanco- capture pai't oflﬁgzg vill be proportionsl
to NV~ Haa; |
We may write

(57)  Gaog = Octpon. t0oonn 2 %§
e28 = “ethlf o3 e A

vhere 5;@5 ie evalnated for the preseat Haunford slug. Dhec%ly from (52)

ve odtelin

2 . | -
- Sethizs r.sa’_ ,,;g&gw“‘ . mm_za“
(88) [(&cza)o] - ("cae) [ 0281 (Sezgda *°  (Bpg Tgaple

vhere (O‘agg'."g is the value by (57) for e A ﬁgg)
: o e

\

Por the Hanford pile,from date given in Memo 7-2733, L. ¥, Marshall, one
can ocompute ( Caz8lo= 3,2&3; Cuthos = 2°2i: and Opg28 = 1,05, From other
dé.ta(xo Way, private communication ),, one can caleulate, &cng = 3. 333'.:
'E“QM'—' 2.26; and Gpgpg=1.06. I cach caso, the Sepnpg refers to a Max-
wellian average at room temperaturs, ¥We choose the latter set of .fignres, and from

the .,_-’K_.e B8 % of Tabtle III compute Yy eq (63) the e given in the
“o  (B28%20l0 (sgzslo

-0 I



fourth column of that taltle. Then from columns two and four, _(_gz%_
of the fifth colmnn follows, st

If no other losses entered, the increase in o ncentration of p238
nocessary to achieve g.o=1 48 not large 1!'/]41 is high, and would perhaps
be attainable, |
E. ZEffect of lLoases.

In Secﬂons I1T B and D, the additional lossges and gains of neutrons,
over those preaent in the natural uraniuz pile on ntart WP, (uscuesed, in
Sections II H and T, wero not counted. In Table I it 1o seen that the effect
of a1l of these on &o, 12 2 reduction of about .09, Since the concentration
of U2S5 4g not very high, these sdded logses and gains in the presenﬁ pile
would bs nearly the same. In order to take them into account in Talbie II,
 &-o should be decreased roughly, by .09,

In 30%ting w the requirements for go=1 in Section III D, the added -
losser can be brought in exactly, by referring then to cne nentron absorbed ,
in Pu3% by mubtzacting 091+ $-58) from eg, 51.
and (56) becomes changed to .4€l.

The .137 in oqe. (53)
The figures of Tadle YII may then hs
revioed to those ix; Table IV below

T IV
5 e e G- ¥
Ezﬁ__gz&g , Zez8. .,,.._%..,
ar (828 Tcaslo “o (%28)4 (N28)q
3 2.12 2,44 1,62 1.3
2,75 4,27 4,77 2.92 11.46
2,5 3,33 3,60 1.96 1.7

An increase of 30% to 50% 4n average concentration of U238 night be

o 41@
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di..fficuls'eo obtein (10% to 15% increase in slug diameter, for 1ngtance),
ferhaps the geometrical arreagement of the U238 could be changed so as
to increase o 28 Mhn. in Qng svwnt, if the pile vere to start on
natural uranivm, and were e:peatea to run finglly with go=1, prpviaion
would have to be made in the dseign for chenging uranium foreatration.
IV, Conclusjons
This report has at'tépted to analyze the effect of the higher isotopes

of plutonium on the btreeding ratio in graphite moderated thermal pvr.llean enal o-
gous or identical with the Henford pile, The fissioning with a small o¢ of
Pu?4l cortainly increases the walue of g obtainable, No very definite
_numbers can be given, but 1% ceems extremely doudbtful if a true breeder,
‘with £ conalderably larger than 1, could exist. It is optimistic, but

not without hope, to expect toztain a g=1. It seems fairly certain a

g of .85 to perhaps .9 might be gottem, if the hoped for high value of

,7.41 really exists, and If operation at high temperatures does \not seriously
change the relative erose sections, ‘I'hé_e effect of the higher isotopes, then,
can be caid definitaly to balance several dxtraneono neutron losses, and to
increass the Hanford g over its value on atarting up of a fresh pile,

Ths piles discussed here as "theﬁal".’,_ reelly involve resonance sb-
c’orptio:; to a considersble degree, in both PucS® and U238, and possidly to
an unknown amount in other isotopee. Infomaﬁop of any kiad on Pud40, Pu24l,
end better data for Pu2d? are badly needed., There may bo hope of increasing
g through design which encourages resonance absorption in US38, and ﬁerhaps'
discourages it in Pu239; and which adds to fest fiasion 1n ell cases,

Even though g may be less than ome, ths pile can be made to run a long.
tine on the plutonium manufactured in the pile; md vhen new fuel is nscessary

o lle
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uraniom with quite a low concentration of U230 can 'be utilized. Thus,
diecarded materisl from isotope separation plants cen vo ussd to produce
pover, If PuP9, manufactured in some other plent, were used as 'tho fuel,
then %J..‘L tines as much ener& would be developed as in a pile whiech
barned :.h: P39 directly, vith a gz o. |

In a heavy water moderated ;;ile, ott [Monc J4; e.g. p-mj has shown
how the duild uwp of ths hiéher isotopes € plutoniﬁm increases g from
.86 to 1.05 (based on /,41= 2.75), He does not consider some neutron loeses
speciﬁcélly,, but believes in any event the pils can bHo made to run with &
g=1, Fnrtharmo_re the heavy vater pile also qonld use as fael uraniun
depleted to some extent in USS5, From the etandpoint of breeding rstio,
the heavy vatér pile seeme distinctly superior.

Before much bettor estimates t;f breoding can be made, it will bde

necossary to have more information about the Pu isotope cross sections,

how they vary with neutron onergy, and particularly the /| for Fu24l.

P
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