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240
The isotope I%A ifidmest @ntirely responsible for ths spontaneous fission

activity observed in pile-produced plutonium other isotopes of plutonium and

isotopes of elements 95 and 96 make no appreciable contribution.
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(2) If Pu~O were the high=fission material~ further study of samples of

pile--producedplutonium should verify the earlier observation ‘L&t the specific

-.

.,
material is proportional to the tbta~ neutron

23$
ihu~ proportional to the ratio Pu /u in the

i.e.. that the highly fissioning substance is

238reaction starting from U .

238 in pile plutonium should beabundance of F’u

rate of PU2M determined if possible in order

spontaneous fission of plutonium

irradiation it has received, and

material “pushed” from the pilej

formed by a second-order neutron

13) A determination of the

made and the spontaneous fission

238 to thelobserved spontaneous fission.to estimate the maximum contribution of PM

● {1+) Spontaneous f’issioiaobservations should be made on any higher isotopes

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

products. Although of considerable interests such observationswould be unne-

240
cessary in the positive identification cf PU as the high-spontaneous-fission I

1
material if investigation of points (1)$ (2)C and (j) above gave the expected i

\
‘\results.

11. Discussion of Experimental Techniques

10 Description of’(’kneralE@thod

Spontaneous fission in p3utonium was studied by Obseming fission pulses
*

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

argon-filled paraellel-plate ionization chamberso Klectron collection was used in
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Battery-operatedlinear amplifiers were used to amplify the ionization ~Yalaosfw?

recording by BroWer impulse rneterso Esterline-Angu8 recording milliammeterso fed
.

through pulse-lengthening circuits. affordedpxiodic checks on all chamber=-ampli-

fier Unitsa Complete battery operation was necessary in order to eliminate
#

electrical disturbances. All units were shielded during actual operation by cmn-

pletely closed sheet metal boxe~g and an isolated location was chosen for the

laboratory site. Boron shielding was used to eliminate fissions induced by

2
cosmic-ray S1OW neutrons.

Fig, 1 shows one of the shielded booths containing two chamber-amplifier

units. The sheet metal cover has been raised. Identifiable in tie photograph

are; (1) chamber. (2) amplifier chass~ss (3) B batterias and bias SUPPIY, (4)

outlet for 6 volt filament supply from bus along WEQID (5) battery high-ten”sion

Supply@ (6) high-tension filter and switch~ (7) I@terline-Angus recording

meter. (8) pulse-lengtheningunit for Rsterline4ngus0, (9) 3a ~j shields.

Brewer impulse CounterO Covemof the adjoining booths are seen in closed

milliam=

(10)

poaitiono

‘I’hefilling system and the auxiliary counting equipment used

* weighing of plutonium samples were mounted on rolling tables

from booth to booth.

. 20 Use of P’ianionand Alpha Activity @as Curves

One of the most difficult problems in the study of

for

and

slow-neutron-fission

could be moved

spontaneous fission in

a strong alpha onrittersuch as plutonium is that or recording with good efficiency

2’
See Segre=Chapter on Spontaneous Fissionj Los /ilamosTechnical Series
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a twsplQIof remonubiti AzQ while maktng oertain that no spurious oounts due “

to superoaition oi’a number of alp~ pulse~a~e reoorded~..-.—
,

Fission pulses are from ten to twenty times as large qs single alpha pulses.

If. however, the resolving time of the chamber-amplifier system is long oompared.

to the average time interval between a%pha 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 and decay times short enough to take advantage of the fast collection.

(The rise time of the amplifiers used with the argon chs.mberswas about 0.2

microseeonds~ the electron collection time was of the order of a microsecond,,)

A “fi@sion bias curve” is a curve of fission counting rates from a
.

sample of fissionable material placed in a constant neutron flux~ pletted against

. the bias of the amplifier di.scriminator~ “30 millivolts bias’!indicates a dis-

criminator setting such that a j50-=millivoltpulse from a standard pulse generator

impressed on the ir~putof the first amplifier stageo is just large enough to be

registered by the countin~ circuit and register. (In the argon chambers. the

largest fission pulses observed corresponded to about 60 millivolts.) Fig. 2 i’ ●

.

.

shows a fission bias curve taken with a plutonium sample of O&~ mg and a Ra+

Be neutron so~rceo I

An “alpha activity bias curvev is a curve of counting rake due to
plotted

super-positionof alpha pulses/againstthe bias of the amplifier discriminator.

Fig. j shows such a curves taken with the same sample 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 powers of tene Straight-line extra==

polation of the curves t,obiases corresponding to 104 or 10-5 counts per minute
9* 9**●O*. ● ● ** .

was found not to be over-optimistic in detem~n~ng~’’&fe!~ofier”~tOingbiases for
● e ● **

●O ..:●:9 ●** ●** ●a
r figeion countingc i.e., biases at which no spu{io~~ :?:n~so~~e >~”alpha activity.

● ***.*** .m*

● ● ** . ● ● - -
. . ----

~iou~d be reg~gtered in wee-h Of 0~8rUklonG “O ~e~ ~ ‘.-.-:- . .
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This was established by running

that of the strongest plutonium

10°5 or 10
& counts per minute;

weekso

polonium samples (of alpha aotivity equal to

samples studied) at biases corresponding to

no counts were observedover

Extrapolation of t%e curve of Fig. 3 to bias of jO

a counting rate of about 10-6 counts per minutes so that one

periods of many

millivolts indicate6

might expect at 30

millivolts to have a syurious count no more often than once in two yearse (Guoh

low spurious counting rates were necessary for some samples which fissioned extremely

rarely.) Reference to the fission curve of Fig. 2 (taken for the same sample)

@Lows that 30 millivolts is a very satisfactory operating bias for fission counting@

from the standpoint ot’counting efficiency. These methodi were used to determine

the maximum alpha activity which could be tolerated in a given chamber at a bias

corresponding to good fission-countinp;efficiency

Some at!.emptswere made to construct a theory which would explain quanti-

tatively the chai:acteristicsof the alpha activity curves, but none was satisfac-
.

torily completed.

3, Nitrogen Chamb~rs*s use of Collimating Screens

Nitrogen chambersa similar to the argon ghamber 8hown in Fig- 80 were

1
used in the early,spontaneous fission work on plutonium at Los Alamoa. The

associated amplifiers had a rise time of about one microsecond. The resolution of

these units was sufficient to permit observation of ZO-microgram samples (correi-

pending to 2.7 x 106 alpha disintegrationsper minute) with no spurious coqnts

from the alpha activity mxpected in some months.
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more material became availab%e~ the ef~e&v% “safe●mm ●lTm ‘*sample si~e was increased

7 alpha disintegrationsper minute) by the useabout 500 micrograms 608 x 10

collimating metal soreens which partially covered the samples= use of the
.

screens was suggested by 00 R. Frisch~

The action of the screens may be understood by reference to Fig. 40

whiah shows schematicallya parallel-plate ioniza’!ionchamber such as was used

9
in the experiments. Alpha particles A and B (represented by their tracks in the.

chamber) will cause muoh larger ionization pulses to appear on the amplifier out-

put than will particles C and D: for two reasons, First, the dimensions of the

chamber are such that A and B expand a larger fraction of their total energy

.

.

within the Bensitive volume of tinechamber. SecondO the ‘centers of gravity”

of ionization tracks A and B are at greater distances from the collecting

electrode than are those of’C and Do Yiithelectron collection. the pulse height

is proportional to the average displacement of the electrons from the ionization

track as they are drawn to the collecting electrode. (The positive ions do not

contribute to the pulse; as tineircollection time is much longer than that of

the electrons and the decay time of the amplifier is too short for any response

to the ion pulse.) Thus traoks A and B are again favored over C anclDo and

contribute more heavily to the undesired alpha activity background

A flat metal sheet in which circular holes are drilled as close together

as possible makes a good collimator eliminating all particles emitted at small
.

angl.eeto the plane of the sample and the high-tension electrode but allowing

reasozsbb transpeawncy~ Fig. ~0 shows the effect of such a screen; a sample of

plutonium of 600 micrograms effective weight (overb milligram actual weight)

becomes safer (one spurious count per 100 years) at the fis~ion operating bias

than a 20-raicrogramsample used with no screen (one spurious count per year).
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The transparency to fission fragment$ of the screen

aa calibrated with an euriched-uranium sample using

used for this test was 13%~

neutron-induced fissions.

In most of the experimental work. ~creens of fibout307%transparency nearly

as effective as the Is% screen in reducing alpha activity effects~ were ueed~

In these screens the ratio of hole diameter to screen thiakness was about 205.

4. Argon Chambers And Fast Amplifiers

In nnking more accurate determinations of spontaneous fission rates in

various plutonium samples to & stud.iedmit was desirable to eliminate the screen

technique. Since with no screen the chamber efficiency would be close to 100%0

much thinner samples could be used with.no loss in effective weight; this would

improve the flatness of the plateau of tilefission bias curves so that slight .

changes in amplifier gain during operation would have less effect on the chamber

efficiency. The uncertainty introduced by screen-transparencycalibrations would

be eliminated. Much more rapid accumulation of data would be possible where only

a limited amount of material was available. In or~er to =ke possible the use of

larger samples without screens it was decided to use argoD ahxabersO in whiah the

electron -collection time would be considerably shorter~ and to built corres-

pondingly faster amplifiers. The shorter effective resolting time of the new units

made possible the observation of plutonium samples as large as I milligram

(correspondingto 2036 x 108 alpha-disintegrationsper minute) without the use of

any collimating device. and with no spurious counts expected in some montiso

Fig. 6 ahowa the schematic diagram of the amplifier circuit. The first

uxits were designed and built by C. Wiegand and tested for use with the argon
●0 ●** 990 ● ●** ●

chambars by G. !?arwell. A number of units wer+$.abc+q$nto+y~u3~t by J. Aeb’y.
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The amplifiers were designed to use &volt autcqmbile storage tatterieo for the

filament supply and 1~~-voltdry batteries (doubled to 90 volts) for the B supply:

Therise~~?he aplifiers wa8about 0.2microseoonds. Test8 showed

that a very short clippi~ time favored the fission pulses over the alpha “pile-ups’fa
.

i.e. for a given sample~ at a given efficiency as determined by fission bias curvesa

the extrapolatedalpha activity counting rates beceme sr:alleras

was shortened from several times tb,rise time to about half the

the dipping time

rise time. This

was to be expected; the resolution was improvod by decreasing’the length of time

required for single alpha pulses b“ be forgottono The fission bias curve did not

a~fer as a result of’the shortened pulse widths the corresponding loss in pulse
.

height was of no aonsequence~ as tie amplifier gainvms still adequate.

The weighing of scunplesby neutron-induced fission counts (see sec. 11, 5)

and the running of alpha activity curves required a faster ~ting cimuit thsm

that used in registering spontaneous fission pulses, if excessive time were not to

be losto For this reason an outlet to an auxiliary counting circuit was provided;

the plate and screen of the 6=G6of the counting circuit multivibrator could be

opened. permitting use of the 6AK5 output (see Fig. 6)

whioh could be used with any unit. It was found to be

to activate a scale of &

important in this connection

to set the amplifier discriminatorto correspond to the desired number of millivolts

input using the regular oounting oircuit; thenO with the auxiliary circuit in uae

and the amplifier discriminator bias fixed, to adjnBt the discriminator on We

sealer input.eo ttib the same minimwn pulse would be registered. Failure to do this

resulted in a distortion of the fission and alpha curves *en determined with the
●* .*. ● m. ● ● 9* ●

auxiliary counting arhangementJJsince the two c~+xt&&r&ng~&E5 were no longer
● * ●

● O ●.: 9:0 ●.: ●:0 ● ..
equivalent beyond the amplifier discriminator. b ● ●O. . ●n,●om ● ● ● ● ● . 99:
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Appreciable shifts in gain over a period of nearly ~ hour8 could not

be toler~ted;’a large drop in gain would mean a drop in effioienoyo while a rise

in gain would change the efficiency vexylittilebut would mean increased possi-

bility of alpha activity effects. ihiringoperation gains were checked daily and

biases reset on all units by means of the fast rise time pulse generator drawn

schematically in Fig. 7.9 Its output is a nesrly rectangular negative pulse which

reaches its full vqlue in a fraction of microsecond. Zt was found that,eight

Burgess or lWefeAy heavy-duty B batteries connected in series-parallelto give

‘9Gvol+s would provide B voltage fdr continous and sufficiently stable opeiation

for one amplifier unit for from four to six weeks. Two large banks of &volt

automobile storage batteries were used to supply all filaments; one bank o@d

be charged while the other bank (completely shielded) was discharged. The

amplifier gains shifted negligibly with the 0.2-to 003-volt drop filament voltage

which occuFed over a ~-hour period. As many as eight i’aBt units were in operation

a% tinesame time.

Fig. 8 showB a sectional view of one of the parallel-plate ionization

chambers used with argon. The sample (usually electroodeposited on a platinum

disc) waq mounted on the high-tension electrode. The diameter of the active

deposit wa~ 3 to .4.cm; the diameter

The chamber depth was OJ3 to 0.9 cm

atmospheric (110 cm Hg abs),~ Under

of the collecting electrode was nearly 7 am. .

and the operating pressure a few pounds above

these conditions~ a fission fragment originating

anywhere in the sample and traveling either perpandioular to or pareticallyparallel

to the plane of the sample would expend most of its energy in a favorable region of
90 ●** ●** ● ●*e ●
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chamber volume~ since its ran~e would be on the nverage from”*l*.5:c;to.%4.&c~.*

and it would ionize most heavily in the first few mm of travel0 An alpha particle.

on the other hand, would on the average expeml only a fraction of its total energy

before striking the collecting eleotrode or leaving the sensitive region of the

chambcr~ The geosmtry and pressure chosen thus discriminated agaim the alpha

activity background.

Beoause of the large number of units

the sample changes. it was highly desirable to

in operation and ‘&s frequency of

use tank argon to eliminate the

necessity of purification during the filling procedure. Caloium purifiers mounted

on the individual units would be impractical SS they would require battery-operated

heaters for operation during spontaneous fission observation. “Incandescent lamp

grade” argon was obtained. (The purity of this argon is 99.5% to 9~.8~with

nitro~en the only impurity present in any measurable quantity. Special effort is

made to eliminate o~en.)
.

Satisfactory fission and alpha curves ware obtained with the first tank

argon tried. However, it was found that over a period of 6ome hours the fission

and alpha pulse heights dropped noticeably so that day-to-day operation at a cons-

. tant effioiencywaa impossible. In attempts to find the source of the gas “poisoningnO

rubber gaskets and hoaeso Saotch tape for sample mountingD and possible traces’of

Zapon used in making somo of’the samples wore eliminated one at a tke~ the lowest-

vapor=pressure stopcock grease available was used on the filling system~ and a

.- liquid-air trap was used in filling to freeze out any condensable vapors. The

poisoning persisted. It was finally found that no poisoning occured in argon from

Linde Company tanks. while poisoning did occur in th~ argon frcsnthe h.irootanka

tried. although purity specificationswere ostensibly the ssme. A possible source

of trouble was some organic =por frmn the packing in the Airco tank valwes; LSnde

tank values made use of metal diaphragms,with no packi~~~s%@. : ●:* ,*0
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NO special precautions were necessary with the Linde Company argon~ alpk and

f’issionbias curves could be reproduced after many days or operation on the

same filling. Ruiioerga~kets and mall bits o? Scatsh tape had no bad effect.

Fig. 9 shows %WO curves cf fission oounting rate plotted against

collection voltage (Ra+Be neutron sourceO plutonium Sarapleafixed.bias.)

Curve (1) was taken with a filling of bad argonO curve {2) with good. With the

amplifier biaa fixeci$the counting rate risee as the average pu~se height risesO

sc that the curves show qualitatively the variation of pulse height with collect-

ion voltage. Curve (3)0 taken with a filling of bad argons shows a faster rise

at low voltages and s drop at higher voltages~ A pos5ible explanation is as “

.

The impurity of impurities pre~ent in the bad &ae mEY ak low vo~t%es increas~

the electron drift velocity over that in the olean argon~ 88 would addition of a

few per cent of CQ2 to purified argony.5 This wouldO effectively. increase the

pulse height as eeen by the amplifier. The drop in pulse height at higher

voltage= might be explained by increased probability of electron capture in the

impurityO due to highe”relectron velocities in the stronger field. No corres=

pending drop is observed in curve (2)9 taken with clean argon, until much

higher collection voltages are reacked. The operating voltage used was 810

volts~ corresponding to a field of about 100CJvolt~ per cms a value at which

pulse height changes negligibly witlI ErwAllchangea in a’>llectionvoltage.
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A bad filling could be spotted immediately bywutching the alpha background on an

oscilloscope screen as the collection voltage was turned onj the pulses would reach

a maximum height and then drop as tho operating voltage was approached.

Addition of 5% of C02 to the olean 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 a m+xtureo Spectroscopic

different fron the Linde argon in performance.

~. Calibration of’Samples

For

developed.

The

calibration of

neutron source

argon waistried but was not noticeably

samples a slow-neutron fission weighing prooedure was

used was a 200-millicurie Ra~Be source contained in a

small bra6s cylinder. The standard source geometry .usedis shown in Fig. 10. The

source is contained in a laad cylinder from which it cau be removed through a brass

tube. The tube and cylinder are embedded in a parafin block which serves &s a neu-

tron-slowing mqdium. The parafin is contained in a metal pail. A cylindrical hole

cut in the paraffin exactly fits the chamber lids. The source can thus be placed

at an exactly repr~ducible position with respect to the sample holder in a given

chamberO and serves as a source of S1OW neutrons constant in time. (The neutron

spectrum is such that shielding a plutonium sample with cadmium cuts the fission

counting rate to about 5% oi’the unshielded rat?.)

A sample of 0.4.34% or P~ut@umll electrodepositedas a thin layer on a

h-cm-diameter circle on a platinum disc. and containing less than 0905% Pu
*00 ~Bs

.* ● *m ● *. j . . .
● *** ● .ma

used as a standard fcr sample oalibrations~
● 9●O*: ● *: ●:00
● ***.

●* .00 ● m* ● . . ●:. . .
●
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From these aurves. all of which showed good fiae4.oEAsplatoaue (BbOZ”~’,%O,’%i%@.%- “

the fission counts per minute could be estimated for eaah ohamber for the standard

sample for 100~ counting efficiency, The amount of plutonium on the standard sample

was known to ~% from alpha counts made on two different demultiplier units (assuming

.

a half-life of 2!+.500years for Pu) and also from a slow-neutron fission comparison

with a’smaller plutonium sample which had been alpha oounted.

The effective weight of a sample in a certain chamber at the-operating

bias ued was determined ‘bya comparison of its fission couhting rate (determined

with the standard source) with that of the standard sample at IO% efficienoyo For

exampleO suppose that the operating bias range for a uertain sample in a c~rtain

chamber was 3CJto 33 millivolts the initial salting being 30 and the final check for

each run of about a dey showing nbout 33. Counts taken with the standard Gource and

source geometry showed an average fission counting rat: of 60 counts per minite in this

bia~ range. while the oounting rate of the standard was ’75oounts per minute in the
.,

same chamber at 10W efficioncyo The effective wwight of the sample under operating
\

239
conditions would then be Qo/75x ~0434 or 00465I% pU ~ aoauming no slow-neutron

fission in the mxll amount of HJ
240 present. These effective weights were usually

compared with the w+nightsas estimated from alpha counts of the samples; counting,.

efficiencies under operating conditions were usually found to be between 9CI$and 98%.

. . These data were useful when substances other than plutonium were under ob~ervation

2
and no slow neutron fission weighing was possible..

,,,
6. Ceter~ination~f~he Spont~neous Fission,Rate @’ PU

240

ao in pile-producedMass-spectrographic verification of the presence of Pu

L
plutonium was obtained by mrtlet”~~,Swkehart and ThoWson. They reported an ab~~nce

ratio Puuo
“L

of about j.~ x 10 ~ which waa reasonably consistent with the abundance

p<~59
ratio ca culated fro:.the irradiation data for their sample and the capture cross

239 DXSJ
sections of Pu and U-’ G Later and more precise mss-$~ot~~ap~o:a~a~yse~5

● 9... .. J,
) —.--.—

%3artlett. Swinohir’t.and Thomp~oaO L% 16!3
<“

● *.*
● = ●80 ●00 ●0: ●:0 ..● .>,*,.#

5
Bartlett. and SwinehartO LA ~~ Wx!m!w-- - . - -.-’‘–- -
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were useful in obtaining

~240
thnn the 1.6 X 106

assuming all spontaneous

..16-

a more accurate value for the spontaneous firnaionrate of’

fissions per gram hour estimated originally (see See. 1).

fission in pile plutonium to be due to Pu2@ . Comparison

of mass-spectrograph data and spontaneous-fissiondata on several plutonium samples

2/+0
of different Pu content gave the following results!

Sample $ Pu~o In pu239 ~

Mass Spectrograph

CX2A (Clinton
reirradiated Pu) 00118+00008

Fissions per gram Fissions p
&
Ogram hour

hour in Material in pure Pu

1950 t 200

CW1 (Hanford
reirradiated Pu) oo&7-i- 00020 mow ~ !w

1065 X106

@H (Hanford ~ ~~
production Pu) 1010 +0.02 ! 16.200 + 1000 1:,65x 106,-

‘6
It is estimated that the average figure of 1066x 10 f’i.asionsper gram hour fur Pu*O

is accurate to 5~o

40 %ntent Of Pile I?lutonium~les7. ‘Determination of Pu

~hepuzi$o .
content of a pile plutonium sample was calculated as followsg

+i+o ~ fisaiona observed x 1

~ hours observed x gm Pud59 Offectivo 1.66 x IOU
.

The spontaneous fission rate in fissions per gramhour for a certain material could

usually be determined to ~ 5 to ‘?%0 SOurOeS ~ error w~re$ oounting 8tatistic80

.;.3toh% (standard deviation)# eff=tiveweights~~3 to 5%s Weight of standard-

mmplo + % (no effect on comparisons between unknown samples). In spontaneous

fission observation, from 200 to 500 oounts.were ususlly observed on each of two or

three plates of the zaxterialunder observation.

. c r r -- - -,.. .-.
-. ..-. .

/
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.4dieoussion of the results of ths investigations prcfpos~ ~11s~c~n~~follows~
●:*.

1. Mass-spectrographic verification of’the preeence of Pu~OOin*~ife-~~~d~~e~~lutoni&

This has already been discussed in section 110 6.

2= Specific spontaneous fission of plutonium vs total irradiation

A study of Hanford plutonium samples over a period of some months has shown

that the speoifio spontaneous fission of the plutonium isdireotly proportional to
-,

the ratio F’u2n/b238 in the material “pushed” from the piles and thus directly propor-

tional to tiletotal neutron irradiation suffered by the mnterial..?

A more detailed di~cussion 01’the production of PU240 in a chain-reacting

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

(8) 92238X 92239
4 “’” g; *2”

(b) 54239%V>9P”
238 initially present as N(28); under normal pileRepreeent the zr.tmberof atoms of U

operating conditions this number may be considered constant over the period of irra-
,~

diation of a slug of material. After neutron irradiation for a time t in a flux n VO

assumed to he constant throughout the lump~ the number oi’atoms or Pu239 is

~~~ 6_w(28) n v ,dt(o) N49 =; = N&&r(28) nv t
J

where n v t total neutron irradiation on neutrons /om2

and~r(28) J’38 in cm’.radiative oapture cross seotion of 1

The number of stoma of Pu
240 present ia

%0 =~~’s ~ r(~) n v~ @r(49) n v d t

or

(d) Nho=j$ N28c7_r(28) ~r(49) (nvt)’

where~r{~tg) is the radiative capture cross-seotion of PU239 in cm’.

then

0s’
● ✎ ✎☛☛ 8** “. . . .

9 ● , ● . ● . . .
●

::0:,
● *●: ●

● *** :0
● * ● 00 ● ,- ,.: ● . . ● *
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(f) f@=7302 I@.!9
y

Corrections must b.eapplied to this fomda before it can be considered

correct for application to a rod of material irradiated in the Hanford pi.l&- First.

a correction inustbe made for the non-unifcmsni~ of the neutron flux over the

length of a“rod and from outside to oenter within a rod. Second. a correction
.

must be made .~r(28) to take into account resonance capkre of neutrons in the

energy range of a few electron volts. If we call the non-uniformity correction

fao%or
P

and the resonance correction factor O
Y

equation (f) becomes

(d

.

In thie more general expremion for ?J40/N49the factors p and Y are

oharaoteristic of the geomotry of the particular pile lattice under consideration.

(1) Calculation oi’the oorreotion factor s
P

Equations (c) and (d) for a single small lump of metal in a uniform

neutron fliix

proportional

indicate that the amount of PU239 present in a large slug of metal is

to the average value of n v t throughout the Slug. whereas the amount

ofPu*O present is proportional to the average value of (n v t)2 throughout the

slug, The correction factor for aoti=wnkf’otityof neutron flux is thue

GW
‘j

P

e~
= ~’

where n = neutron flux~ the neutron velocity distribution assumed to be the

.
same at all pointsm ●* ●8* ..* 0

::

.

(6) BWWd on~f (49) = 765. x 16’4’ CQ12~CK[49)

-
● ** ● ** .m. ● *

.
*-*,.**+ .

(7) LA 140A
..--

-0. : ---
/
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If V is the volume of a slug of metal. and the flux is a funotion

of position in the slugO then for that slug

For the cylindrical roti$the correction faotor P
can be ofllculated

conveniently in two steps~

Firsta consider non-uniformity of n alo~ the rod. Call the corres-

ponding oorreotion factorP
,00 n may be representwi approximatelyaa a fiine”.

distribution having its maximumat the center of the rodos length (about 8 m)

and going

.aenter of

to zer~ about 004 m beyond the ends of the rodO as represented in Fig. 11.

The flux n remohes i%a maximum valueno half way along a red. i.e. at the

the pile. If L represents the distanoe along the rod m measured in

meters from the point of’zero fluxn then
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The correction factorP
1,= 1.13 is probably accurate to 5 or 4 percents accumption of

a sine distribution going to zero exactly at the ends of the rod (certainly less close

tO the truth] gives a correction f~etor of 1.23, and a distribution varying llnesu?ly

from zero at the ends of the rod to a maximum at the oenter gives a factor 1033.

Seoond5 consider differenc[~sin n between the outside of’the rod and various

poiuts inside. Call the corresponding oorreotion factor 2V ‘P

The equation for diffusion of neutrons in the”rod is

V )
v%~ = JLZ m

where f * diffusionlengti of therml neutrons in uranium.

Taking the z axis along the rod~ and assuming cylindrical aymmetry~ this

be written ;>% + LJJ. + az~ . Lq

*38” x’ x’

~X:m
● ● ●**●** . .9 ● m“. “*Z .O:
ame .

● ---- ..:

● ::..
● . . . . -n: “ e

● ,

equation may
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where r z distwme from the axis of’the

The variation of n alonZ z is slow and the z term

of a thin slioe of the rod perpendicular to the z

The diffusion equation becomes

g.’ +4!$=+!’4

● m*** ● ** b

‘::t~
● ● D*

● : ● o ●*::
● *O :m. *

● e 6*
● ●:0 : 9:0:00● 0

can be neglected in the considerateon

axis (see Fig. 12).

Expressed as a power series the solution of this equation may be written

where no - oonstant

r oannot be greater than 1.73 cm and ~ is about 1.55 om for thermal neutrons in

uraniuxn(8)for the first several cm of’travel= For our purposes, then, the approxi.

mate solution
.

oan be used to represent the flux distribution in a given cross-seotional slice of

the rod.

and reaches a m.inimwavalue n ~ no on the axis. The radial’distributioncorrection

.

factor for the rod is

.: . . . ● ✎☛

●
● 9**

.— —-~-p%---- —

‘a)llughesand Bragdon, CP-1732
G:.::

;:;; :*
●
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hitegrating,

.

a very small

,,.. .. . .

&?2-

one finds‘forthe indiosted quantity

1,0061 art ~ [,t)\,

correction factor,

The overa11 oorreotion factor for non-unitormity of neutron flux is thus

and equation (g) may be written

(2) ,Estimate of the resonance correction factor s
f

Transmission experiments on uranium have shown the existence of strong

absorption resonances at energies of about 6.60 210 and 38 electron voltsS9 The ‘“

. effeot of these resonances is to increase the effootive radiativedaapture cross section

of the surface layer~ of uranium in the pileo

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

10 ‘U
are reported by lhgelkemeir and Freedman and by 1. Perlmano Estixmtes from

Anderson? Mollanielsand Sutton, IA 158
10
Engelkemeir and Ikeedmans CN-1917
11”
1. Ferlman, cN-2044

,, .
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fission product and plutonium assays of slugs of metal irradiated in the

@iinton pile give values of the ratio capture to fission of 009310010
(10)

and OJ@~}ll) A ratio)capture/fission * 0.90 ~0.06 seems reasonable.
\

d
(12

The slow-neutron fissi~n cross section of normal uranium is ~ x 10- cm2

S2L&2c 238 ~~
xl or 3.87 x 10 . Thus the Qffective capture CYOSS section of U

-24
about 3.87 X (Oo~O ~ 0006) X 10 or (3.5t 0025) x 10”4cm20 By comparing

this value with the thermal-neutron cross-section ~r (28) = 2.53x M#+ml?.

one finds that the resonance correction factor is

i.e. probably lies between 1.28 and 1.480 Thus the determination offlintroduoee

the largest uncertainty present in the calculation of the ratio Pu
240fiu2390

~u239 23&3
/u

Results of spontaneous-fifisionanalyses made on nineteen plutonium

Zlko
samples ranging in Pu content from 0.17% to 10@ are tabulated below. The

PU240 content was calculated from the spontaneous-fissiondata, assuming a spon-

~“ (see SecIIl?(.taneous fission rate of 1.66 x 106 fissions per gram hour for pure Pu

The ratio Pu2X/U refers tothe Pu239contento ftheu-raniuma sitwaspu~dfrom
●

the piles these data were received from ?@ticwd and are based on assays of the so-

lutions resulting from the initial U - Pu separation processc

● ☛ ● ✎☛

✚✚
●

●✚
✚✚

● o ..:

●● .::
● ● **

.
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Pu ssmpb?J*

.

1 W

4 Vi

60 H

71 Ii

72 H

74 H

110 H

130 H

.. .
, cc”,

,1,

,. .,.

=i-

by Spontaneous fission
Measurement

ppm i?uz~gh
from Hanford Data

26.5

37.7

39.9

4109

5300

7100 -

7504

68.0

74.5

6308

6701

ti07

%03

78.0

65.3

67.2

7100

68*2

Average 70.9

w in the control of plutonium xmterial on the project a number of

●✚ .00 ● *.

other p?.utordum mmplQs have been analyzed by thi%m$~od.
● 9** .
fie&l%e*are not

●::.. ●* ●:...... •me~~.~a$~ewere nd
given here because the samples were mixtures for which PU.

● ● ● . .●** ● ● . .*. “: .*;
● .4.

not available.
. -a,..a..-.

●

--.
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Fig. 13 shows a plot of the ratio PU2@/pu*3$?+ p~
239/@8 .gain8~

the

ratio pU~o/pU239 as determined by spontaneous fission measurements.

‘0~U239 determinations iS~~a~ itprobable error in most of the E’u

239 ‘~ data are correct, although Uncertaintiesassumed that the PU h

The estimated

has been

of considerable

? 13
magnitudeemt in these assays. II is readilyseen that, within the limits of the

~0/pu25~, calculated directlyfrorntheexperimental errors involved~ the ratio Pu

specific spontaneous f’isaionof’the plutonium is equal to u constant times the

ratio PZ39/iJ2506 This establishes the certainty that the substance having the

high spontaneous fission rate is formed by two successive neutron prooesBea starting

from U’xO
238

The contribution or Pu~~ has been shown to be negligible (see next

240
section) and the isotope Pu is therefore definitely identified as the high spon-

taneous fi6sioner.

(h)

comparing

From the experimental data one obtains the relation

mm
equation (h) with equation (g’)Q one finds that the experimental constant

“7009agreeswith the calculateddonatant 83A if the resonance absorption correction

is 18~0 i.em ifP is taken as 1.18. This value for
P

appears Eomewhat low in view

of the estimate

capture/fission

large errors in

Of’1.28 to 1.48 on p0250 However, the uncertainty in the “ .“

ratio used to calculate
P

~ as well as the possibility of fairly

the Pu239/lJ.asmzysmade at Hanford~ make the agreement reasonable.

● ☛ ● *9 ● . .
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fission:

2 (u)pu % is an ~ -titter

2jj8
It is produced in the pile from U o

neutron proceseess

having a half-life of.about &l years.{15)

principally by the following two successive

(23’? q
93 ~2.2 xIoby

(j) 93 95’’’2:T 542’6

Another pair of neutron processes leading

‘),ec.

(3AQ ’39

(k)

238fiu*0 in PilI-It is of primary interest to estimate the ratio Pu

Remembering ~hat Pu‘isproduced byre.actions (a) and (b)produoed plutonium.

-%2X (no Y ) ~~o. it is easy to show that the PU2X produced by reaotions (i)——

240and (~) oompare8 with IW in the ratio

For the mase”assignment see
/%

U
Kennedy. Perlman. Segre. Wahl, A-207 ●* ●00..*

● *.* ● ●99 ●

15 ::. :
Seaborg, CN=D2767 ● a ‘~●* ●0: ●:0 ●** ●e* ..

● ● ●9*●’.. * “ .*. ●*: .-:
● me---- .W

●

●:: 2-:-” “~
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237iEI the z pile haveMeasurements of’the yield of Hp

order of O.~% of that of pu259(16) ; indicating that

and thus that TnO 2 n (28) for pile neutroras~O,Ol

2 ’17) and~r(49) ia’about 37’5 xabout 110 x 10”~cm .O

UcIingthe~e crosa=aectionsO one finds

{10) _Pu*~8 40.9 x 10”3

#40
.

10”%m2 (see seo 111, 2)0

●

2%Reaction{k)a i.e. the nD 2n reaotion on Pu ~

238
to the concentration of Pu . Considering this reaotion

GnO 2 n (49) to be of the mune order of magnitude as r nD

contributes very little

alone. and assuming

2 n {28). one finds

3zHr5

Tha$ the contribution from this reaction is small is confirmed by the fact that

21+orange analyais of’reirradiated plutonium having a Pu content of as mush as

2’y30nteti ~ow~several peroent haisshown that no appreciable increase in Pu
●

2590
as a result of prolonged neutron bombardment of Pu

Equation (10) for the ratio Pu2fi/#@ ~~ i.

with the statament by Perlman and.~eaborg18 that 1~ of

activi~ of pile plutonium over plutonium of negligible

gOOd q~ti~t~ve agreem~t

the increase in specifio

~uao eontsmt ia due to

16
Beard, CF-29~

IT
Jaffey and Magnuaaon. CF-291&

18
parlmn and Seaborg, MIJC-GTS-W/20 28 July 1945
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240
the ramainder of the increase is chm to J?u .

238
Tho spontaneous fission measurements on Pu were carried out in the

. argon-filled ionization chambers. The semplos used were thin filme deposited

. by evaporation on platinum diso~. The PM2~ used to sake the samples

furnished by G. T. Seaborg,, It WM prepared bya (dO 2n) reaotion on

Alpha-range analysis of the samples indioatcd that a rather

was kindly

U2%0

heavy Pu
239

contamination had ocoured in the laboratory prooessingo 14 shows range curves

talcenwith a variable pressure differwtial range ohamber. Resolution of the Pu2m

and PU2X peaks (at 3.68 and 4.10 WI. respectively)maybe accomplish$~.by giving

to either peak the shape of the Po curve M measured under identioal condition

and mbtracting it from the oombined Pu2~ - W239 curve~ as Aowno An approximate

ratio of alpha activitie6 of Pu238/’l’u239=00895was Obtained.correspondingto a

ratio bywoight of

The effective amount of PU238

of observation in an ionization chenbar

present’in each sample under the conditions

was detemined by a slow-neutronfiaaion

239 standard to determine the effective weightweigMng of tie munple against a l?u

of the Pu2~ ooatamimantc It waa assumed here that the contribution of the small

*mom* of PU238 present to the slow-neutron fission rate was negligible.The effeotim

27?
amount of Pu present was then’
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The spontaneous-fissioa data obtained are sunmhrized in the following

tables

.

.

sample V,eighk of

pu239 (effO)

M-23=1 “15.4 x lo-bgm

M-23-2 -6‘“?.8x lo

M-23-5 -6
1003 x 10

i’teiht of ‘

Pu2%( eff.)

3.4 x lo”6gm

&1.7 x 10

205 x 10
-8

Hours
ObsOd

180

Y34

269

Gm x hr Fissions
Observed Observed
(Pu2q

601 x 10-6 ‘ 42

6.5 x 104 51

6.2 X 10-6 51

!rOtdsooooo 1808

From these data one obtains for the spontaneous

a value of ll&/(1808 x 10-6) or 7.7 x 10”6 fissions per

The estimated probable error is~ 15%.,

It was neoessary to make certain that the observed oounts were not duo

to m~” present in thePu 239 oontamlnant. According to Seaborg (personal oom-

munication with Allison)O no plutonium which csme from the pile at a concentration

2x~ from spontaneousgreqter than Pu2~fi =2 @/ton can have gotton into ths p~

~0/pu2~Q The spontaneousfission data one knows that this means about lx ppm Pu

fission rate ofmlfi~erialof this composition isti200 fissions/gin hro The total

23~~0 contaminant were about 9 x 10-30 sogram hours of observation of the %

that 2 fissions might be expected during the time of observation.

“““!“:”~::
9*
● e

● * ● *8 ● *e ● ** ●:. . . ●
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240The maximum possible effect due to Pu is thus of the order of 2/144 or 1 to

~ of the observed effeot.

2~D it is possible to oaloulate the effeotUsing the above data on W

of ~u23a
spontaneous fission on the observations made on pile plutonium in whioh

the observed fimion aativity was attributed to Puao, AB stated above$ a rea-=

sonable estimate for th PU238 content is Pu’2*/W+% 0.9% 10-30

The relative spontaneous fission rates W.

pu238 -

>-

so that the contribution

onium samples studied is

less than on. percent.

7.7 x 10+6

1’66 x 10+6

of pu2~ to the observed spontaneous fission of the plut-

of the order of’7.7 x 10~6 x 009 x 10-3/(10~ x ~O~6)D or

b. Investigation of higher isotopes of plutonium and isotopes of ●lemerita~ -d

960

Spontaneous-fissiOnobservationaontheseisotopeswere unueoemary in

an identification of the high-fission aubstance~ in view of the experimental results

already discussed. iiowever,the few data obtained”are perhapa worth mentionlnge

lgthe following identificationsAccording to reeent Chicago summary reports.

19
See, for example, CS 3312. CS 3237.
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of pile productsha~e been made~
●

{1) A long-life (perhaps some

enc)rgyis assigned to ~~% formed by an

302 yaars)~-activity of about 20 Kev

(2) An ~ -activity of range 4.05 cm and half-life of

growing from ~ ~lB is assigned to 95&l.

{3) A 17- to 18-hour
P

-activity is assigned to ~~2

reaotion on 95@0

(b) An 0( -activity of range 4075 cm aridhalf-life of

aasigned to $@@ formed by tho deoay of $15
2420

about 40 years.

formedbyan (n, i )

about 4 months is

Of’these eubstanoea~ all du~to third-or fourth-ordor neutron reactions’,

only 95a1 barsbeen inmsti.gatadhere for spontaneous fioaion. A sample of this

material was kindly furnised by G. R. Seaborg. Three plates were madeO each con-

ta$ni~ about 7 x IO+ gm of’95241 plus 8everal milligrams of lanthanum. (The ~5&’

weight6 were deduced from the alpha activity assuming a half-life of 40 years.) The

Samplee were observed for a total of

Three fissions Were registered. The

~00 hourso corresponding to 108 x 10-5 gmhr.

resulting spontaneous fission rate’of 1.7 x 10+5

y gm hr is considered as an upperlimitfor 95W0

A.BSUIRiIIgfor ~~” a,radiativ@-@apture ?ro~s s~tion even as high aS ~~ x

~&dcm2$ the ratio ~u24~/#@ in pile pluto~ium would be of the same order ofmag-

&O/FU239 and the ratio 95~lfiu~o would be considerablynitude as the ratio Pu

~1 and to the p088ibility of oapture orsmaller beoause of the long period of 1%

fission therein. It is thus only to be expected that no inoreaae in spontaneous

fi8sion activity beyond that expected from Pu~, attrib~~able %Q ~~1 or hi~er

isotopes. has been observed in pile pluto~um of incroasod content of Pu
40 and

. ●* ***● 3,
higher isotaes~ nor has any excess activity attrib~~b~~ ~ t~”~i$:~order product

● * ●9: ●:9●.: .:..,●

Pu~ been observed. s ● ....**a . . .*.90!.-~
● e-, - .

●● :;:-- ;50 e . -q- ~:
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NUMBERED ITEMS

1;

2.

3~

4.

5:

6.

7*

00

9~

100

11e

Brass cover

Mounted Sample

Sample holder and high tension eleotrode

Collecting eleotrode

Guard ring

Polystyrene insulating supports

.

.

Rubber gasket

Threaded collar fastens chamber to amplifier ohassis

High tension lead-(Pt-glas~ seal waxed in place)

Grid lead

Gas outlet

,
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This report describes In detail the work on spontaneous

fission in ?Olutoni.w which was done subsequent to the early

Investi.gati.ons reported in LAMS-131 by Chamberlain, Farwell$

and Segre. LA?!S-131 reported the discovery of Pu240 and gave

a rough estimate of its spontaneous fission rate. The present

report (LA-490) gives spontaneous fission data on PLZ238as

well as more recent data on Pu240 and described methods de-

veloped for more accurato determination of spontaneous fission

rates. (An overall picture of the spontaneous fission measure-

ments made on a number of isotopes of heavy elements is 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 Special ~gineering Detachment

at LOS &amos gave considerable assistance in the routine

conduct of much of the experi.r.entalwork, 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.,

several changes and additions have been made since the report

was printed at Los Alamos as LA-490.

.
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1.

2.

3.

4;

5*

6.

7.

8.

9.

90 ● *D ● *9 ● *9 ● CO 9*

Add attached int&@\ t~on ~b~?o~< abstractUNC[A$$=. :.. ●.* ●.* ● 9
p.3, line 14, In parentheses (n, Y ).

line 17, change woth to worth.
footnote, add initial O. before Chamberlain.

fFIED

p 4, line 20, change paraellel to parallel.

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

..~average time interval between alpha pulses, fluc-
tuations in the alpha activity background...

p 11,

p l?,

p 18,

p 22,

p 23,

line 6, change he to be.

line 13, insert as follows:

....0.3 volt drop in filament voltage ....

line 22, change paretically to practically.

line 19, insert equal sign as follows:

...where n v t s total neutron ....

lime 20, insert equal sign as follows:

...r(28) z radiative capture.,.

line 26, capitalize letter T in then.
line 29, chan~e (3) to (e) ; also correct forumla:

N ’49
!& .k~ :%-’--M

28

delete top half of page down to (1) Calculation...;
change (1) to (2);
also delete footnotes at bottom of page;
insert four pages daslgnated Insert I at top of
page 18 to replace deleted material.

de~ete bottom on page starting with

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

delete top half of page down to paragraph starting
Results of spontaneous..~~;

also deletb. i%o%no”~~;=s ~“:. . . ..*.*. .

= = ‘::?< ‘w”

:e. .:. .9.

e=. ● *=.=== . . . ..---- -- -----
------ -- -- -
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10.

11.

12*

R

13 ●

14,

15 ●

16.

‘delete lines 15 through 20
Comparing equation .......agreement reasonable.
Insert material. marked Insert 111 to replace deletion.

remove 2nd qnd 3rd lines from bottom of page which
read:

For the mass assignment see

14
Kennedy, ~erlman~ Segr’e,Wahl, A-207

p 2’7,

p 29,

p 30,

p 31,

Rewrite as fOllOWS:

14For the mass assignment see %nnedy, perbm,
Segre, wtim, A-207.

line 4, than e the figures 375 to 460;
in equation f)1~ ohange 0.9 to 0.7.

line 2 bglow table? change 7*7 x 10-6 to

7.7 x 10 ●

line 7 below table, change gotton to gotten.

line 6, change 0.9
to the equation

line 10, change

line 12, change
change

line 21, delete

In
to 0.7;
the middle of the page add:

= 4.6
0.9 to O*7*

G. R. Seaborg to G. T. Seaborg
furnised to furnished
the word “ton
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Before this fomula is applied to the calculation of

the ratio N40/N49 in a rod of material irradiated in the

Hanford pile, the following points must be considered:

(1) An estimate of the effect of the ~e~truction of

PU239 and fi240 must be made.

(2) A correctl.onmust be made for the non-uniformity

of the neutron flux over the length of a rod and from out-

side to center withfn a rods

(3) Values used for +$%(28) and ~r(49) must take into

account resonance capture of neutrons in U238 and PU239@

Equation (e) may be rewr$tten-as

(g) ’40 ‘49 ~r(49) efr
~ = * ~ mr(28) eff.

.@5

where J = Correction factor for destruction of fi23g and pU2400

andp= correction factor for non-unifomity

(1) Calculation of’the correction factor #

of ~u23’ and ~240:

of neutron flux.

for destruction

Let N1 ~ N49/N28

N~ : N40/E28

Al” nv&(49)

A 2 r nv~(40)

r(49)

k s nv~r(28)

~ (49) =u-f(49)tm
u- (40) = u- f(40)*cr
,~r(28) = el’fecttve

radiative capture

r(40)
(themal~ resonant

!!18cross seotion of U _ ~

,:.-.

The dlff’erentlal equations for N1 and N~ are:

(1) dN#dt u k-xl N1

. . -e. . . .

.09 ● 99 9.
. . .:eaw.

● ● *... ..:.:....

● ☛☛ 9 9
.=. - .’.

m...
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(2)

For

(3)

(4)

The

(5)

● ☛

“*

m.
e.
-+
**

.-.
N1 and N2 initially zero, the solutions for N1 and N2

~.A2t ~+t
.—-+ % ‘)

AZ- Al

ratio N40/N49 fs$
*-A@ -e. Alt

(22-AI) (l-e- ‘lt)

In the special case of ~lt and ~ 2t verY small, these

equations reduce to:

s kt = nvt~r(28)(3’) N1

(4~) N2

N49

given.

(5’) N40/’N49 s N@?~ =
w

~ (~~lt) =~~r 28
1++

Equation (5’) is the approximate equation (e) already

In the special case~ z = 0, i.e. m(40) : 0,

the equations are

{3”) N1 :

(4”) N2 =

(5“) IL#Jl

In the special case 3 z z Al, i.e. ‘(40) s 7(49), the

equations are:

A

-A, t,
J.

. . . . ● D= ● ** ● *.89 . . . ..: :..
● *.. ● m ::

. :9.9
s. s:.:.9..-● *D **

.9 990 . . . ● ●

. . . ●*9 e .=9. . . . :.: .
_.e- :-- ---

-“.=-. --- . .

------ --- --
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N2/Nl for

followlng data may be

nv = 1..ox 1013

t = 94 days

~r(28) = 3.5 X

@ (49) ~ 1070 x

a = @.49,

Case (a) gives N4!3/N28

Case (b) gives N49/N28

Calculation of N40@49

used:

(a) or

gives the following results:

a) N40/N49 s

● ❉

✎☛✎ ✎ ✎ Lilt
>~”fe,

- e-ap
)

1

a typical production case, the

nv = 2*O x

10-24 ~m2

10-24 ~~2 “

= N2/N1 by equations (5!),(5”), and (5”*)

b) N40/N49 ~

(tjt)
L@#

very small

1.62 X 10-2

(nv

(5”)
>

(T?4:)0m o)

1.65 X 10-2

13
:1. OX1O )

(V=3,24 X 10-2

= )

——. ——

3,13 x 10
-2

——

It has been shownl that for thermal neutrons mf(40) is

zero or a small fraction of~f(49). Recent experlmentsll

indicate a value of from 40 x 10-24 to 500 x 10-24 CM2

lFarwell and Kahn, L.A. 444; also recent Chicago work.

II
Personal communlcat j..on=$~. X.aFnirig,Metallurgical Laboratory.

--- .-
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section ~~(40) = @f(40)Y r r(40) must be less than about

800 x 1024 cm2 and may be very small. Reference to the above

table of values of N40/N49 indicates that for material in

which N49/N28 ~ 300 x 10-6, the correction factor ~ is

somewhere Mtween

For the materials

the highest ratio

1.02 (~ (40) :“ O) and 0069 (~(40) z ~(49) ).

on which data are given in this paper,

N49/N28 is 233 x 10-6, so that using the

value & z 1.00 can introduce no appreciable error into the

calculation of the average ratio N40/N49 QN49/N28 for the
4

materials investigated.
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(3) a. Calculation of ‘r(49) (effective):

The effective capture cross section of PU239 for

neutrons in a pile may ,be consfdt?red as the sum of’the

capture cross section as measured at thermal energies 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

~r(49) effe m ~r(4~) the~al-f-

where ~ = scattering mean free

A. absorption mean free

path;

path (thermal),

$= average logarithmic energy decrement for
/“

neutron scattering, , \ -1

D ~ disadvantage factor s

(

W (graphite

W (uranium) ‘)
●

-/
and where the integral G-(E) ‘E is taken over the

T

energy ranges in which appreciable resonance capture occurs.

The principal contribution to the resonance integral is

given by an integration over the resonance occurring at about

0.3 electron volts. From data given in LA-266 on the total

(CaPtUr8 Plus fission) cross sect~on of ti23g In this ~g~on,

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 10-24 cmz for~~- (E) ~ ,

- ● .. . ... ..● .,.== ~, ..O
..= i- ; .9 ::. . . . ●.. ... :...:.90909

==.. ● ● *9 s ● ●

.O= . . . e .

..= =.

---
--
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which becomes 1130 x 10-24 Crnz when corrected for the I/v

tail of the thermal cross section.

The disadvantage factor D is given in CL697 as l/2.C05

for the W pile. itstimatirig5}%as the dip in the average

resonance neutron flux in the metal rods as compared to the

graphite, the disadvantage factor becomes l/1.905*

~r(49) is given in CL-697 as 35o x 10-:’4cr~2for

thermal neutrons.

Taking ~ = 2*6 cm~ A = 313 cm, “~ ~ 0.158, the res-

onance correction i~ found to be &x 158 (1130x10-24)
. .

(1.905) or 113 x 10-24 cm2*

~-r(49) eff. is then (350+-113) x 10-24 = 463 x 10-24cm2.

(3) b. Calculation of ~r(28) (effective):—. ——.——

This calculation is made in the same manner as the

calculation for %(49) eff’. However, the very heavy

absorption of resonance neutrons by the surface layers of
-

the uranium must be taken jnto account. JThe integral (T(E) ~

is about 240 x 10-24
~m20XII

Its effective value for lumps

IV
or rods or uranium is

Jf+ (m % = 9*25x 10-24c~(l+Q’3‘)* ‘e’”‘ =
U

surface (cn2).
mass (gin)

For the W pfle the resonance contribution to the capture

cross section is
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Insert 11,3

or 1.14x 10-24

.-
. .-.
. .
.-

.=.

.
..=

2-cm .

=*D ● *
. .*. : ●o* ●
.-=9 ● .*

e=- . .
i..., ● 0:
.--e - ● =.OQ

. .*.:9 ● ●:0 :.* ‘.

~ r(28) is given in LA-140A as 2.56 x 10-24 2cm .

‘24(2.56 + 1.14) =3.7OX1O~en&r(28) eff. g 1(3 -24cmQ for

the W pile. That this method of calculation is a reasonable

one is established by the following co]flparisonof calculated

and experimental results$

Data on the ratio of capture to fission in Clinton pile

uranium are reported by Engelkmeir and Freedmanv and by I.

VI
Perlman . Estimates from fission product and plutonlum

assays of SIURS of metal irradiated in the x pile give for

the ratio of capture to fission values of 0.93.T .lOV and

t).883v1. A value of capture s 0.90-~ .06 seems reasonable.
f~ssion

The slow neutron fission cros9 section of normal uranium

Is (542 X 10-24 Cm2)v11 x 1/140 or 3.87 x 10-24 cm2. Assuming

VIII
32 of the total fissions to be due to fast neutron fission

in U238, this gives for the effective thermal neutron capture

cross section of U238.

~r(28) eff. = (3.87 X 10-24) (0.90~ .06) (1.03)

**
‘Engelkmeir and Freedman, C1?-1917
VI -

I. Perlman, CN-2044
VII

=f(U235) as given in LA-140A.—
VIII

CL-697

. . . . . . . . . . . ..=.. . . . .. . -. .
=—= . . . . . . .

..”- --=
s. ..9 ● .9 .“. Waw 9=

,. . . . . . . . . ●

✎✝✝✎ ✎ ✎ ✎ ✎ ✎✝☛

✍✍✍✍

_-
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..- --e g ● *

.--= ● W 9*9 .--- -- . . .

for the X pile by the method outlined for the W pile gives

r~(p~) . (2.56+ 1.0) ~ 10-24 cm2 = 3.56 x 10-~4 cm~,

in good agreement with the value calculated from the experim-

ental data.

The ratio N40/l?49 can now be calculated from equation

(g):

(g’)

N40
m

N49
m

N49
m

?J40—-
?749 -

71.4

O’_r(4$)) ef’f,
~ r(28) eff.

/!3$

(1.00)

. . . . . ● ☛☛ ● ●
✍✎✎ .O.. - - .9.----
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Insert III, 1

(for p. 25)
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Reference t~ equation [g?) which gives

~= 71.4 N49
N49 ~,

shows the experi,nentally determined constant 70.9 to be

in excellent agreement with the calculated constant 71,4.

The agreement is In fact closer than one has a right to

expect, conslderin~~ the uncertainties present in the

calculation of the effective capture cross sections of

~u239 and U238 and the possibility of fairly large errors
,

in the Pu23g/U assays made at Hanford, as well as the

experimental uncertainties of the spontaneous fission

measurements.

- ‘ .

—

. . . . ● =0 ● 0. ● *

.=. . . - ● - ●
.-** =

. . . . s . . ::

. . . . .
3. .:. ● . . 9:. ●**=8

. . . . . . . . . ●
✎ ✎ ✎ =9. w w w .O.--- -- -.-e
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