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- The spontaneous fission decay rates of Pu < and Pu are T.7 = 10

1,44

and 386 x 10~ fisslions per gram hour, respectively., Comparison of spontaneous
fission analyses of & numbar of samples of pile-produced plutonium with Hsaford
data on the plutonium concentretion in the uranium from which they were extracted

shows that, in pile meterial,

- i . 70a

| PuEL;O/_ - nox p?

. 5 238

" P39 y=°.
2lho

The isotope Pu is almest antirely responeible for the spontansous fission

activity observed in pile-produced plutonium; other 4sctspes of plutonium and

isotopes of elements 95 and 96 make no appreciable contribution,
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FORTHER INVESTIGATION OF SPOHTANEOUS FISSION IR PLUTONIUM

Lek)

I, Ivtreoductory; Hesults of Zasly Work <
,

e o ez

One of the reguirements of & mabtoriyl whish ic to be used im an atomic

[

bomb sssenbly is that it emit fow neoutrons or none, since stray neutrons could
initiate a premature chain reection which would cause partial or completo failure
of the assembly as o bomb. For this resason a study of the spontaceous fission

rate of plutonium was undertaken 0t Los Alamos in order to estimate the spontariicous
neutron emuision which would simost certainly accompany zpontaneous fisszion in the
rlutonium Yo be used,

Ersults obbtalned in the sarly investigetlioms at Los Alemos {1943 and 19Li)

were reported in Septembsr, 13 Hrisily- thesy were as follows:

feveral samples of plutonium which snd recsived successively greater

oved gucceseively hiphur spontansous Pission sctivity. It

of

tical certeainty that the acbivity was dus almost enticely

. 235G : .
an Pu j/c Lpproximats gpentsnecus

+
13

to the isotope Pu 5> Tormad by an (B,  } reaction

4 . 239

fission decay rates of LU aud 1.6 x 10 fiszsicns per gram hour were assigned to Pu

) (7

Y = A1) .
end Pu 7, rospectis

I

Several poince wore congddersd woth [urther ipvestigation:

{3 Fu™"7 might be identifinble by mean: of mess-=sseshrographic snalysis of
A & b &

“NCLASS\HE“

piutonium samples,

1
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suamberlsin, G. R .
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(2) 1r pu 0

were the high-fission material, further study of samples of
pile=-produced plutonium should verify the earlier observation that ths specific
spontanecus fission of plutonium material is proportional to the éééal neutron
irradiation it has received, and thus proportional to the ratio P§5§% in the
material "pushed" from the pile; i.e., that the highly fissioning substance is
formed by a second-order neutron reaction starting frem U238o

(3) A determination of the abundancs of Pu?38 in pile plutonium should be
made and the spontansous fission rate of Pu238 determined if possible in érder

to estimate the maximun contribution of Pue38

to the observed spontaneous fission,
{L) Spontaneous fission observations should be made on any higﬁer isotopes

of plutonium or isotopes of elements 95 and 96 which might be identified in pile

products. Although of considerable interest, such observations would be unne=-

210

cessary in the positive identification of Pu as the high-spontaneous-{ission
material if investigation of points (1), (2), and (3) above gave the expected

results.

II. Discussion of BExperimental Techniques

1. Description of (eneral Method
Spontanecus fission in plutonium was studied by observing fission pulses
*

from samples deposited as thin films on platinum discs and placed in nitrogen or

argon=filled paraellel-plate ionization chambers. Flectron collection was used in

oither gaso UNCLASSIFIED

’%bst of the foile were greparad by X, “llsr and D. Tufford of Group CM-4.
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Battery-operated linear amplifiers were used to amplify the ionization palses for
recording‘by Brower impulse meters, FEsterline-Angus recording milliammeters, fed
through pulse-lengthening circuits, affordedperiodic checks on all chamber-ampli-
fier units. Complets battery operation was necessary in order to eliminate
electrical disturbances. All units were shielded during actual oéeration by com-=
pletely closed sheet metal boxes; and an isolated location was chosen for the
laboratory site, Boron shielding was used to eliminate fissions induced by
cosmic-ray slow neutronso2

Fig. 1 shows one of the shieided booths containing two chamber-amplifier
units. The sheet metal cover has been raised, Identifiable in the photograph
a;eg (1) chamber, (2) amplifier chassis, (3) B batteries and bias supply, (L)
outlet for & volt filament supply from bus along wall, (5) battery high-tension
supply, (6) highetension filter and switch, (7) Esterline<Angus recording milliame
meter, (8) pulse-lengthening unit for Esterline-Angus,. (9) B, O5 shields, (10)
Browér impulse counter, Coversof the adjoining booths are seen in closed position.
The filling system and the auxiliary counting equipment used for sloweneutron-fission
weighing of plutonium samples were mounted on rolling tables and could be moved
from boocth to booth,
2, Use of Fianion and Alpha Activity Bias gQurves

One of the most difficult problems ir the studyvof spontaneous fission in

a strong alphe emitter such as plutonium is that of' recording with good efficiency

i

2 :
See Segre, Chapter on Spontaneous Fission, Los Alamos Technical Serisz .
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a sample of reasonavle size while meking certain that no spurious counts due -

to superosition of a number of alpha pu;seéxafe recorded.

Fission pulees are from ten to twenty times as large as single alpha pulses,

If, however, the resolving time of the chamber-amplifier system is long compared
to the average time interval between alpha activity background may simulate
fission pulses and he recorded as such; It is this consideration which makes
necessary electron collection with its high velocity and amplifiers with rise
times ané decay times short enough to take adventage of the fast collection.
(The rise time of-the amplifiers used with the argon chambers was about 0.2
microse¢ondsy the electron collection time wae of the order of a microsecond.)

A "fission bias curve" is a curve of fission counfing rate, from a
sample of fissionable material pleced in a constant neutron flux, pletted against
the bias of the amplifier discriminator, "30 millivolts bias" indicates a dis-
criminator setting such that a 30-millivolt pulse from a standard pulse generator,
impressed on the input of the first amplifier stage, is just large enough to be
registered by the counting circuit and register. (In the.argon chambers, the
largest fission pulses observed corresponded to about 60 millivolts.) Fig. 2 (-
shows a fission bias curve taken with a plutonium sample of Oo.L34 mg and a Re+
Be neutron gourcec |

An "alpha activity bies curve” is a curve of counting rate due to

plotted
super=position of alpha pulseq/hgainst the bias of the amplifier discriminator.

Fig, 5lshows guch & curve, taken with the same semple used for the fission bias
curve, Plotted on semi-log paper, such curves were found to be straightlines
over a range in counting rate of four or five pogers of ten. Straighte-line extras

polation of the curves to biases corresponding to 10‘“ or Zl.Os'5 counts per minutse
oo eee oo e o0 o

was found not to be over=cptimistic in determinings"sifeﬂfoﬁer&ﬁing biases for
e & L d L L [ ] L

e o900 G090 060 G000 o

fission counting, i.e., biases at which no spurioug counts due to alpha activity
e & ® o [} :

L L X 2]
) Ao~ -~

would be registered in weeks of operation. »
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This was established by running polonium samples (of alpha activity equal to
that of the strongest plutonium samples studied) at biases corresponding to
, 10°5 or lO?h counts per minﬁte; no counts were observed over periods of many
weeks,

Extrapolation of the curve of Fig. 3 to bias of 30 millivolts indicates

6

a counting rate of about 10”7~ counts per minute, so that one might expect at 30
millivolts to have a spurious count no more often than once in two years. (Such

low spurious counting rates were necessary for some samples which fissioned extremely
rarely.) Reference to the fission curve of Fig. 2 (teken for the same sample )

ghows that 30 millivolts is a very satisfactory operationg bias for fission counting,
from the standpoint of counting efficiency. These methods were used to determine

the maximum alpha activity which could be tolerated in a given chamber at a bias
corresponding to good fission-counting efficiency.

Some atiempts were made to construct a theory which would explain quanti-
tatively the chaiacteristics of the alpha activity curves, but none was satisfac=
torily campleted.

3. Nitrogen Chambers; use of Collimating 8creens

Nitrogen chambers, similar to the argon chamber shown inm Fig. 8, were
used in the early spontanecus fission work on plut;nium at Los Alamosul The
associated amplifiers had a rise time of about one microsecond. The resolution of
these units was suf'ficient to permit observation of ZOmmicrogram'samples (corres=

ponding to 2.7 x 106 alpha disintegrations per minute) with no spurious coynts

from the alpha activity sxpected in some months.
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As more material became availabie, the effective "safe" sample size was increased

to about 500 micrograms 6.8 x 107 alpha disinteg;ations per minute) by the use
of collimating metal soreens which partially covered the samples, Use of the
BCreens was Qﬁggested by 0s R. Frisch.

The action of the screens may be understood by reference to Fig. 4,
which shows schematically a parallseleplate ioniza’.ion chamber such as was used
in the experiments., Alpha particles A and B (represented by their tracks in the
chamber) will cause much l#rger ionization pulses to appear on the amplifier cut-
put than will particles C and Di for two reasons. First, the dimensions of the
chamber ars such that A and B expand =z larger fraction of their total energy |
within the sensitive volume of the chamber, Second, the "centers oé gravity"
of ionization tracks A and B are at greater distances from the collecting
clectrode than are those of C énd Do ¥ith electron collection, the pulse height
is proportionel to the average displacement of the electrAns from the ionization
track as they are drawn to the collecting electrode, (The positive ions do not
contribute to the pulse, as their collectioh time is much longer tﬁan that of
the electrons and the decay time ot the amplifier is too short for any respénse
to the ion pulse.) Thus tracks A and B are agein favored over C and D, and
contribute more heavily to the undesired alpha activity background,

A flat metal sheet in which circular holes are drilled as close together
aE possible makes a good collimator, elimimating all particles emitted at small
angles to the plans of tke sample and the highotension alectrode but allowing
reasombd tranéparsncyo Fig. 5, shows the effect of such a screen; a sampie of
plutonium of 600 micrograms effective weight (over L milligrams actual weight)

becomes safer (one spurious count per 100 years) at the fission operating bias

than a 20-microgram sample used with no screen (one spurious count per year).
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The transparency to fission fragments of the screen used for this test was 13%,
as calibrated with an enriched-uranium sample using neutrone=induced fissions,
In most of the experimnntal work, screens of nbout BO%Utransparency, nearly
as effective as the 15% screen in reducing alpha activity effects, were used.
In these screens the ratio of hole diamster to screem thickness was about 2.5,
L, Argon Chambers And Fast Amplifiers

In making more accurate determinations of spontaneous fission rates in
various plutcnium samples to be gtudied, it was desirable to eliminate the screen
technique, Since with no screen the chamber effiéiency would be close to 100%,
much.thinner samples could be used with no loss in effective weight; this would
improve the flatneas of the plateau of the fission bias curve, sc that slight .
changes in amplifier gain during operation would have less effect on the chamber
efficiency, The uncertainty introduced by screen-transperency calibrations would
be elimineted. Muchlmore rapid accuwnulation of data would be possible where only
a limited amount of material was available., In orcer to make possible the use of
larger samples without screens it was decided to use argoo chumbers, in which the
electron ;-collection time woulﬁ be considerably.shorterg and to built corres-
pondingly faster amplifiers, The sherter effective resolving time of the new units
made possible the observation of plutonium samples as large as 1 milligram
(corresponding to 1,36 x 108 alpha=disintegrations per minute) without the use of
any collimating device, and with no spurious counts expected in some months,

Pige 6 ehowsd the schematic diangram of the amplifier circuit, The first

units were designed and built by C. Wiegand and tested for use with the argon

chambers by G. Farvell. A number of units wer%:?ﬂ&?qganﬁéy ?ui}t by J. Aeby.
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The amplifiers were designed to use 6-volt automobile storage batteriéa for the
filament supply and Li5evolt dry bafteries (doubled to 90 volts) for the B supply.

The rise/G%ﬁ%%e amﬁlifiers wa.s about 0.2 microseconds, Tests showed
that a very short clipping time favored the fission pulses over the alpha l.'pile-ug.vs".,
ic.e, for a given sample, at a given efficiency as determined by fission bias éurvesa
the extrapolated alpha activity counting rates became ama;ler as the clipping time
was shortened from several times the rise time to abogt half the rise time. This
was to be expected; the resolution waa improved by decreasing the length of time
required fbr single alpha pulses to be forgotton. The fission bias curve did not
a;ffer as & result of the shortensd pulse width;y the corresponding loss in pulse
height was of no consequence, as the amplifier gain was still adequate.

The weighing of samples by neutron-induced fission counts (see sec, II, 5)
and the running of alpha activity curves required a faster eswmting circuit than
that used in registering spontaneous fission pulses, if excessive time were not to
be lost, For this reason an outlet to an auxiliary counting.circuit was provided;
the plate and screen of the 6G6 of the counting circuit multivibrator could be
opened, permitting use of the 6AKS output (see Fig. 6) to activate a scale of &y
which coﬁld be ﬁsed with any unit, It was found to be important in this connection
to set the amplifier discriﬁinator to correspond to the desired number of millivolts
input using the regular counting circuit; then, with the auxiliary circuit in use
and the amplifier discriminator bias fixed, to adjust the'diagriminutor on the
scalef inbut.so that the same minimum pulse would bs registered, Failure to do this
resulted in a distortion of the fission and alpha curves when determined with the
suxiliary counting arrangement, since the two cg;.u;-z;;;:g.:;rr.;né;;neq%s wera no lonber

equivelent beyond the amplifier discrimimator, . ees o
Qe
Al
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Appreciable shifts in gain over a pe;iod of nearly &4 hours could not
be tolerated; a large drop in gain would mean a drop in efflciency, while a rise
in gain would change the‘efficiency verylittle but would mesan increased possi-
bility of alpha activity effects., During operation gains were checked daily and
biases reset on all units by means of the fast rise time pulse generator drawn
schematically in Fig. 7, Iﬁs output is a nearly rectangular negative pulse which
reaches its full valus in a fraction of microsecond, It was found that eight
Burgess or Eﬁeraady héavyaduty B batteries conpected in series«parallel to give
90 volts would provide B voltage for continous and sufficiently stable oPe}afion
for one amplifier unit for from four to six weeks. Two large banks of 6-volt
automobile storage batteries were ussd to supply all filaments; one bank could -
be charged while the other bank (completely shielded) was discharged., The
amplificr gains shifted negligibly with the 0.2-to O.3=volt drop filament voltage
which occured over a 24=hour périddo As many as eight fast units were in operation
at the same time.

Fige. 8 showe & sectional view of one of the parallel-plate ionization
chambers used with argon. “The sample {usually eledtrd-depoaited on & platinum
disc) was mounted on the high-tension electrode, The diamster of the active
deposit was 3 to L cm; the dimmeter of the collecting electrode was nearly 7 om.
The chamber depth was Ooﬂlto 0.9 cm and the operating pressure a few pounds above
atmospheric‘(IIO cm Hg abs). Under thése conditions, a fission fragment originating
anywhere in the sample and tréveiling either perpendicular to or partically parallel

%0 the plane of the sample would expend most of its emergy in a favorable region.of
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chamber volume, since its range would be on the average from'-lzoszcn; toeR,Bec
and it would ionize most heavily in the first few mm of travel. An alpha particle,
on the other hand, would on the average expend only a fraction of its total energy
before striking the collecting electrode or leaving the semsitive region of the
chamber, The geometry and pressure chosen thus discriminated agains the alpha
activity background.

| Because of the large number of units in operation and the frequency of
the sample changes, it was highly desirable to use tank argon tc eliminate the
necessity of purification during the filling procedure. Celcium purifiers mounted
on the individual units would be impractical as they would require battery-operated
heaters for operation during spontaneous fission observation. "Incandescent lamp
grade” argon was obtained, (The purity of this argon iz 99.5% to 9908%5with
nitrogen the only impurity present in any measurable quantity. Special effort is
made to eliminate oxygen.)

Satisfactory fission and alpha curves were obtained with the first tank
argon tried, However, it was found that over a period of some hours the fiasion
and alpha pulse heights drop?ed noticeably so that day-to-day operation at a cons=
tant efficiency was impossible, In attempts to find the source of the gas "poisoning”,
rubber gaskets an& hoses, Scotch tape fof sample mounting, and possible traces of
Zapon used in making some of the samples were eliminated one at a time; the lowest-
vaporapreesurebstopcogk grease available was used on the filling systemg and a
liquid-air trap wus used in filling to freeze out any condensable vapors. The
poisoning persisted. It was finally found that no poisoning occured in ergon from
Linde Company tanks, while poisoning did occur in the argon fram the Airco tanks
tried, although purity specifications were ostensibly the saﬁec A posgsible source

of trouble was some organic vﬁpor from the packing in the Airco tank valwves; Linde

tank valwes made use of metal diaphragms, with no packipgs prgseprt, ¢ ese
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No special precautions werc necessary with the Linde Company argonj alpha and
fission bias curves could be reproduced after meary days of operation on the
same filling. Rubber gaskets and small bits of Scetsh tape had no bad effect.
Fig. 9 shows two curves cf fission eounting rate plotted sgainst

collection voltage (Ra 4Be neutron éourcep plutonium sample, fixed bias,)
Curve (1) was taken with a filling of bad argon, curve (2) with good. With the
amplifier bias fixed, the coﬁnting rate rises as the average pulse height rises,
sc that the curves show qualitatively the variation of éulse height with collect-
ion voltege. Curve {1), taken with‘a filling of bad argon, shows a faster rise
at low voltages and a drop at higher voitagesD A possible explanation is as
follows;

The impurity of impurities present in th; bad gas mey a2l low voltages increasé
the electron drift velccity over that in the clean argon, ss would addition of a
few per cent of COp to purified argon¢§ This would, effectively, increase the .
pulse height as seen by the amplifier. The d;op in pulse height at higher
voltages might be explainsed by increased probability of electron capture in.the
impurity, due to higher electron velocities in the stronger field. No corres=
ponding drop is observed in curve {2), taken with cleun argon, until much
higher collection voltages are reached, The operating voltage used was 810
volts, corresponding to a field of about 1000 volts per cm, a value at which

pulse height changes negligibly with small changes in anllection voltage.

3 . ) .
See, for example, Allen and Rossi, LA 115
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A bad filling could be spotted immedistely by watching the alﬁha-background on an
.oscilloscopé screen as the eollection voltage was turned ong the pulses would reach
8 maximum height and then drop es the operating voltage was approached.

Addition of 5% of COo to the clean tank argon made no observable difference
in pulse height or resolution under operating conditions; purification of the argon and
elimination of rubber would probably be necessary to achieve the fastest collection
time afforded'by such = mixtu;eo Spectrogcopic argon was tried but was not_noticeably
different from the Linde argon in performance.

5, Calibretion of Samples

For calibration of samples a sloweneutron fission weighing procedure was-
developed.

The neutron source used was & 200-millicurie Ra$Be source contained in a
smell brass cy]_.inder° The standard source geometry used is shown iﬁ Fig. 10, The
source ig contained in a lsad cylinder from which it can be removed through a brass
tubs, The tube and cylinder are embedded in a paraffin block which serves ag 2 neu=
tron-slowing medium. The parafin is contained in a metal pail. A cylindrical hole
cut in the paraffin exactly fits the chamber'lidso The source can thus be placed
at an exactly repr9ducible position with respect to the sample holder in & given
chamber, and serveé as a source of slow negtrons conétant in fimeo (The neutron
spectrum is such that shielding a plutonium sample with cadmium cuts the fission
counting rate to about 5% of the unshielded rate,)

A samp1e of Oeli34 mg of plutonium, electrodepositgd as a thin layer on a

L~cn=diameter circle on_d platinun disc, and containing less than 0?05% Puahoa was

..: ..: .:. : .:. .

used ‘as a standard for sample salibrations, E E ‘E 5 H 5 '..
®® oo0e Ove seoe 000 o

. : (X)
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Using the source , and geometry described above and an auxiliary sgale o o J£f fdf:..:

counting, a fission bies curve was run for the standard sample in éﬁ&h%ﬁﬁ&ﬁer%

From these curves, all of which showed good fisasions platoaus (ebe;' o o,'Qﬁgse) .

the fission counts per minute could be éstimaﬁed for each chamber for the standard
sample for 100% counting efficiency. The amount of plutomium on the standard sample
was koown to 227 from alpha counts made on two different demultiplier units (essuming
a half-life of 24,500 years for Pu) and also from a slowe-neutron fission comparison
with & smaller plutonium sample which had been alph@ counted,

The effective weipght of e sample in a certain chambef aﬁ the opsrating
bias ued was determined by a comparison of its fission counting rate {determined
with the standard source) with that of the standard sample 8% 100% efficiency. For
example, supposse that the operating bias range for a certain sample in a certain
cﬁamber was 30 to 33 millivolts, the initial setting being 30 and the final check for
each run of about a dey showing about 3%, Counts taken with the standard gource and
source geometry showed an average [fission counting rate of 80 counts per minite in this
bias range, while the cpunting rate of the stendard was 75 counts per minute in ilhe
same chamber at 160% eféiciencyo The effective weight of the éample under operating
239

conditions would then be 80/75 x 0.4%3L or 0465 mg FPu “7, assuming no slow-neutron

fission in the small emount of PuZhO present, These offective weights were usually

compared with the ﬂpights as estimated from alpha counts of the samples; counting
efficiencies under operating conditions were usually found to be between 90% and 98%.
These date wero useful when substances other than plutonium were under observation

' s s Loy I
and no slow neutron fission weighing was possible..

2ho

6. hetermination E)‘fiéhels pontanecus Fission Rate Qf Pu

210

Mass-spectrographic verificatiorn of the pressnce of Pu

L

in pile-produced

plutonium was obtained by Bartlett, Swinehart and Thompson,” They reported an abundance

ratio Puaho’of about 3.% x 10Qh9 which waa reasonably consistent with the abuandance

ratio calculated fro- the irradiation data for their sample and the capturse cross

228

. o] z
sections of PueB’ and U, Later and more precise masSegpeotrographio-unalyses5

L- . -—

I i
Bartlett, SWinﬂhart,, and Thompson', T.A 165 ®% ses 0ee oo oo. oo v/

5 ' . -
Bartlett, and swinehart, LA 327 :.mg
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were useful in obtaining a more accurate value for the spontaneous fission rate of
. 6 ~

Pueho than the 1.6 x 10 fissione per gram hour estimated originally {see Sec, I),

assuming all spontanecus fission in pile plutoniwﬁ to be due to Pua"o., Comparison

of mass=-spectrograph data and spontaneous=fission data on several plutonium samples

of different Puzho content gave the following resultss

2 : v
Sample % pu0 in Pu 59 by Fissions per gram Pissions Pgf gram hour
Mass Spectrograph5 hour in Material in pure Pu 0
CX24 (Clinton : 6
reirradiated Pu) 0,118 + 0,008 150 + 200 1.65 x 10
CWl (Hanford 6
reirradieted Pu) 0.647 + 0,020 10,900 + 500 1.69 x 10
production Pu) 10;0 t 0,02 : 18,200 t 1000 - 1.65 x 10
6 240

It is estimated that the average figure of 1,66 x 107 f'issions per gram hour for Pu

is accurate to 5%,
7« Determination of Puzbo Jontent Of Pile Plutonium Samples

The ?_ueuo content of a pil.e plutonium sample was calculated as followss

Pueho .~ fissions observed _ ' X 1l L
Pu=’? hours observed x gm Pu<’? effective 1,66 x 107

The spontaneous fission rate in fissions per gram hour for a certain material could
usually be determined to -_f_ 5 to 7%. Sources of error weres ‘coimting statistics,
43 to L (standard deviation)s effective weights, + 3 to 5%; weight of standard
sample ¢ 2% (no .effect on comparisons between unknown samples}. In spontaneous
fission 6bservation, from 200 to 500 counts- were usué;lly observed on each of two or

three plates of the material under observationo

APPROVED FOR PUBLI C RELEASE o L X ‘
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Ifi. Experimental Results - _..... %’

A discussion of the results of the investigations prdposel fn s&ctSion?I® follows

1, Mass<spectrographic verification ot the presence of Puah6.in pile-producea.plutonium
This has already been discussed in section II, 6.
2. Specific spontaneous fission of plutonium vs total irradiation
A study of Hanford plutonium semples over a period of some months has shown
that the spécific spontaneous fission of the plutonium is- directly proportional to
the ratio Pu2‘7’9/b258 in the material "pushed" from the pile, and thus directly propor=
tional to the total neutron irradistion sufferedlby the material,
A more detalled discussion of the production of Puaho in a chain=reacting

pile is perhaps in order here. The reactions by which it is produced are

(a) 92°° n,y 2™ g, 95 1 R

) w7 gy 9O

238 initially present as N(28); under normal pile

Represent the mumber of atoms of U
operating conditions this number may be considercd constant over the period of irra-
diation of a slug of material, After neutron irrsdiation for a time t im a flux n v,
assumed to be constant throughout the lump, the number of atoms of Pu259 is
(e) Nyo _____J.(‘st 0 #(28) n vdt = Néa cr(2)nvt
where n vt total neutron irradiation on neutrons /cme
- and @'r(28) radiative capture cross seoction of 11238 in szo

240

The number of atoms of Pu present ia

Nho:f[f_?a Cr@)nviorlg)nvdt

or
(4) th:.-‘% N28 O »(28) o r(bg) (av t)2

where Q\'r(L@) is the radiative capture crosswéction of Pu239 in cmea

then
Mo — 40 r(l9) nvt
F}'Tg- ) 26 e0s ooo ® eoo L 4
o SIS SO
) Mo =4 wy arws) e
' LS Ly O 1’8} ' .
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Taking T (49) = 375 x 10°%an?® (Odand O¢(28) = 2,56 x :[o"’ mﬁ' "9' ;I; i{m

(£) BLO _73.2 Nu9
Lo
Correcotions must be applied to this formula before it can be considered

correct for application to a rod of material irradiated inm the Hanford pile- Firet,
a correction must be ma.de for th: non-uniformifly of the neutron flux over the
length of a rod and from outside to center within & rod. Second, a correction
mst be made J r(28) to take into account feeonance cap.!bure of neutrons in the
energy renge of a few electron volts. If we call the non-uniformity correction

factor /3 and the resonance correction factor f o equation (f) becomes

(z) B0 _ 732 x N49 x o Where _ (" r{28) effective
ng ) N~2§ :% ﬁ = G-‘I‘(QB) thermal

In thie more general expression for W4O/N49 the factors o and _pPare
characteristic of the geometry of the particular pile lattice under consideration,
(1) Caloulation of the correction factor }5 8
Equations {c) and (d) for a single small lump of metal in a uniform
neutron flux indicate that the amount of Pue39 present in a large slug of metal is
proportional to the average value of n v t throughout the slug, whereas the amountf '
of Pua’,"0 present is proportional to the average value of (n v t)2 throughout the

slugo. The correction factor tor nca-wniformity of neutron flux is thus

/5 - (Y\ﬂf‘é)?'
(ve)*

or
B = n*
= LA
G)* |
where n = neutron flux, the neutron velocity distribution aseumed to be the

.vsamo at all points.

(6) pagec onTP (L9) = 765 x 10’2**" om® X (L9)
(7) 1A 108
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If V is the volume of a slug of metal, and the flux is & function

of position in tha'slugn then for that slug

o LY
{[nd%[dv ~
o['n"’cl'v g
{J{ndv} >

For the cylindriocal rod, the correction faoctor ﬁS can be orlculated

A= v

conveniéntly in twb steps;

; First, consider non-uniformity of n along the rod, Call the corres~

ponding correction factor/B,ao n may be represented approximately as e sine-.

distribution haviﬁg its maximum at the center of the‘rod°s length (about 8 m)

and going to zero about O.4 m beyond the ends of the rod, as rapréaented in Fig. 11,
The flux n reaches its maximum value No half way along & rod, i.0. at the

.center of the pile. If L represents the distance along the rod ea measured in

meters from the point of zero flux, thea

wwn, 2in x, where x o T L

BOE
o0 o008 oo e eee P
g M * o e 0
. » [ ] ) 'Y .
¢ 2es 9 ®e o *
* @ e e ..o o
o0 eoe o
L] ® o o
s & o o ® & A A o
- e ~ ~ A A .
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® o @ -~ -~ = ~ a9
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Considering s rod of unit crosse~gsectional area,

- v jh7'dv

| {j;h Jv}q’

T |
/hazm‘yxdx
(11:_1?_> T |
£fr={7 = v —,
Mo MnX dX
Vaz

135

>
4

The correction factor ﬁ]n@ 1,13 is probably accurate to 3 or 4 percenty accumption of
a sinev distribution going te zero exactly at the ends of the rod (certainly less close
to the truth) gives & corr._ec'cion fector of 1,23, and a distribution varying lin@arly
from zero at the ends of the rod to & msximum at the center gives a factor 1.33.
Second, consider differences in n between the outside of the rod andvvarious

points inside, Call the correspending correction factor /52.v

The equation for diffusion of neutrons in the rod is

2
Y n = ('/lz) m
where ﬁ = diffusion length of thermal neutroms in uranium.

Taking the z axis along the fod, and assuming cylindrical symmetry, this equation may

%
be written an +

| |
34 7 of T Des

¢ 0
s o
amn
5 o
* e

APPROVED FOR PUBLI C RELEASE *




APPROVED FOR PUBLI C RELEASE

~
encla

where r = distance from the axis of the rod.

i The veriation of n along z is slow and the z term can be neglected in the consideration
of a thin slice of the rod perpendioular to the z axis (see Fig., 12),

The diffusion equation becomes

1 |
- s KRR

Expressed as a power series the solution of this equation may be written
L
Ve \, /)"4
Mm-=n |+-J_...<——) + ———( ) +
e 4\ ¢4\ 2

where n, = congtant

r cannot be greater than 1.73 cm and £ is about 1.565 om for thermal neutrons in

uraniumca) for the first several cm of travel. For our purposes, then, the approxi-

mate solution

7
me n Qe 55

can be used to represent the flux distribution in a given cross-sectional slice of

. the rod,
n has & maximum value of n = n, (1 + Rz/ﬁ,l.z) = 131 ngy st the surface of the cylinder

end reaches a mirimr velue n = n, on the axis. The radial distribution cqrrection

factor for the rod is

R ' | _ R »A} 2 ,
thﬁ/h”(A’)x 2wAdn R* /(l + 411) A dr
= —_— ")

R 7 ey R R P

(-]
(B)Hughas and Bragdon, CP-1732 :-E-:E s et 2 %

& o

[/ L]
»

[

.

.

L ]
3)2J2e
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wZlm

Integrating, one finds for the indicated quantity

R* RY
B [' ¥ /417'. g ATYL; ]
7 2

A ) BRI

006l ot ~o |0},

-'.-
I
2
ciel
|

A
ﬁr'
e

Q

A

a very small correction factor,

The overall ocorrection factor for none-uniformity of neutron flux is thus

/g = ﬁ, /52_ = 1.01:5 x 1'901-—- 1.14

and equation (g) may be written

(g) N4O = 73,2 x 1,14 N49 = 83,4 N49

w5 WE T p WS

(2) .Bstimate of the rescnance correctio;L factor/D 8

Transmission experiments on uranium have shown the existence of strong
absorption resonences st energies of about 6.6, 21, and 38 electron voltapg The - ~
effect of these resonances is to increase the effeotive radiative-sspture cross section
of the surface layers of uranium in the pile,

The best data available on the ratio of ecapture to fission in pile uranium

1 .
are reported by Engelkemeir and E‘reedma.nlo and by I. Perlman, 1 Estimates from

QAndersonq McDaniel, and Sutton.l 1A 158

lgngellmrxxcsi:_‘ and Freedman, CN-1917

1:ILD Pgrln\an, CN-2044 | 3 o0t ez v eme o
IR RN
-

2
b
[ ]
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fission product and plutonium assays of slugs

(11
and 0,883,

x 1

about 3,87 x (0,90 ¥ 0.06) x 10~

or 3,87 x 10"

[
[ XY ¥
.
.
.
[
[ XXX ]
.
.
.
.

of metal irradiated inm the

@linton pile give values of the ratio capture to fission of 00932t0010(10)
) A rafio)capture)fiasion = 0.90 t?000§ seems reasonable, (12
The.slow-neutron fissi&n cross section of normal urenium is 542 x 107 cm?
2L"cmee. Thus the effeqtive capture cross section of U2'7’8 is
2 or (3.5 t 0.25) x IOQEACmEo By comparing
~2hcm29

this value with the thermal=neutron cross-section O r (28) = 2,53 x 10

one finda that the resonance correction factor is

Pt

r (28) effective

/o=u

¥ 28] Thermal

3.5£0.25,

o5

i.e, probably lies between 1.28 and 1.48. Thus ths determination of‘/Dintroducee

2
the largest uncertainty present in the calculation of the ratio Puaho/?u 590
: 5 >
Pu 39/0 »

Regults of spontaneous-fission analyses made on nineteen piutonium

samples ranging in Pu

240

content from 0.17% to 1.6% are tabulated below.

The.

Pu2h0 content was celculatsd from the spontanecus=fission data, assuming a spon-

2,0

taneous figsion rate of 1.66 x X0

The ratio Pu

239/b

6

fissions per gram hour for pure Pu

(see SecII)?(c-

refers to the Pu259 content of the uranium as it was pused from

the pilej these date were received from Hanford and are based on assays of the so~

lutions resulting from the initial U = Pu separation process.

(1=)

T e (U235> as giver in LA 140A
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2 L
Pu Sample* pPrm Pu.zuol /PuEZ@ ppm Pu2§9 /U P‘u?}"'O/‘E'w.e3 ? ; Pu239/0251
by Spontansous fisaion from Hanford Data
Meagurement

1w 1.75 x 10° 26,5 65.5
2% 2.83 x 10° 377 o5
3% ' 2.91 x 107 3.9 Ty
Low 3.3 x 103 L1.9 79.1
5 W - 115 x 100 . 53,0 77.8
5871 | Lal5 x 103 62,2 : 71,0
41 H 1020 x 1* 1 LT S 750k
50 H 945 x 10° © 138 68,0
60 H 1.32 x o 185 o5
71 H | 1,16 x 101“ - 180 63,8
72 H 1.17 x 20 173 | 67.1
74 H 1.29 x 10" 198 elo7
75 H 1,30 x 10"‘ 187 69.3
76 H 1,39 x 1 _ 177 78.0
90 K 1.35 x 10 206 _ 65.3
110 H 1,31 x 10 193 61.2
130 H 1.55 x 10"‘ 17 71.0
150 H 1.60 x 10° 218 728
170 B 1.60 x 10* 253 68,2

Average 70.9

* in the control of plutonium material on the project a number of
®e 930 seog o oo .
other plutonium samples have been analyzed by this snethod. F;eaialts'are not
o0 * *n [ ] .
. . ..: o.: -:Qﬁo o: o..
given here because the samples were mixtures for which Pu IU data were not

¢ o o ses o ses oe
:..I * a - a4

:wnn -~ -~ A -
not available. -
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Fig. 13 shows a plot gf the ratio Puzho/Pueaq%-Pu239/b238 agalnst the
ratio PuzhO/Pu239 a8 determined by spontansous fission measurements. The estimated
probable error in most of the Puzho/?u239 determinations is % &7%3 it has been
assumad that the Pu259/b258 date are correct, although uncertainties of considerabls
magnitude exgi in thess assays.,l5 It is readily seen that, within the limits of the
experimental errors involved, the'ratio Pueho/?u2599 calculated directly from the
specific spomtanecus fission of the plutonium, is equal to a constant times the
ratio Pu259/b258° This establishes the certainty that the substance having the
high spontaneous fission rate is formed by two successive neutron processes starting

22
from U238° The contribution ot Pu‘.:’s has been shown to be negligible (see mext

section) and the isotope Pu 0 is therefore definitely identified as the high spon-

tanecus fissloner.

From the experimental date one obtains the relation

(n) MO0 L 709 M9
i i)

Comparing equation (h) with equatioﬁ (¢’), one finds that the experimental constant
T0.9 agrees with the calculated donstant 83, if the resonance obsorption correction
is 18%, 1.6, if}o is taken as 1,18, This value for‘/o appears somewhat low in view
of the estimate of 1.28 to 1,48 on p.25. Boﬁever, the uncertainty in the - |
capture/?ission ratio used to calculat?jo 0 ﬁs well as the possibility of fairly

large errors in the Pu239/b assays made at Hanford, make the agreement reascnable.

a3 .
Letter of Col. Matthias, RIDM-PA L20.2, 20 July 19u5
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" 3, Production of PulS in plle plutonium, and mes euindmeit fof &s-op sutaneous

fission’
1
Pu238( ) is en X -emitter having a half=life of about &0 yearso(lf')
It is produced in the pile from 02580 principelly by the following two successive

neutron procesees;

39

. 2% " 237 231
(1) 92 -7 92 4,/23 932 ;(zx:o"«_., ) e?fc.)

@ 93" 93 L, g4

Another pair of neutron processes leading to Pu238 ies

2 2
o @nr e el 93T 04

239 238
n, 2n
o 20, b
It is of primary interest to estimate the ratio Pu220/pu® in pile-
produced plutonium. Remembering that pui® g produced by reactions (a) and (b)
'9'4239 (n, b’)__ 9'42140, it is easy to show that the Pu238 produced by reactions (i)

and (j) compares with Puato in the ratio

(1) PM"SB G?n_\zn(z-a) Gh/t' (37)

P 2¥° T (28) T (49)

' . X { N 237
where Sx(37) 15 the aadiative - coq‘\uxe eepes seclion o P
: 2
For t he mase assigrment see tn &V s

11y
Kennedy, Perlman, Segre, Wahl, A=207 o%2 %00 0o ¢ 4ee
Seaborg, CN-2767 U T

J
Pl
> )
>
>
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'Heasug'ements of the yleld of Hpa3 7 in the x pile have shown that it is of the
order of 0.3% of that of Pu239(16) » indicating that Qfm, 2n) (28) 23 x 10"30
and thus that mg 2n (28) for pile neutrons®™®0.01 x xl.Oa.?hom o O r (37) is
about 110 x loaehcmag a7 and Wr(}.;f)) is about 375 x 10~2ion® (see sec III, 2),
Using these cross—asections, ome finds
(19) Puf® 0.9 x 1072

Reaction (k), i.e, vthe n, 2n reaction on Pueagp contributes very little

238

to the concentration of Pu ™ . Considering this reaction alone, and assuming

G., 2 n (49) to be of the same order of magnitude as q__ng 2 n (28), one finds

2%%
’P'u:z = G-;,z,n‘(“’g) & 001 2« 3)(!&‘5

That the contribution from this reaction is small is confirmed by the fact that

range analysis of reirradiated plutonium having a Puz*o content of as much as

geveral percent has shown that no appreciable increase in PuaBecontent ocours

239

as a result of prolonged neutron bombardment of.Pu o
Equation (1!') for the ratio pusd0 /Pua‘o is in good quantitative agreement
‘with the stafument by Perlmen and s’eafborg18 that 13% of the increase in specifio
activity of pile plutonium over plutonium of negligible Puzho content is due to
Pu2385 |

16
Beard, CF=291L
17
Jaffey and Magnusson, CF-29)L
18
Perlmsn and Seaborg, MUC=GTS=1872, 28 July 1945
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the remainder of the increase is due to Pu
The spontaneous fission measurements on Pl.).238 were carried out in the
argon=filled ionization chambers, The samples used were thin films deposited

by evaporation on pletinum discs. The P20 used to make the samples wae kindly
furnished by G, T. Seaborg. It was prepared by a (d, 2n) reaction on ue3s,
Alpha-range analysis of the samples indiceatecd that a rather heavy 1’112‘39

contamination had occured in the laboratory processing. 1l shows range curves

taken with a variable pressure differential range chamber. Resolution of the'Pu239

and Pusst peaks (at 3.68 and L4.10 cm, respectively) msy be accomplisheé. by giving
to either peak the ahape of the Po curve as measured under identical conditions
and subtracting it from the combined Pu258 - Pu259 curve, as showin. An approximate

retio of alpha activities of Pu238/Pu239= 0.895 was obteined, corresponding to a

ratio by woilght of

P28 0,805 x T4 (238) _ 0.895 x 60 = 0.0022
T ozg s (259) L0

2
Pu % -

The effective amount of Pu‘?38 present in each sample under the conditions -

of observation in an ionizatiomn chambar was determined by a slow-neutron fission
weighing of the samplé against a Pu239 standard to determine the effective weight

of the Pu239 contaminant. It was assumed here that the oontributi_on of the smell

amount of Pu238 present to the slow-nsutron fission rate was negligible. The effoctive

amount of Puzyj.prosent was then

BClett) « P T (eld) x 00022

o6 g0 (X 1]
[ J
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The spontanecus~fission data obtained are summarized in the following

tables
Sample weight of ﬁeiggt of " Hours Gm x hr Fissions
Pu259 (eff,) pu2 (eff.) Obstd Observed Observed
‘ (Pu®2®)
Me23-1 15.4 x 10%m 3. x 107 180 6.1 x 1070 ' L2
0 . o gm <1 x 10
M-23-2 7.8 x 1070 1.7 x 108 38y 6,5 x 1070 51
M~-23=3 10,3 x 1070 2.3 x 1078 269 6.2 x 106 51
Totalgocooo 1808 x 10g6 lhb

238

From these data one obtains for the spontaneous fission rate of Pu
a value of 144/(18.8 x 10“6) or 7.7 x 10“6 fissions per gram hour-

The estimated probable error is t 15%,

It was neocessary to make certain that the observed counts were not due
2,0 ” 239

to Pu present in the Pu contaminant. According to Seaborg (personal com-
munication with Allison), no plutonium which came from the pils at a concentration
greater than Pu259/U =2 gmf%on can have gotton into the Pu2383 from spontansous
fission data one knows that this means about 130 ppm PuEhO/Pu2§9° The spontaneous
fission rate of miberial of this composition is A) 200 fissions/ gm hr. The total
gram hours of observation of the Pu239f2h0 contaminant were about 9 x 10“3, 8o

that 2 fissions might be expected during the time of observation.
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The maximum possible effect due to PuH0 ig thus of the order of 2/1LL or 1 to

2% of the observed effect.
Using the above deta on pu2380 it is possible to caloulate the effect

of Pu258 spontaneous fission on the observations mede on pile plutonium, in which
the observed fission activity was attributed to P“2h0° As ptated above, a rea-
sonable estimate for the pu?3® content is Pu23B/Pu2h°¢3- 0.9 x 1077,

The relative spontaneous fission rates are

Pu238 — 707 X 10¢6
pu 0 | 1.66 x 10*°

go that the contribution of Pu258 to the observed spontaneous fission of the plut-
onium samples studied is of the order of 7.7 x 16*6 x 0.9 x 10'5/(;066 x 10*6), or

less than one percent,

L, Investigation of higher isotopes of plutcnium and isotopes of elements G5 and
96,

Spontaneous~fission observﬁtiona on these isotopes wers unnecessary in
an identification of the high-fission f.mbst'ancea,J in view of the experimental results
already discussed., However, the few data obtained are perhaps worth mentioning.

According to recent Chicago suumary reportao19 the following identifications

19890p for exahplep s 3312, CS 3237,
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of pile products have been made;

(1) A long-life {perhaps some 10° years) /5- activity of about 20 Kev
ennsrgy iz assigned to 9!49“‘1 formed by an n, & reaction on S&a"oo

(2) An O =activity of range L.05 cm and half=1life of about LO years,
growing from 9)421“1, is assigned to 9521‘10

(3) A 17- to 1B8=hour paactivity is assigned to 95242 rormed by an (n, ¥ )
reaction on 9521‘10

(L) An X -activity of range 4.75 cm and half-life of about L, months is
nesigned to 96242 formed by the decay‘ of 9521‘2°

| 0Of these substances, all duf to third-or fourth-order neutron reactions,

only 9521‘1 hase ann investigated here for apontaneous fission., A sample of this
material was kindly furnised by G. R. Seaborg. Three plates wers made, each con-
taining about 7 x 10”7 gm of 952&1 plus several milligrams of lanthanum. (The 952"1
weights were deduced from the alpha activity assuming e half-life of 4O years.) The
samples were observed for a total of 2700 hours, corresponding to 1.8 x 16"5 gm hro
Three fissions were registered, The resulting spontansous fission rate of 1,7 x 10%5
ng hr is considered as an upper limit for 95?1‘10

Assuming for 9).;2'40 a radiative-mapture cross section even as high as 1000 x

10”2]-'&m2 o the ratio Puzhl/Puzl‘o in pile plutonium would be of the same order of meg-

nitude as the ratio Pua-'-o/Pu239 and the ratio 952m'/Pu2"‘° would be considerably
smaller because of the long period of 1"112)41 and to the possibility of capture or
fiesion therein. It is thus only to be expected that no increase in spontaneous

fiesion activity beyond that expected from Pueho, attributable %o 952"1 ar higher

isotopes,,i has been observed in pile plutonium of incremsed content of Pueho and

.. » e .u s oo o
higher isotoes; nor has any excess activity attribgtpbls to thb %hiyd-order product
s 1 * L4

Puehl beon observed, . ove o
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Fig. 8. Argon Chamber

NUMBLRED ITEMS

1.
2,
30
Lo
5.
6.
7»

9.
10,

11.

Brase cover
Hounted Sample
Sample holder and high tension electrode

Collecting electrode

Guard ring

Polystyrence insulating supports

Rubber gasket

Threaded collar fastens chamber to-amplifier.ohaseia

High tension lead=-(Pt-glass seal waxed in place)

Grid lead
Gag outlet
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This report describes In detail the work on spontaneous
fission in plutonium which was done subsequent to the early
investigations reported in LAMS-131 by Chamberlain, Farwell,

and Segre. LANMS-131 reported the discovery of Pu240

and gave
a rough estimate of its spontaneous fission rate., The present
report (LA-490) glves spontaneous fission data on Pu”%8 ag
well as more recent data on Pu?40 and described methods de-
veloped for more accurate determination of spontaneous fisslon
rates., (An overall picture of the spontaneous fission measure-
ments made on a number of lsotopes of heavy elements 1s given
by E. Segre in Chapter V of the Los Alamos Technical Series.)
The work described herein was guided and supervised by
E. Segre. T/3 A. Spano of the Speclal lngineering Detachment
at Los Alamos gave considerable assistance in the routine
conduct of much of the experimental work. C., Wiegand was
responsible for the design and construction of the first battery-
operated linear amplifier units.
Following suggestions made by S. K. Allison and E. Fermi,
geveral changes and additions have been made since the report

was printed at Los Alamos as LA-490,
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Add attached inté?);-clu;; t:;fon ébéi‘oé.ai abstrac tU N Cl A S S , F , ED

p.3, line 14, in parentheses (n, v ).

line 17, change woth to worth,

footnote, add initial 0, before Chamberlain,
P 4, 1line 20, change paraellel to parallel,

p 6, 1line 2, change superosition to superposition.
line 5, make addition as follows:

«esverage time interval between alpha pulses, fluc-
tuations in the alpha activity background...

line 6, change he to be.
p 11, line 13, insert as follows:
ess:0.3 volt drop in filament voltage....
line 22, change partically to practically,
p 17, 1line 19, insert equal sign as follows:
.eoewhere n v t = total neutron....
line 20, insert equal sign as follows:
«s.1(28) = radiative capture...

line 26, capitalize letter T 1In then.
1ine 29, change (3) to (e); also correct forumla:

N N o (49%
= % “ig ar 28

4

s
QO IO

p 18, delete top half of page down to (1) Calculation...;
changs (1) to (2);
also delete footnotes at bottom of page; .
.insert four pages désignated Insert I at top of
page 18 to replace deleted materlal,

p 22, delete bottom on page starting with

...and equation (g) may be written... (line 7);
also delete footnootes; Insert five pages desig-
nated Insert II to replace deleted material,

p 23, delete top half of page down to paragraph starting
Results of spontaneouS....;
also deletéifﬁo}ndlé{""

TiL Lk UNGRASSIEIED

e8600 y
[ R X}

o

[ ]
oo
Thrdae

L}

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

10, p 24, Capitallze firss w?ra-o?:footnote;
11. p 25, delete lines 15 through 20
Comparing equations......agreement reasonable,
Insert material marked Insert III to replace deletlion,

12, p 26, remove 2nd and 3pd lines from bottom of page which
read:?

For the mass asslgnment see

14
Kennedy, Perlman, Segre, Wahl, A=207

R Rewrite as follows:

l4por the mass assignment see Kennedy, Perlman,
Segre, Wahl, A-207.

13. p 27, 1line 4, chan%e the figures 375 to 460;
in equation (1!') change 0.9 to 0.7.

14, p 29, 1line 2 bglow table, change 7.7 X 1076 to
7.7 x 107,
1line 7 below table, change gotton to gotten.

15. p 30, 1line 6, change 0.9 to 0.7;
to the equation in the middle of the page add:

= 4,6
line 10, change 0.9 to 0.7,

16, p 31, 1line 12, change G. R. Seaborg to G. T. Seaborg
change furnlsed to furnished
l1ine 21, delete the word mto"
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Insert I, 1 .i7§7§ <§ .
(for top p. 18)

Befors this formula is applied to the calculation of
the ratio N40/N49 in a rod of material irradiated in the
Hanford pile, the following polnts must be considered:

(1) An estimate of the effect of the destruction of
Pu239 gnd Pu40 must be made,

(2) A correction must be made for the non-uniformity
of the neutron flux over the length of a rod and from out-
side to center within a rod.

(3) Values used for ¢Tr(28) and ¢~r(49) must take into
account resonance capture of neutrons in U238 gng Pu239.

Equation (e) may be rewritten as

(g)  N4g V40 o p(49) err,
NZQ- = % 'N"Q'g o r{28) eff./é’d.

where § =& correction factor for destruction of Pu239 and Pu?40,
and 3 = correction factor for non-uniformity of neutron flux,

(1) Calculation of the correction factor d’ for destruction

of Pu239 and Pu24o:

Let N; = N49/N28
Ny = N40/N28
A1 ® nvo(49), 7 (49) = 0 £(49)+T r(49)
A g = nvo(40), I (40) =z 9 £(40)+7~ r(40)
k = nvor(28),7 r(28) a effective (thermal*'resonancg%8
radiative capture crogs section of U
d =

o r{49)
o+ (49

The differsntial equatlons for Ny and N, are:
(1) avy/dt = k-Aj Ny

L ade wa o & s
L] Ld - [ ] . T e
- - . - L ] R
ee . e » ® -
« L] [ - » R
" esw 906 sss wa " "
. IS
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iR TTY R b
I’2 =:. .%. E:. .E. E:. :.:
(2) aig/dt = 205 N oheger &

2/ T A1 MRl

For N, and No initlally zero, the solutions for Ny and Ny are:

(3) N, = X (1--A%

1 A1 Aot “Agt _=Ajt
(4) N = Y k l-2 2 + ) 2 -8

2 1+ Ag Ag= Aq

The ratio N40/N49 1is:s
- t - -
A l-o A2 e 7\2t-e Alt

(5) WNo/N; T A A o(l-e=X 1‘=)+ (Ag-A1) (1-e= A1t)

In the special case of ?‘1t and %xzt very small, these
equations reduce to:
(3') Ny =z kt = nvt 7 r(28)
< y e 2
t - - Y va g
(4) W, o KEMEY) = 2 (ave)® oTr(49) T r(28)

T
(5') N40O/N49 = Np/Ny = 1i\a\ (37,%) = & =5 E;g)) }rggg

Equation (5') is the approximate equation (e) already given,

In the special case A o=z 0, L,e.T (40) = O,
the equations are

(3") N, = K. (1-e~ 1P

1 Rl
Y K “A.t
(4") Ny = Fx ) (67 "17-1+A . t)
(8") W,/N, = 2u. At . )
A ( 1-6~ A1° '

In the special case A o = ?\1, 1.0, J (40) = T7(49), the
equations are:

(3") n, = (1-e~ A1%)

ko
r1
(4"v) N, = 2 X (181t -Alte“)*lt)

inae
74
y14@
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5"' N N - 1 - 15 ; 1
(5"r) No/Ny x| )

To calculate No/Ny for a typical production case, the
following data may be used:
nv = l.0x 101:5 (a) or nv = 2.0 x 1015 (b)

t = 94 days

0 r(28) = 3.5 x 107°% cpm?

a (49)
X - 0.49, 2 _ o 0.329

1+o&
Case (a) glves N49/N28 ~ 300 ppm.

1070 x 10~°% cm2

Case (b) gives N49/N28 7~ 600 ppm
Calculation of N40/ﬁ49 = N2/N1 by equations (5'),(5"), and (5"!)
gives the following results:

(5) (s") (")

N tA ot A

1172 =0 A A

very small (O‘%40) = 0) (G‘?4;) }Cr(49)

(a) N4O/N49 = | 1.62 x 1077 1.65 x 1072 | 1,60 x 1072
(nv'= 1.0 x 101 )

(b) N40/N49 - |3.24 x 1072 3.41 x 1072 | 3,13 x 10”2
(nv = 2.0 x 1013

It has been shownI

that for thermal neutrons & £(40) 1s
zero or a small fraction of f(49). Recent experimentsII

indicate a valus of from 40 x 10-<4 to 500 x 10"24 em® for

ffarwell and Kehn, L.A. 444; also recent Chicago work,

I = L] :_C- » ow - -
Personal communication . Marning, Metallurgical Laboratory,

SRR,
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¢""r(40) for thermal neutrons, so that the total cross

section? (40) = Tf(40)+ T r(40) must be less than about

800 x 10°% cm2 and may be very small, Reference to the above

table of values of N40/N49 1ndicates that for material in

which N49/N28 =< 300 x 10-5, the correction factor 4 1is

'somewhere betwsen 1,02 (I~ (40) = 0) and 0,99 (T (40) = g-(49) ),
For the materials on which data are given in this paper,

the highest ratio N49/N28 is 233 x 106, so that using the

value = 1,00 can introduce no appreciable error into the
calculation of the average ratio N40/N49 —_ N49/N28 for the

a
materlals investigated.
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Insert II,1 *c .
(fOP pp. 22-23)

(3) a, Calculation of 9 r(49) (effective):
239

The effective capture cross section of Pu for
neutrons 1n a pile may be considgred‘as the sum of the
capture cross section as measured at thermal energles and

an additional contribution due to resonance capture, princi-

pally in the region of a few tenths of an electron volt,

It may be expressed as

td

T r(49) eff. w T r(49) thermal + 4\?} d/rc”‘(E) Qﬁr.x

where A = scattering mean free path,
4\ = absorption mean free path (thermal),
g = average logarithmic energy decrement for

neutron scattering, -1
AY (graphite)
AY (uranium) .

D 2 disadvantage factor =

and where the integra{/fc7“'(8) Qg is taken over the
energy ranges in which apprecliable resonance capture occurs,

The principal contribution to the resonance integral is

given by an Ilntegration over the resonance occurring at about

0«3 elsctron volts, From data given in LA-266 on the total
39

(capture plus fission) cross section of Pu2 in this region,

the radiative capture cross section can be calculated and

plotted as a function of neutron energy. A numerical inte=

gration gives a value of 1470 x 10™°% cm2 foq)/zf“(E)

|Qa
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which becomes 1130 x 1024 ¢n° when corrected for the 1/v
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tall of the thermal cross sectlon,

The disadvantage factor D is given in CL697 as 1/2.C05
for the W pile, Hstimating 5% as the dip in the average
resonance neutron flux in the metal rods as compared to the
graphite, the disadvantage factor becomes 1/1,905.

T r(49) 1s given in CL-697 as 350 x 107°% cn® for

thermal neutrons.

Taking A = 2.6 cm, /L = 313 cm,

(AR

= 0.158, the res-
tion is found to b 2.6 (1130x10°°%)

onance correc on 3] Oun2 (o] 2] 313 x.158 X

-24

Cm .

(1.905) or 113 x 10
7 r(49) eff, is then (350 4+ 113) x 10-7%4 = 463 x 10=24em=.

(3) b, Calculation of Zr(28) (effective):

This calculation is made in the same manner as the
calculation for @r(49) eff. However, the very heavy

absorption of rescnance neutrons by the surface layers of

the uranium must be taken Into account. The 1ntegra{j&*(E) Q%
is about 240 x 10724 cmg.III Its effective value for lumps
or rods or uranium 1sIV
S (x) 4 . o.25 x 107°* cn®(148/3 S), where S =
surface (cm”).
mass (gm)
For the W plle the resonance contribution to the capture
cross section 1is

edjiqu e
B L

(1-¢ ?:geg)(z.oos)

I11
Iv

i

Anderson and Perr
Plass and Wignoer,

11162 Wesara
5 3
.
[ ]
.
.
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Insert 11,3 coforo

or 1l,14x 10'24 cm 2.

7 r(28) is given In LA-140A as 2.56 x 10-24 em®,

Then & r(28) eff. = 107°%(2.56 + 1.14) =3.70x10-24cm® for
the W plle. That this method of calculation is a reasonable
one is established by the followlng comparison of calculated

and experimental resultss
Data on the ratio of capture to fission in Clinton pile

uranium are reported by Engellkmelr and Freedman' and by I.

PerlmanVI. Estimates from fission product and plutonium

assays of slugs of metal irradiated in the X plle give for

the ratio of capture to fisslon values of 0.933‘.10V and

0.883VI. A value of capture . 0.90;1 .06 seems reasonable,

fisaion
The slow neutron fission cross section of normal uranium
1a (542 x 107°% ¢n®)VIl % 1/140 or 3.87 x 10724 cm®, Assuming

3% of the total fissions to be due to fast neutron fissionVIII

in U238, thls gives for the effective thermal neutron capture

cross ssection of U238,

or(28) eff. = (3.87 x 107°%) (0.90F .08) (1.03)

V;'r:hgelkmeir and Freedman, ClN-1917

VI .
I. Perlman, CN-2044

VII
<7T(U235) as given in LA-140A.
VIII
CL-697
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SRS
Insert II,4 n -:j '%'2%:‘ RS
or (3.6~ 0.2) x.1Q7°; cm?:..ighlculation of T r(28)

for the X pile by the method outlined for the W pile glves
Ur(e8) = (2.56+ 1,0) x 10724 ¢n2 = 3.56 x 1024 cn?,

In good agreement with the value calculated from the experl-

mental data.

The ratio N40/M49 can now be calculated from equation

(g)¢
N40 1 N49 T r(49) eff, a4
N4ag = nes Omrtze) eff.
.1 N49  (463x10"24)
- % W28 T3.7ox1io-74) (1.14) (1.00)
(g') N40 1149
wag = 1.4 1y
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213 -

Insert III, 1

{for p. 25)
Reference to equation {g') which glves

N40 _ 71.4 N49
N4 W28

»

O

shows the experlimentally determined constant 70.9 to be
In excellent agreement with the calculated constant 71.4.
The agreement 1s 1in fact closer than one has a right to
expect, considering the uncertainties present in the
calculation of the effective capture cross sections of
Pu239 and U°58 and the possibility of fairly large errors
in the Pu259/U assays made at Hanford, as well as the

experimental uncertainties of the spontaneous fission

measurements.
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