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Discussion and Results @ L

In any pile operating at a high flux, say five or ten times
the W level, the growth of poisonous fission products will be very rapid.
In an "enriched" pile with a high reproduction factor the poisoning may
not be fatal to the chain reaction., However, if the neutrons_in such a
pile which are not needed for the céntinuance of the reaction are to be
used for the production of new fissionable material, as-in a converter or
breeder, their loss to a poison may produce a serious lowering of the

efficiency of the machine.,

It may be possible to purify the reactinz metal by taking out
a fraction of the fissionable material from the reactor either continuously
or in small batches and removing the poisons from this fraction by chemical .
means, However, in such a process a certain amount of the fissiocnable
Ametal will also be removed unavoidably. The more rapid the cycle, the
greater this latter loss will be, although at the same time. ~the loss of
neutrons to poison in the pile will be smaller. The questionzarises as
to the most favorable purification rate for a given operating level,
In a converter or breeder, the absorption of a newtron by a

poison is equivalent to the loss of s fissionable atom. The quantity
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which it is desired to keep ab a minimum is thus the following fraction

which will be called the 1oss:

= (Fissionable atoms lost in purifier) 4+ (Neutrons absorbed by poisons in pile)

Neutrons absorbed by metal in pile

The chief difficulty at present in evaluating this quantity is
that very little is known about the slow neutron capture cross sections
of radioactive fission products and these may produce a large poisoning
effect. However, cross sections can be assigned to these isotopes on the
basis of data on stable isotopes. The results from such a procedure may
be considerably in error but give the best idea of what can be reasonably
expected at the present time. |

The loss is a function of the fraction C of fissionable atoms
removed in the purifier and the fraction <%t of the reacting material which
is purified in the lifetime % of a mebal atom in the pile. For a given
C, the loss will be a minimun for a certain value of =«t. The relation

between C and «t necessary ©0 give the minimumn is shown in Fig. I. Here

one sees for example that if C is 0.1%, o< & should be about 14; that is,

if the lifetime of the metal is 100 days the purification cycle should be
about a week., If C is 1%, for the same metal lifetime , the optimum rate
is about once every six weeks,

The actual minimum loss for any given C or any given <% is

shown in Fig. II. For instance, for a C of 1% the loss as defined above
is 5.9% while for a C of 1% the loss is 9.7%.
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The results were found assuming the purification process to be
continuous. If the whole unit is purified once in a time equal to 2/
the average poisoning during this time interval is only about 1.14 times
the poisoning with continuous purification in a cycle of length 1/=<.,
Further discussion of batchwise purification is given below,

It is interesting to inquire how much these results will be
changed if the radiocactive nuclei do not follow the statistics. The in-
formation available at present is that nuclei witﬁ an odd number of neutrons
have in general higher cross sections than those with an even number, How=
ever, this apparent difference may be duec to the fact that so few cross
sections of odd neutron isotopes are known.* According to the present
statistics (see Appéndix I of CP-2468) one out of eighteen odd neutron
nuclei will have a cross section between 105 and 106 barns, while thres
will have cross sections between 10% and 10° barns. This means that of
the eight radioactive odd neutron fission products with high yields, two
may be expected to have cross sections greater than 10h barns or of the
same order of magnitude as SmH? (40,000 barns). The contributions of
such poisons to the loss, as shown below in Table I, amount to ~ 50% of
the total for a purification cycle of & days, and to ~~37% for an
65 day cycle. (t =100 days,)

#0nly 4 cross sections of odd neutron isctopes have been measured. The
upper limits of 14 more have been found by assigning that part of the
absorption cross section of an element which cannot be accounted for by
activation cross sections to the odd neutron isotope with least sbundance.
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If any radioactive nuclei actually have such large cross sections
it seems that their effect might have been apparent at W, Analysis of
reactivity changes at W (N-1771) show that at low power the data can be
reasonably well accounted for by assuming a yield of Sm of only 0.35%
and a total effect of all other fission products equai to one-third the
Sm effect. However, it is not known at present whether any anti-poisons
are created at W. If U236 or U237, for instance, have large crosé sections
for fission with élow neutrons their growth will help rather than hinder
the chain reaction. = These nuclei will not be-préﬁént in converters using
Pu?3? or breeders using UZBB‘as the fissionable metals. The anti-poison-
ing effect seems very unlikely in the case of U236 put quite possible
for U237. Therefore, until further experiments are done, the most con-
servative policy is to assume that some radicactive isotopes have large
cross sections,

In the next three sechbions the mathematical expressions for
the loss and its derivatives ars given, the method of taking into account
the cross sections of the tﬁo hundred stable and radioaétive fission pro-
ducts described, and the contributions to the loss of different classes

of fission products tabulated for different values of o(i;

Mathematical Formulae

1, A Single Stable Pcison,--~The simple case of a single stable

poison produced directly in fission is treated first,



Let n = the number of poison atoms present at any time,

o = slow neutron absorption cross section of the
poison,

0 = fission cross section of the metal,
Ca

= total (fission plus capturé) cross section of
the metal,

u-f/‘_ra =P

O'/O'a =Y,
T = lifetime of metal atom = 1/flux x 07,
T = time/t,

¥y = yield or branching ratio of the poison in
question,

« = fraction of reacting material purified per
unit time,

ot = fraction purified in 1ifetime of metal,

N = number of metal atoms present (it is assumed
that this number is kept constant),

C = fraction of metal atoms removed in ﬁhe
purification process,

Then s e
dn/aC =88y - (=t ¢ ¥n

n % ik l:l - e-(n(t i i ]. (1)
%t ¢+ ¥

and

This quantity will approach its equilibrium value in a time equal to 1/ )
if X is smaller than %t and in a shorter time if it is larger. All
calculations are made assuming the equilibrium value has been reached;

that 1s, that n has the constant value
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= 20 | (2)

n -
<t + 7

The number of neutrons absorbed by the poison per unit time
is no’/d"af. The fissionable atoms lost in the seme time in the purifica-

tion process is NCe&{, Thus the loss is

O SR L AR
Loss = Cxt + —— ¥ (3)
The loss is a minimum when
8 HmindX 17
(xt # e
or
e poe - A
%Y- = <‘-67) - 1 ° 5oy ' / (h)

The right hand side of (4) must be positive, which means
A

CYy < By

If this condition is not fulfilled, no minimum will exist and the loss
will always increase with increasing o(. In other words, an attempt at
purification will only make things worse. For instance it Smul9 were

the only fission product poison, C would have to be 2,68 x 104‘

to make
purification worthwhile, (This results from ¢ = 40,000 barns,

y = 0,015, 03 = 715b, g = 1050b.)



P U o 3

e o T e

a9 .

2, A Single Radioactive Poison with Long-lived P.arent,--A radioe

active poison with a parent which partially shields it is now considered.

This is really the most general case. Let the subscripts O and 1 refer

and

to the parentf/daughter respectively, let a be the decay constant times .

and the other symbols have the meanings already given. Then

(et 4+ ¥+ 8T

(~ =N l-e
< Pya°{(o<'€+ Yo +ao)(xt + ¥ +87)

(=T 4% + 808 (=T 3% + 85)C (5)
e -c |

(¥ 4 75 + ag) (¥ = 2% + 8y ~ &)

and at equilibrium

A Nfya, )
(< + 4, + 8 ) xT+ 2 +8)

The loss is then easily found to be

Loss = Cxt + ﬂflya" ' (7
(=T + 0, + 85) (< + 29 +8)

and the condition that a minimum exist is now

SH 7% 3 1

< T;lt Y t 2 - ao] (T 4 % a°)2

(=F + 7 +2)%

Zo (8)

3, More Than One Poison,=-ihen there are many different poisons

present the loss can be found by adding poison terms for all the isotopes

involved to (7) and (8).



Lo Correction if Purification is not Continuous,——If the puri-

fication is not done continuously but rather in batches; that is, if a
fraction of the reacting metal o' is removed at the end of each time in-

terval T then the average amount of a polson present is

oy ~(¥ +a)t/t
_-}m——' 1 - __.F:—t_——}-— (l -l /- %
Y+t+a Yy +2
For continuous purification the amount is Nﬂy/(xf + X+ 2o
The ratio R of the poisoning due to this particular isotope for batchwise

to continuous purification is then

R:E_ﬂ.{l- N (l—e.'f’('r)}

f o<T§

where f has been substituted for (¥ + a)/ect. If o! =1 and T = 2/X

R=14 {1;5’?’2? —l;fe;2§ } i

The quantity in the brackets has a maximum value of ~ 140,

Fission Product Data

If the effect of many poisons is to be evaluated exactly, there
should be one term for each radicactive or stable fission product, or
over two hundred terms altogether. In order to reduce the labor involved

the fission products have been divided into various classes and each class
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.included as a whole, A primary subdivision into stable and radicactive
isotopes'was natural s?nce, as already mentioned, the cross section of
only one radiocactive product has been measured so that it is impossible to
include the radicactive nuclei in any way other than a statistical one.
These two main groups were then still further subdivided.

Stable Fission Products,--Sixty-three stable fission products

are listed in Appendix I of CP-2468 as having appreciable fission yields
or branching ratios, Of these, only 31 have known cross sections. How-
ever, in most* cases the total absorption cross section of the element is

known. That part of the total cross section not accounted for by known

activation cross sections was ussigned to that isotope for which the

ratio of yield to abundance is the largest and the other isotopes then
assumed to have zero cross section. Thirteen additional stable isotopes
are added in this wiy making a total of 44, Stable isotopes having radio-
active parents with haif lives of a year or more were not included in the
original list. Their four radiocactive parents have, however, been added
to the stable class and cross czections assigned to them in a statistical
way, Moreover, four of the stable isotopes have ancestors with half lives
of a month or more, The stable isotopes were thus divided into two very
unz2qual classes, ‘

Class Ja: L0 stable isctopes which are assumed to be formed directly

in the fission process; i.e., %o have parents with negligible half-lives,

%#For Kb, Ru, and Kr the total absorption plus scattering cross section
was uscd for the absorption cross section.
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Their cross sections, assigned as explained above, vary over a much wider
range than their yields. For this reason they were divided into eight
groups according to cross section and the_yields in each group averaged.
The first group includes all isotopes with cross section between 102 and
10'2 barns, the last those with cross sections between 10* and 10° barns.
The average cross section in each group was taken to be the square root
of the highest cross section in the group. For instance, fqr the first
group, the cross section is taken as 3.16 x 10-3 barns, Appendix I lists
all the elements in this class together with their yields and cross
sections and shows how they were arranged into cross section groups.

Class Ib: The four stable isotopes in this class are listed in
Appendix II together with their cross sections, yields, parents, etc.
Since the members of this class are so few, their comtributions to
equations (7) and (8) were evaluated individually.

Radioactive Isotopes,--In Appendix II of CP-2468, there is a

list of 33 radicactive isotopes with half lives greater than one day.

Of these, 14 have an odd number of neutrons and 19 an even number of
neutrons., Of the 14 with an odd number of neutrons, only 6 have yields
less than 0.5% while & have yiclds of about 5%, The same sort of thing
is true for the even numbered neutron nuclei, Here 9 have yields around
5% while the others have yields of 0.5% or less. The low yield isotopes
were neglected in both cases, Cross sections were assigned to the two

high yield groups on the basis of the statistics given in CP-2468 and
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YUC-X(i=37., It was noticed thal the spread in the half lives was not
very great and that these could be dividéd into groups pretty well,

The groups that resulted are given below., The specific nuclei put into
these groups are given in Appendix III and the cross section statistics
used will be found in CP-2468. .

Claﬁs Ila. /4 isotopes with an odd number of neutrons and long half-
lives. The average half-life is taken as 45 days.

Class IIb, 4 isotopes with an odd number of neutrons and short
half-lives. The average helf-life = 2,8 days.

Class III., 5 isotopes with an even number of neutrons and an aver-
age half-life of 19 days. The other four nuclei with an even number of
neutrons and high yields have half-lives of the order of a year or more.
The statistics were enplied to these nuclei and the contributions added

to those from Class la,

Contributions of Different Classes to the Loss

The amount of loss due to the different classes is of consider-
able interest. Table I shows the losses from all the classes and from
the cross section groups within the classes for three different values
of . It brings out clearly the fact that the radiocactive nuclei with
odd numbers of neutrons make = contribution in one case equal to half the

poisoning loss. This table can be used to find the loss if experiments
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should show that certain groups which have a big poisoning effect on

the statistical picture can actually be neglected,

P
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TABLE I

CONTRIBUTIONS OF THE VARTOUS CLASSES TO THE POISONING LOSS*

T2 300
T Ia Tb Ila IIb ITI Total %
1-10 6.05 479 .0391 .00245 ,155 - 6.73 1.33
10 - 102 | 57,9 6.15 2.79 ot .685 | 67.7 135
102 - 103 | 168 21.9 37.1 1.2% Loy |21k 42.3
103 - 104 | 17.9 15.0 2.15 L.90 39.9 7.89
10k - 105] 1.28 68.4 30.6 100 19.8
10 - ioé 2h.0 16.1 40.1 7.93
L x10 734
(smts9y | 37.1 ¥
Total 288 30.3 127 50.2 9.78  |505
% 5.0 6.00 25,1 9.93 1.9
xt = 1,652
1-10 .381 .0182 0060k .000582 .0300 L36 . 566
' 10 =198 3.83 .370 433 021 133 L8 . | 6.2k
102 - 103 | 15.7 1.26 2.78 .291 .793 20:8 © 1878
103 - 10k | 3.15 3.03 .513 1.05 Tk (1040
10l - 105 .309 16.5 7.48 2l.3 31.5
105 - 106 5.97 1.00 9.97 |12.9
hxloh
(smil9) | 9.02 e e u
Total 32.4 1.65 28.7 12.3 201 .1
% 42.0 2.1 37.2 16.0 2,61
- 12.2
1 %30 .00595| 6.17x10~5 000166 4.9 x 10=5 00120 .006L3| .120
10 - 10° 0609 .00L25 0120 .00355 .00534| .0860 | 1.61
102 - 103 ,286 00518 .0821 0247 0330 31 | 8.07
103 - 104 117 .136 .0LS0 0565 354 | 6.63
10k - 105 .0289 1.56 a7 2.37  [Lh.k
105 -~ 106 A .721 L8 12y taan
L x 10k
(smlk9) .888 ‘ .868 [16.6
Total 1.39 00949 | 2.51 1,33 .0960 | 5.3L
% 26.0 178 L7.0 24,9 1.80

*Entries in the table are the values of loss x 106/o<E<T}
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APPENDIX I

Class Ia. Unshielded Stable Isotopes

Cross section: 1073 = 10~2 barns Cross section: 1072 - 1071 varns

Element

G-

Yield

588

.005

.0L0

Element
Zr9’4

7

-053

Yield

065

Cross section:

(o g 10O barns

Cross section:

100 - 101 barns

Rb85 .69 .015 5e80 1.1 0009
’p87 .128 .030 Brol 1.67 .0012
292 .33 .059 zrob 1.07 .066
%098 .37 .062 cb?3 32 .062
3000 .23 .053 Rul02 1.2 -039
RulOk .33 ,018 1127 6.8 .0012
7e126 .85 .001 Bal37 8.8 .065
7e128 .1L8 .005 Lal3? 8.4 .065
Te130 +250 -018 $atal . .00
Bal38 .056 .066

Total -—_:EE;

Cross section: 101 - 102 barns Cross section: 102 - 103 barns
Br19 12.5 .000L se82 128. ,0025
10?7 28.8 .065 kr86 11. .022
RulOl 27.2 .0L3 " hglO8 108. .0001
Pdl05 16.3 .009 Xel36 ‘2799 .062
paiot 12,1 ,0005 Nalb5 760, ,050
Inll3 61. .00002 Eul53 768., .0012

(coftinued on nexp page) " Tota]l 138

i A
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Cross section: 101 - 102 barns (cont.)

Cross Sections 10h - 105 barns

Element g Yield J Element a= Yield
7el25 L8, .00025 cqlll 23000 .00006
csl33 25.6 .0L3 Smil9 L0000 .015
celh? 30. .060 alss 33300 .000L

Skl .t adl57 100000 .00006
Total 0155

Cross section: 103 - 104 barns

Eul51 1520

.00L

Radioactive nuclei adgled to stable class and
assigned cross sections on statistical basis

Element Half Life g}gld
sr90 0y .05
1397 long 058
csl37 25y -0L3
Celld 300 d 055

RN




APPENDIX II

Class Ib, Partially Shielded Stable Isotopes

Assumed Half-Life
Stable I o of of
Element 1 Yield Parent Parent Parent
189 1.4 o6 | se8? 316 55 da,
79l 21,3 058 Ve 316 57 da,
rR103 163 047 Rt 03 76 42 da.
petbl | 11,0 .053 celhl 216 28 da.

-l -



APPENDIX II1I

Radiocactive Isotopes with High Yields

Class Ila, High Tield Radioactive Nuclei with
Odd Neutrons and Long Half-Lives

Elerent Half-Life Yield
sr?? 55 .0L6
7393593 65 -OL5
Rut03 42 oOL7
cettt 28 .050

ave = 45 days

Class IIb, High Vield Radicactive Nuclei with

0dd Neutrons and Short Half-lives

Element i Half-Life Yield
¥o?? 2.8 .058
Xe'33 5.3 .038
ceth3 1% 054
Lat’0 3.7 2061

av, = 2,8 days
w17 e
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Class III., High Yield Radioactive Nuclei with
Even Neitrons and Intermediate Half-Lives

Element PRRPEYE S
Tt 57 2059
1133’L 8 017
Tel32 g, " ,036
pa 0 12,5 ,061
ppih3 e 054

av, = 18,8 days

L T e
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