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The number of’dekyed neutrons pcr second per fission hus been nmasurd in

atiabsolute sense, as a function of time, for plutonium irradiated for relatively shori

timQs with high-energy neutrons. The qxperimcntal results can be represented for an

infinitely short irradiation time by the expression

hns been

NW total yield of dekyed neutrons

founa to k

‘.I(totul)= 6.8 (0.4) X10-3 d~lay~~

Thi.s i.s 0023 o\o of”the number of prompt

&2. 5

per second

froa pktoaium excited by fa6% neiitrorls

neutrons

neutrons

par fTi3siono

from plutonium fission. The

VS41UQis considerably lower than that obtain~d from SlOV/OrKJU~rOR excitation of pha~oni”m.,

Hwiever there ie no conclusive evidence *hat the difikrence 2ZIyield is aitributtablet~

ithe difference in the primarj-neutron energy.
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ABSOLUTE YIzUJ3OF D7MYIU) NEIW?WS TRGM PLUTONIUM ‘1SS1ON, XITH FAST~NEW1’RON

EXCITATION

INTRODUCTION?

One of the methods used to determirrethe nuclear efficiency of the Trinity

test bomb zf~.d,, men&Ll~eI~ed of’ the ifi<nsity of dels.yed neutrons emitted from the.,..-,-
‘.-.....-,,-

“-”’”(1) In ~rd~r to convert the results of thafission products aG a function 2s~”~w.
,/ --->

.
measurements into nuclear e~icienoy$ i% is necosaary-to !cpowthe yield of’delayed1...”

neutrons from plutoniwiifissionas a function of
./’

of time covere>”by the meaaurementsa

/“
,Somemeasurements had been ~de~ as a

numbers of delayed neutrons from Pu fissions and

time, particula;~y”overthe interv%l

function of time9 of the relative

of’the dqlrixed-neutronyield relative

(2) However, these measurcmenttsweremade us~ng slowto the yield from U-235 fission.

●

neutrons to induce f’ission~ Furthermore, the Pu was irradhkd to equilibrium aativit,y~

d and consequently the shorter periods could not be determined? Except f’orthe work of

Wilson and Sutton, no nxsasureislentswere made during t}lefirst second after the slow=

neutron irradiation=

J.-’mmm #3.)..=deh---a%hereplwtofiitiii”’bobm%m%‘?WSu--higheene~-gy=ntirwn-”s~ctiul,

Atihe+ffective-irr&diatioll tiae i.ntho bomb is short, at VJaSconsidered ~
O* +t-Qws-t

to determine the delay~d neutron yield from m fission induced by fast neutrons, part=

icularly during the i?irs%few seconds af%r e.short irradiation of the plutonium~

The resuM.s of these measurements discussed in Pt.artI indi.eated,the desira.

bility of doing a further experiment to determine (s.)tho total yield of delayed neutrorm

from Pu, and (b) the shape of the decay curve over a longer interval than was possible

in the first ineasur’fmentsQ
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The mcasurenents vieremade using the 2,5= Mew electrostatic generator in 1%

building as a modulated source of high-energy neutrons. For intensity reasonsg it *S

neoeGsury to use a Iighium target of about 200.I%v stopping pmer~ Consequently the

primary neutrons had energies ranging roughly from 400 to 600 lb, weighted$ however,

tcnmrd the higher energy~ becasue ot’the resonance in the forward aireation yield from

the Li.7{p,n,) Be7 reaction, the maximum of which is at about 600-Xev neutron cmergy~(Q)

The plan of.’operatiou was as follows: (1) to irrcuiiatethe plutonium with

neutrons from the lithium target for a short tine Tk, by allo~;ingthe proton beam to ffill

on the tar.get~(2) to :neasuretne fissions induced in the plutonium by the primwy irr-

adiation{ andL(3) to iueasurethe delayed neutrons emitted i’romtho Pu during successive

.
intervals of time after the proton beam was cut off by the inodukto~e

* FISSION W&SUREMEtiTS8

The plutonium, comprising 118 grams of material 4+om--the4M4xkon-.pileO was prepcr~

in the form Gf two short cylinders, each l~12°diameter by l~4~Jlong. -~hase--were”protc>tgc

w~ ‘Wating, One of’the oylinders WS placed on an insulating support in an icn.

ization chambers (1’i,goI)p and connected to the collector voltugo supply, Opposite this

cylinders and separsted i’ronit by about lf161Jwas a l% foil mmrying an additional 758

micrograms of E% to serve as a fission monitor. The othor cylinder wa6 then placed be.

hind, and in contact with the foil, and the combination served as the ground electrode

of the fission chsm-,bemoThe chamber was filled With argon to 25 lba pressure,

/

(4) See Li7 (p,n~ Be7 yield curve, LA 140, Fig. 28
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Fission pulses frcm the chamber were feelthrougfi

and amplifim
amplii’iera((3C2microsecond clippin,:tir,e),to a

and scale of 64 scalm (see %’ig= 2)0

The countin< efficiency of the ch~mbcr was

of’the bia~ curve to zero pul~e size.

The fission chmbcr was so placed in front

from the target at zero angle would pass thro~gh

thyratron p~lse size discriminator

-i-
i’oundto be 0097~ w 0005 by extz”upolutiar

of the Li tar~et that neutrons emitted

the cylinders’and fission foil along

the wxis of symmetry (Fig.3). Consequently the flux throu~h the foil between the two

cy-linderswill bo the mean of the flux averaged ever the ttitalvolume of the Pa. The “

average nmber of’fissions per unit mass in the two cylinders is

l.hef’oil,so that the total nuaber of fissions is the mtisGr~~tio

number of’rissions in the f’oile
.

d
Becmse of the low intensity it was necessary to

the dal.ayedactivity. ~or this purpose, two SpeCia~lY

then the same

multiplied by

uso sensitive detcwtors

sensitive long counters

us in

the

i’or

were

usedc. Those u~ere1~0~’diameter by 8’1long BF5 ps’oportionulcounters, i’illedto 25 om

of IQ with enriched llF3(85 o~o B1*)O The counter was enoased in an 8n diameter by

(5) The counting efficiencyIons paraffin cylintier,in the usual lQnS counter desigrz~

about 1 010 for nedawns iucident on the t~ctiveend of the countoro

These countars were placed as near as possible to the plutonium, (Tig02)= filses

from the counters were fed through two Sands Model 100 pro-amplifiers and amplifiers

to Q pulse sise dism-imiria-ior,and thence to u meuhanioal time discriminator and a set

of scalers e.rrangedto count pulses oocurring during Specitied intervals of time after

i~radi~tion of the pl.utonium- The pul~es from tho discriminator were of uniform sise,,
i

and at such a high le~el W%t electrical peck-up waa not a problem, and soalas rcsponsg

s ● *O ●

lYa&5 uniform. !!:; --4iBi--=●0::::: ● 0

..:*

‘wed&mu.L.w
b (5) ~?MiOZl, A. O., LL 276. ●m ●** ●** .
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The oounting efficiency or the long countel*swas ddxnmined in the geonetry

used in the delayed-neutronmeasurement, by plncini$u natural neutron sourca (M_F~ No.
.—

in the normal position of the plutonium, and cleterminingthe co”untin~rnte in the tvio

OOUnterG= ‘fIwneutron flux from M. ~= Moo 1 is believed to be known to about 5 o~o~(6) so
.—

that the efficiency of the countors for !.10?O No. 1 neutrons was determined to apyoximatel
..- . ..

%hatiacmmaoye However, the source has a high en.ersyspoctzum, the maximum in the yield=

(7) whereaS the delayed neutrons from Puenc.rgycurve being in the region of 1 to 2 k%wj

(6)0 Nevertheless, tastSfission probably lxxveener2ies in the region Sroa 230 to 700 Kev

made on the ener~y characteristics o.ftifieLong Count.ers~in tho experimental geometry~

indicate that they have an essentic~llyconstant detection e~i’iciencyfrom M. ?. No~l....

energies down to 10&to 200 Kev~ It is thorei’orebelieved thwi the efficiency, as determ-

ZabJ. ‘bythe source l.!.F. No. 18 io reliable to s“bout1 o/o for the delayad neutron

● sp~ct~ms

.

(6)

(7)

(8)

Tha source Eloro Noo 2 was cq?pared with a standard Ra + Be source Ho. 40 by
Robert Lo Ralkera Both a water bath and a graphite column were used in making the
comparison. The flux rel~tive to the standaed source was determined to an acouracy
of 1 0/00 The stxmdard souroe is believed to be known in an.absolute sense to about
5 0/00

llichards~ii.‘T~S(LA 201) gives 1.9 Mew for the avera~o euergy~

This is based on the e,ssumptionthat since the delayed neutron periods for plutonium
are essentially the same as for U-2359 (Ldl~ 76i Co KO 23183 L~AO 231)s the neutrons
are probably eillittedby similar fission ??ragments~und therefore have the same
ener~ies as those from U0235~ IIughes,Dabbs, and Cahn havu measured the delayed
neutron energies for U-235S and find th-hey range from 250 Kav to 620 Keva
(C.l?e3094).

-
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With Vn@ sizeablo masses of ptma”i’fin of tinelong countsrfiloca%ed

near to the fission chnaberO it wus ncoessary to

neutrons whioh un.dcrgoenergy degradation in the

Aside from the fact that sach neutrons would not

shield the latter from primary

paraffin .md later diffuse out.

fuli’illthe requirements for fast

excifati.onof fissions

bmaum of’their 6hort

with a cadmium shield,

they would nd bo properly monitored by the ~ission f’oil~

rmge in phrlmniumO The fission chamber was Werei’ore covered

plus a 5\l&t layer of enriched Imroxlpowder, (82 ofo BIO)g so

that only high-energy neutrons could reach the plutonium in appreciable numbers”

In order to keep the lon~.oounter-backgroundoounting rate down to

a reasonable values it was found nece~sary to clininate~ w to shield the counters

from several sources of stray noutronso A rGthor large background was found to arise

from the proton beam when it was allowed to ~’all“.).pOA copper or brass parts in the

target tube, due either to (p~a) reactions in these metals, or perhaps to ~~-~~

quantities of lithium on their surfaces, Wherever possible, such p$$rtswere either

covered withg or replaced “bygraphite. However, some parts could not be so prot~oted.

?’urthermore,there was a possibility that the small amount of deuterium in tho normal.

hydro~cm used in U?e ion souroe 00uIcIgive rise to an appreciable neutron ,yieldfrom

the C12 (d,n)N13 reaction~ and since all part~ of the vaouum sys%u upon which the

b~~m fnlls are always coated with a carbon deposit from cLiffuSiOII PuIw,9ils it WAS

necessnry to shield the LOW Counters i’rein till suoh souroGs of neutrons. For this

purpose, a thick paraffin nmll, followed by a Z-inch layer of B4C0 wasintcrposed

between these psrts mxi the comtarso

MODULkTICM EQUlP14TNT:
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between the defleotor plntes, and through the aperture to the lithium tar-

which neutrons are emittede When a positive potential of &bout 2 kilovolts

is applied to the uppsr def%wtcm plate, the beam is de?leoted to some point below

the aperture, thus outting off the neutron yield i%om the target. The machanioal

shutter was raised during the counting interval in order to cut off Q back~rmnd duo to

protons scattered from the slit

aperture and to the tar~et when

The modulator circuit,

plates is shown in Fig. 4. The

(S) at moh m angle that they passed through the

the deflector volta~e was=ae

which controls the potential of the upper deflector

first two steges were designed primarily for use in
—

other experiiaents~and are essentially a -M.GzerinS buffer stage and a variable

frequenoy relaxation oscillator. For the present work, the bias of the 884

1. thyratron was set to prevent oscillations and the trigger sigml was supplie: ikan

snother souroeo The third element is a uni=vibrator which puts out a square u%ive~
.

● or gates the width of which is varimble by moans of the variable resistor and Gon-

denser in the first grid aircuit of the 6SN?0 This gate width determines the on-time

(Tk) ofths proton beam, and therefore the length of the irradiation psriodo The

triode part of the fourth element holds the grid of the gammatron 4~ out-off enccept
.

durin~ the passage of the gate si.yud~ The diode is to p~event overshooting of’tho

gammutron~ The plate of the gammatron is nornallya% a potential of 2 k, but is

reduced to approxhwately ground potwr’cialby the gate eiqnal. The rise time of the

de?lector plate potential is of the order of a few miorotwcmds.

TIME DISCRMINA’IOW

The essential features of the mechanical time disorimimtor are shown

schematically in Fig. 5. The main parts consist of a set of 3.2separate slip rings,
●** ●

.*. ●O* ●*

mounted on an insulating cylinder”~”~n~&no&=c~Wv&~ional type commutators having
D

12 Eegmn+m, each of which is coak$c$ed de~~r;c~i~y to me of the slip rings.

~~;&- ~~~uSNFIE;he
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commutator-slip ring assembly is supported on a shaft, and driven by a synchronous

motor throuth a worm gear of suoh ratio that the timo spent by the commutator brush

OQ eaoh segment is of a specified len@h, Ato The commutator segments, which are

small brass plates screwed to faoets milled into a Iuoite cylinder, were so machined

that the efi’ectiveangle subtended by each at the central axis is ~aito accurately

the sane for all aegments~ IW brush was so shaped that there i.sa very short dead

time between segsmnts~ The purpose of the secondary spring and the gum rubber pad

is to introduce additional vibration periods into the brush assembly in order to

prevent chattering of tho oontact with the commutator segment, which would result

in counting lo6ses. Each of the slip rings is conneated throu@ a brush contact to

a sq?.?cr,or as otherwise indicatcdo

Two arms, or cams, mounted on one end of the sha:t~ operate m~crodwitches S4

and S5 at specified times

cams~ driven by the shaft

WitGhe8S, S1~ S2, and S3,

during each revolution of the commtator~ Another set of

through Q reduotion gears operates a sot of three mioro-

during one, out of a fixed number of’revolutions of the

commutator. The purpose of these switohes can be understood most easily by referring

to Fig. 6.wh3.chis a graphical representation of the sequence of evemtx+.Time is

there plotted along the “h3?izomtalaxis, and eaoh event in the sequenoe is indioated

in relation to the time at which the

successive segments AJo~1 to No. 3.2,

axis to the left of eaoh number.

commutator brush first makes

as indioaixd by ‘thevertioal

Tho first event in each sequence is the closing of S1 and

contaot with

lino above the time

of S o which ocours while the brush is in contact with se.gmont~o~ 11. The closi~ OS
3

31 completes the oircuit from the pulse size disorimimtor to the oommlmtor brush

(Fig.,5). Hence, pulses from the long counters whioh.trigger the thyratron of the

discriminator are transmi.ttcdto th@eec~.nqWCWo~”dn~$lso to the totalizing scaler~
“ ●

Tho k’tttx, horit)vc~9 reoords no pl~l~~s,~~;~~~~%h~~”;~l~erml, bemuse slip-ria~ NO. 12t!
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and also the totalizGr srk oparativee As scon as segment No. 12 is clearad by

the brush, S4 opemate~~ openin~ the shutter control oirouitO and allowing the

mechanical shutter to dropo Immediately a.f’terwardaS5 *loGes mozm2tirily9 eon.

pleting the oi,rcuitfrom the batteryO through ~~ to the modulator circuit. This

triggers the gatej which allows tho proton bes,mto fall on the target for a t~iue,

shutter switch$ S4, closes i~u~i~di~tcly afterws.rci~raising the shutter in the target

tube 6; thfitm eca%tered protons nay reaoh the target’during the delayed neutron

counting period.

records no oounts

The zero of

Note

from

time

that I?oo1 slip-ring is grounded, so that the totalizer

the primary neutrons.

on the plot is at the end of the irradiation period~ Beginning

at a tine ~t, tho nine counting channels beoome operative in succession, eao.hfor

an in%er_valAt’o The totalizer records the sum of the oounts in all ohannels~ and

gives a cheek on counting losses due to commutator or scaler difficulties.

turns to

that tha

the long

When the brush

segment No. 11.

sOquence omnot

clear6 ‘thelust oounting channolo(segment Noe 10)@ it re-

During this intervals S1 and S2 operl~and ~ closes~ so

be repeated immediately The reasoz for this ia to allow

period delayed ciativityin the plutonium to deoay to suoh a value tha+.i the

background counting rate will not increaee appreciably with time, Furthermore$ it

will insure that the background rates measured immediately before the irradiation

periods will not change sigui.ficantlyduring the following counti~ period..sinoe

the long period aotivity which rmuain6 will be essentially ccwxstantduring the

relatively short counting intervals

delayed.neutron oounking rate was such as to gi.vaonly a few oounts

during each counting cycle. It was necessary, therefore, to repeat

large number of timef,mf~~aqtatj+~.~e+ccuracy,
● *:-. . .

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



4.

,“

● ::e
●

; ;O. .
● .*● :.:.. ● O.:0

● .00 ●
. . . ● m* . .

-11-

NUUTRON MJLTIFL1CAT10N:

one major correctionmust be made to all the data. This

fact that neutron mltiplioation ocours in any mass of plutonium.

an estimate of this factor, the following measurements were made:

arises frotnthe

In order to get

(1) a neutron

sGurce of’small dimensions (M.70 No. 1) ws placed between the long oounters, in

tho normal position of the plutoniumO and the ocurrtinSrate was determiued~ (2) The

sourae was placed between the Pu Cylinders~ (again in their usual positions except

sourae by

cylinders

2/4 inch). The counting rate was found to be higher thun for the bare

a f’ac%or1616, (3) With the source between the cylinders, as in (2), the

were turned perpendicular to their normal positions so that the axis of

symm@ry was p~rallel with a line between counterso The counting rate ratio to bare
-.

souroe was 1.090. (4) With the cylinder separation again 1/4 inoh, the source was

placed at the outer end of one cylinder, with the cylinders ix their usual positiono
1

The counting rate ratio was 10120 (5) With the sourceas in (4), and the cylinder

separation at the normal l~A6 inch~ the counting ratio was 1,13s

On the basis of these rneasureznents~and using single collision theory~

Messrs. GassO I&x, and Schiff calculated the multiplication for

in the geoiuetryof the plutonium(~)0 The m~ltiplication factor

$ .010 All delayed neutron yields mast therefore be reduced by

a distributed scuroo

thus derived is 1015

this factor.
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EIW3RIMTNTAL DATA

Three separate runs ~ieremade, using the time vulues ShOVVRin Table IS

where all times are in seoon.dso The subscript in the term Tk rcfws ~0 the run

.

.

number~

Run Irrs,diation
Number time Tk

,1 0.371

2 0.479

3 0.0838
.... .

‘i’AEILEI

Time when counting
be~an & t

0.0112

0.0087

00010

Channel
widkh

A!&

1.0

0.5

001

Total CycIe
oounting time
time

9.0 120

4.5 so

0.45 24

inw reSul~8 of run No. 3 revealed a systematic error in the fir&t three counting

intervals, which was found to be d~e to the faot that during the primary irradiation%

the ioni~ation in the loag oountera was so great that the oollector volta:e was con-

siderably reduced$ thus lowering the gas amplification to suoh a level that the countc

were driven off the bias plateau. This was corrected by removing a series resistor

in the filtering cirouit of the hi~h voltage supply, so that the voltage at the oo~znt

could reoover immediately al’terthe primary neutrons ware out of~~ Inasmuch as run

1J003reipaireda great deal of times a repiti+;~.onof the run was made on a relmtive

basis only, ioe~ by removing the plutonium from the fission chamber, in order to

inoreass the delayed czwnting rate by improved gaome~ry. Under these conditions,.

the shape of the decay curvo was determined with ~ood statistical acouraoy] and on

the basis of’this, the data of the first three oountiug intsrvals of run lb. 3 wero
● ●** ●

●*O ●** ●9
● e::

corrected 3inoe the shE<peof ~Q; i&&v.r%e&#sa$ ~ery cla~ely the s=u%eover %he
● 6b ,:0:00 0:0 :,0 00

refmini.n~portion, it is bcIievc$.t~:a%$hqmQo~~o:&~d poifitsare probably PS reliable
,**.09::00,SJSokher points Of l.1,1~NOO 3 , .. :..
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Although the first countins interval of each of the runs No. 1 and No. 2 was

ai’feotcdby the counter difficulty the runs ~ierenot repeated. However, these

points weze disregarded in attempting +0 fit the data by a mathematical expression,

1% turns ou-t that for run NO. 1 the first point falls above the final cur~ej whereas .
.

for run No02 the first point is considerablybel.ow~ In estimating the probable limits

of error for the latter, a factor is inoluded whioh is based on the correction fo~nd

necessary for run NoO 3, which is sufficient to raise the point to a rmsonable value.

Suoh a correction is not considered accurate because the magnitude of the effect of

the primary neutron on the oounter respcmse will depend upQn hcmmuch the gas

amplification of the counter is reduaeclwith rebpact to its normal value, i~!~~how

far o~f the bias plateau the counter

non-linear manner upon the intensity

the proton beam current. It was not

perimxrtal oonditions~ consequently

is driven. In general it will dspend in a

of.the neutron flux~ which is proportional to

possible to measure the latter under the ex.

its value for a particular run is not known.

However, it is known thn-kthe beam current varied by Q faotor o? 2 from one run to
.

another, which may partially explain ~i/h~ run No. 2 and No. 3 were apg?rently affected

more than run No. 1.

The data from the three runs are presented in Table H4 where the yield,

Yk(t)s is tha number of neutrons per second per fissions i’oreaoh of the nine

counting intervals of run NoO ko The values were cd

k

&ted fron the expression
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TABLE 11

mf2gfJq

Delayed Neutron Yield - i~eutronsper Seoond per Hssi.on

2

3

5 3..172.20

10.85~ .65

8,26* .50

22.27$1.53

19.55$ 1.33

17.13$1,17

5 2.61A .16 4.$X5~.30 14.263 0.99

7 2.332 .15 12.76A ,,89

counting 0q6 0/.3 0.5 O//b 2.6 0/0

Losses

..-----..-------------,/.....-.--------. ...........-.... ........ ... ................. ....4!.....!.....-.%---.-.-..-0..<--- ....x ..........---..

(1) Y(t) = N(t) J.
& fit %- %-5-

where N(t) is the number of dalayed nautron counts in a time Lt$ corresponding to each

interval! e is the cowxbiragetfioiency of the long aouritersje is the counti~ eti’iciency

of the fission uhamberj F is the total number of fission oounts for run k$ m is the MSS

of Pu in the fission foil) M is the mass of the two R cylinder6; and C 18 the neutron

multiplication factor.

The oounting loss shown for each run is tine percentage difference between the
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of the’data; and since the losses in the o’thertwo runk~ small, no serious error

ariseE in those csses.

ANALYSIS O!?DATA - ?art I

The values ~k(t), from Table 11 are plotted in Fig= 7. The aurves

the experimental points were calculated from the results of the analysis

drawn through

described later.

As is to be expected, neither the sloges of the curves, nor the yields are the samea”for

the three sets of data, since tho irradiation time, Ty.,is different for eaoh~ It is

therefore necessary to obtain an expressionwhich will reprasent the dataa taking this

factor into account.

The irradiation intervals Tk, were neither long enough *O saturmte the delayed

aotivity, nor yak short enough

neither type of representation
.

delayed neutron activity would

.

to be considered SS instantaneous irradiation. Consequently$

is possible. For

be of the form

infini%oly short irradiation timeg *he

where (i) modes of decay are assumed to exist, each ~iod~ having an initial aotivity, Aoi>

Endammn life,~i. For anirradiation time, Tkthemagnitude of’theactivity till be

whcxa the zero of time is the bcgiming oi’the irradiation interval. It is convenient

to make the zero of time coincide with the end of’the irradiation period, by making the

substitut%on$ t = + Tka .tw. Tk, SO tha% pOr t = ~, t
.

The aotivity will then be represented by

eOTk/ti)-,-

(2), ‘the

APPROVED FOR PUBLIC RELEASE
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tern%, which arises from the integration in (3j should lx considered as a mm-

dimcwi.sional coristant~

The only available

are four modes of decay,

with thase found for the

data on delayed neutrons froa plutonium indicates that there

the periods of which were found to be practically identical

(lU) More ~ecent data OKI thedelayed neutrons f’roxU-235.

.

.

deleyea ackiviky from U-235 has bean rosolveciinto five modes of deGay.
(n)

It is

therefore assumed that the same f’iveperiods exist for plutonium, with perhaps different

relative intensities thun were.found for U-235. In view of the fact that the counting

time in the present work extended ouly to 9 secuncls,iiiis not possible to determine

tho periods and relative intensities directly from the data. hloreover~in the ex-

periment desoribed under Part 11, the background comting rate was too high to allow

an acourate determination of the longer half-lives dire~tlyo It vsastherefore decided

to try to fit the data by using the values for the decay periods found by de Hoffmann

for U-235, and acljuGtingtha ooeffioients where necessary,

In Table 111, the mean lives~ and relative activities corresponding to

irradiation to equilibrium, are reproduced from de lioffmanVs results for U-235C
(12)

(10) C. F. 2318; LA 231.

(11) do HofMann, ;’,IA 252. Hughes, D. J., Dabbo, J,, and Cahn, A., C.P. 3094.

(12) LoA. 252, p08

r
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TABLE 111
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Iii .054 .294 .29? ~~79

where the vaIues oi’Ri were det~~ined bY

(5) Ri = Aoi ~i
~

In order

made use of the

and Z Ri=l.
i

to determine the relative.intensities of the two

results of the seaond experiment described under

5

longer periods

Pfirt110 Fig.

we have

9 shows

the ahiapaof the deoey ourve from O to 250 seconds after the Pu had been irradiated to

. equilibrium activity. A$%er 60 seaonds, only the two longer periods have cuff.icient -

intensity to be detectable, At the end of four minutes the secondperiod hss’almost
.

disappeared. It is therefore possible to determine value~ for the coefficients of these

- two periods which will fit the experimental points to a fair approximation in the time
.

interval from 60 to 160 seconds.

NOW from equation (3) we obtain the folloting rel~tion for the relative intensities

of the periods after an irradiation

(6]

‘i(Tk)=Aoi~i(l”Q “Tk/q )

~ ‘oi ~i(lee”Tkfii)

sinco the value of Iiifor saturated

time Tkg

activation is proportional to Aoi~i, from (5) and (6)

we obtain a relation between the relative intensities for saturated activation and the

relative intensities corresponding tO irradiation timo ~k~

—
● 0 ● ** bee ● ●
.* 9***. ● 9 ●99. 9*9 ●
● **O ● e* ●

:
● 9.

● *9● C: 9.9
● O .** . . . .*
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Making use of (7), ~ho relative oosfficicntsWt he” two longer periodsy

aorrespomiiingto run No? 10 were deimrmined~ Then values of the relative coefficients for

periods 3 and 4 were chosen in suoh a way as to ;~ivea reasonable fit to the experimental

points of run No. 1 in the time interval 2 to 9 seconds~ where the shortest period makss

no contributionto the aotivity~

Again using rclution (?)

aalculaked for the case of run l’Jo.

period 5 vfisalso fixed. However,

the rblative coefficients of the first four periods were

3. With these values fixed, the relative valuQ for

it was found tiiatthe slope of the resulting ourvo was

not sufficiently steep to fit the experimental points of run lfo~3. Furthermore, the

values for the intercept at t+~ could not be harmonized for the three runss when normal.

ized to ~thesame irradiation time. It was therefore necessary to detmmine a new value

for the mean life of period 5 which would give the proper slope to fit the data of run

- Ho. so Yhe V?3h.lethus obtained W&S ‘b 0.45 sec. which is within the 20 o/o uncer’~inty

Mnits of de Hoffmann’s value 0~52 ~ O~l@G

Table IV shows the values of the mean lives,z ~, and the relative intensitie$~

Ri, of the five activities used in the final analysis, together with the relative Vah.M$S~

Ri(Tk) corresponding to eaoh ~f’the three runs, No. 1, No. 2 and No. 30

TABEL IV

Period 1 2 3 4 5

T~ 79,9 3204 7.9 2.5 0.S45

Ri 0033 .’327 0265 .270 q105

~(Tl) 00018 00438 .3.390 .3941 .4212

R@2) 00014 00352 ‘ 01143 .3450 .5041

KJT3) .00114 .0278 a0920 .a2926 .5865
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Before prooaeding to determine the Rctual coefficients for the individual

activities, it is neosssary to determine the value of the intercept at t = O. This

oan be done most accurately by an integration which eliminates

If we designate the total aotivity “ett = o, by Ao(T3) for the

activity of each poriod~ Ai(T3) will be given by

(8) Ai(T3) =AO(T3) Ri(T3)o

Tho total yield, Y3(total), for the nine counting

the counting 10ss errorQ

case of run No. 33 the

run No. 3S as detxmnind

from the tokalizing scaler, will bo equtil

taken over the counting interval, 0~01 to

equation [8) for the aclnal ooei’ficientsj

to tho integral of the sum of’all notivities~

0091 second. U6ing the ri~hk hand side of

we hove

Tho value obtained from the totaliaing sealer is Y3 (total) = 1~52 x 10
=3

neutronG/fissions

. -4
so that wo obtain from the cahulations (9)s the initial intet~sikyAo(T3) = 27077 x 10

neutrons/’seconcl/fission. The values for Ai@3) are then obtained frou (8), using the

values of Ri(’f3)from Table IV. The results are given in Table V,

iyewish now tQ find the actual coei’~icientscorresponding to an infinitely short

irradiation interval, but with the same total.arnountof induoed activity as for run Noo 30

If there were no decay during the irradiation period, the final intensity would be, for

emh mocle~AoiTk9 where Aoi iG the activity induced in an infinitesimal irradiation

time. The true activity, in terms ofAoi and Tk, is given by the uoe~f’iciemtin equation

(4). TakinS the ratio oi’these terns, =nd multiplying by the ax2erimentally determined

values, Ai(T ) ;vi~ltherefore
Ic’ give the correot coefficients for the mse where all the

activity is induced in a short irradiation time~ Thus,

(10) Aoi = Ai(Tk)

●✘ ● em ● **
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U~i~ the valuas obtained for Ai(’1’3),the coefficients,Aoi, corresponding to

short irradiation were calculated by the use of (10), and are shown in Table V9 to-

gether with their sums which is the total intensity, Ao, for short irradiation time.

The relative VQIUOS, Roi, normalized to unity~ are given in the last ooluinnof Table VO

The values for the aotual coefficients corresponding to runs No, 1 and No. 2, CU.n

bc f’OI!QQfrom aithcw the values, Aoi s or Ai(T3)S using equatiorj(10). ‘i’heresults~

together with their SUMS, are shown in Table V.

Period

TABLE V

Ai(T2)
NeutronE/sec~
per Fission.,

Ai(T3)
1L3utronB/sec.
per FissionO

Aoi

/Neutrons sec~ Roi
per Fission ,

1
.4

0.031 x 10 0.31 X’10-4 -.4
0.32 x 10 0032 x 10-4 .0011

2 0.?6 0.77 0077 0.77 .0262
.

3 2.42 2.49 2.55 2.57 .0870

4 6.85 7.52 8.L3 8.26 e2002

5 ?.32 10.98 16.29 17.85 .6055

‘ ‘#k) 17,37 z 10°4 21.79 x 10
-4

27.?7 x 10-4 29.48 X 10
-4

n/see/f.

F!roa the values, Ai(Tk), from Ta?JleV, the activity as a function of time was oal.
,..

oulated for eaoh of the irradiation times~ T~~ using the relation

The results are shown as the three curves in Fig. 7.

~ aiiiw-”
~-–’

.
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In order Lo see !noreclearly how well the three sets of data match the

analytical results, the activity as a function.of time was calculated for short

irrudimtion times and the experimental points

relation

(12) Y& (’t)= ‘Yk(q Ao[t)

A~(t)

where the activities are evaluated for times~

points* These results are plotted in Fig. 8.

probable error limits as discussed in Part I.

expression

TOTAL DELAYED NEUTRON YIEW:

were normalized for this caso by the

(t) appropriate to each of the oxperil%?nta

The Limits of error shown are ths total

The solid curve WJ calculated from the

--

.
It is of interest to determine the total fi,eldof delayed neutronsj by integratio~

of equation (12) over infinit~“time. ‘fhoresult of this inta~ratior,is given in Table.

VXj together with *he inteyated yields for 10,5, and 1 sesonds, and the ftaation of’the

total yield emitted during these t~mes ~

TMLE VI

Time in Delayed Neutron &ackion of total
seconds Yield per fission Delayed Neutron Yield

7.65 x 10
-3

1.0000

10 4.98 .6512

5 3.92 .5118

1 1.72 02249

.
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PART II

The plan of operations in t!lisexperiment was (a) to smasure the number of fissions

per second ocauring in the plutonium, durin~ the time that it was irradiated by a constant

flux of f’astneutrons~ (b) to determine the nwmber of delayed neutrons per second emitted

by the

of the

long a

plutonium at the instant when the primary irradiation ended, by extrapolation

de,jaycurve to ~~ro timeJ (c) to deter:ci.nethe shape of the decay curve OVOr aS

time as possible after equilibrium irradiation.

The experimental arrangement was in ,;eneralthe same as that described in PtirtI.

Only minor ohan~es in the beam modulation uontrol, and in the method of oountin~ were

necessary. Tho Long Counter efficiency, and the counting efficiency of the fission

chamber were re-memsured$ and found to be very nearly the mme as in part I. The neutron

.
tnultiplioationwas aGsumed to be the sane as previousl.Vdetermined~ sinoe the &eometryt

was the same. <
.

The followin~ sequence of operations was i’ollowedi

1. The proton beam was kept on the target for a period of 6 minutes.

2. During the last ~our minutes of irradiation, the fission counter was turned on,

so that the average number

:3a Be~inning at t = Oo11, the

the delayed neutron counts

of fissions per second was easily determined

I

were used, each with a viidtho@O.2 secona.g

4. i3eginningat t = 200 sec the delayed neutron counts were

by reading a scaler at the end of fixed intervals. This

sealers connected to the time dis riminator reoordcd

I
for a period of 1 seooude 13.vsc un~ing ~hanne~s

Irec rded maauallye

was’carried out to

300 seconds.

50 The background counting

end of tho sixth :ninute

rate was measured durinc;a 10 seoond interval at the

600 ● *
● ..m ● O ::

● : 9*
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well below the back~round level.

Recause of the fact that the high==voltugssupply used with the long counters in

Part I was not available, it was necessr,ryto use another supply which had such character-

istics that the lon~;counters did not recover immediately after the beam was cut off.

Hence it was not possible to count the delayed neutrons during tlm interval go

0.01 sec. In fact the interval 0.11 to c).21appears to have been slightly affeoted by ~ni.—

trouble, since the first experimental point is a f’owper cent below the ourve shown in

the iusert on Fig. 9.

A total of’46 runs were taken, which

each of’the five ohannels in the l-second

better than 2 o/o,
.

was i%irly constant

. fissions per second

ing tiw.efor all 46

ga%-eupwards of 2500 counts per channel for

interval. The statistical accuracy is therc?om

The counting losses were about 1 o~o~ in general the proton beam

during a given irradiation period, so that the average number of

is Jivon by the total number of f’issionsdivided by the total oount.

runs. Nevertheless, in a few cases the

near the end of a runs below the awerage value. This would

on the number of delayed neutrons recorded during the first

beam decreased noticash~y

have an appreciable ef’f’oct

sscond since the short period;;

would be reduced in intensity. It is not possiblo to d&ernine accurately tho magnitude

of this oi’i’eotoAs a matter of fact there is also some compensation from the opposite

effect of the beam being slightly above the average value at the end oi’the irradiation

periodo A reasonable estimate Gowns to be that in about 10 o/o of all cases the beam was

more than 10 o/o below average and in some oasea as much as 20 o/o below average during

a few seconds before the irradiation period ended. The total ne-keffect, uncompensated

by the opposite eff’cot,would then be between 1~0 o/o and 200 o/o, i~e. the number of

delayed neutrons per second at t = O should be 1.5 o~o higher +XNUIindicated by the

●O* ●** 9*
oountcrs~ The delayed neutron &n”t”h~s tne~Ofo~+been inoreased 1Q5 0/’0for the

. ● obo :000

. . ..M$ :,.
ohmnel.s in the 1.0 wxmd coun;ffid”:fn&$;;~~””” ““

● 0 ● em ● ● ** ● ● . ●

● ** ● **
. ● *O b ● 9* ●

● **9 : ● ** .Jq’;.’’,(d; “
.900e: 8**
● * ● *9 9 ● ● ● *
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The corrected d~ta for the 1.O-second oountin~ interval me. @ven in Table VIIo

TABLE VII

Counting Delayed Neutrons Delayed Neutrons
interval per seoond. ~er Fission

n 319.3 6.07 x 10
-3

2 318.9 6*O6

3 294.3 6.59

4 28604 5.44

5 281.1 5.34

Average F56si..ons/seoond- 296034
.

The values in the last column of ‘labloVII were caloulaked from the expression
.

where N is the number of delayed neutron counts j.n a time A tj e is the counting

efficiency of *he lon~ countersj F is the number of’fissions in a time Atj e is the

counting efficiency of the fission ohamber~ m is the mass of the I% in the fission

foilj M iS the UKNSW

factor.,

The values in

of’I% in

tho last

in F5.go9(insert)$ th~ limits

the cylinders~ And C is

Qolumn of Table VII are

of error being mzy the

the neutron multiplication

plottod on an expanded time seal.e

statistical limits based upon

tho number of oounts. !?hesolid ourva drawn through the points vnAs oalculatd on

for the fiv~ decay periods.
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Y = 0eO068 $ 0(?004delayed neutrons per fission. --~

Taking the value [49) 2.95, (LA.140-A), we find that the total number of delayed (

neutrons is 0~23 o/o of’the number of prompt ncntronso ..
.

The uncertainty in the above ~rield~~s~;=conpositoof several unoertainkies

involved in the experiment The lar~est uncertain value is in the abs~lute counting

ef!’iciencycf the long counters, which depends

flux from the Ra ~-Be source No. 40 with wS;ich

The uncertainty here is of the order of 5 o/o~

known, with certainty to bettor than about 502

fission ch~~~beris uncertain to ~bo~t.~0~ o/oO

ultimately upon the absolute neutron

the 30 F’=No. 1 source was compared.
......

Hence the Long Counter cft’iciehcyis not

0/0o Tbe ocnxrtin~eft”ici.enoyof the

I’M mass of the fission foil is known

%0 about 005 O\OO ‘i’heneutron aultiplioation f~ctor may be uncertain to about 2 o/oj

and the statistical uncertainty in the delayed neutron aounting rate is about 2 o/od

The total number of fission counts was of the order of 136, so no

.
is included for thzs terlmo The ma~s of the I?ucylinders is ~iven

iOeO 118.034 grams. Hence the uncertainty is presumably small in

6tntistical uncertnint;

to three decimal place;

this casee Taking ~

‘thesqum-e root of the sum of the squares af these uncertainties gives 6~0 O1O for the

total probable unctmwtaintyo

The results of the lon~ tizaecountin; o.fthe delayed activity are plotted in

Fig, 90 The first point, plotted at 006 second, was taken f’roathe sum of all chawnels

in the autowtic recording intervfil~ The remairjin!;points were frw the iwm.mlly record{

data. Obviously the timing in the latter data was not precise. Iiowe%w, over the 46

runs tho timing errors probably uver~ged out to a small net cryor for any given pdint~~ --
..

After 170 seconds the back~rom.&c9h@. pcr..c~sw~s~was greatw.than the ef!’ect~ J.iencath
● 0*

● * : :0
● .:* b* ::

● :000
●0 ●:9 ● 009** ●00 ●*

●* ●D* b**● ● “~:
● ** ●** ● ● ● ●*e
● 00 ● ●ob b:**.* 6,!----
● **O .. ....-. “
● ● ● ●.* ● ●*e c ,. .(
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data have littlo meaning beyond that time. For this reason, as mentioned

it was not possible to wake any precise determination or the half-lives nor of the

absolt~teintensities oi’the various aotivitieso The analysis of theee data has already

been discussed in Part I. The ourvc in Fige 9 was computed from the values for the

relative intensities Ri given in Table IV, for oquilibriuw irradiation, and the total

yield VfAlue previously d.srived,

DT’S!WSS13N

The best cheak on the over~,~llaccuracy of these measurements and the analysis is

to compare the total delayed neutron Yi61d derived from the two experiments.. The value

0000765 arrived at by integration in Purt I is about 1205 o/o hi~her than the value

000068 obtained by direot meatiuranent~ lt j.s true that tho latter value involves an
.

extrapolationmethod which makes
.

the curve is

would not be

coefficients

so nearly linear in

changed appreciably

useda On the othor

use oftho”results oi’ the analysis of Rrt 1. FIomvor,

the interval under question,that the intercept value

except by very great changes in tkJ values of the

hand the value arrived at in Part I by integration of

the analytical expression involves not only possible errors in tineassigned values for

the coefficients, but also’the uncertainties in the values of the IWJanliVCS of all

five IRod@6 of decay. in view of’this tact, it i~ rather surprising ‘thatthe discrepancy

is not ~rcmter thtin12.5 o/o.

‘l’herois a rather large discre~pancybetweeu the above value for tho Lotal yield,

and that derived from other ex~erimen%s where slow neutrogs wwe used ta induce fission

in plutonium The most reoent

U023~ is that determined by De

‘i’heratio of’the delayed yield

‘value for the absolute yield of delayed nsutrons from

Eall, who found it to he 0073 o/o of the prompt yield.
(Isj

f’r~mO.~otothe dels.~fedyield from .U.235was found by
●** ●00 ●O*
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Usin~ the mean of these two values, and i!allfsdelayed-neutron yield “tor

find that 0e31 010 of th~ newtrona frow plutonium are delayed chcn thermal neutrons

are used to induce ~issionc ThiG r.m.altis 35 010 hi~her than the value 0023 010 ob-

tained from the present !aeasurements~

‘eld and de Hoi’l%mnnindicate that their rf..tiois’uncertain to M 0/00 Turthor-

more their measurements include only delayed neutrons ewitted 2 swxmds or lm~er after

irradiation oessed. Thus the short perior?s would riotbe properly wei,.htedin their

measurementso However it is di,i’fiol~ltto see how so lar~e a discrepancy can be accounted

?or on the basis o: tho experimcnta~ uncertainties. One possible answer to this dis-

orepuncy is that there may be a real dif’fer.-.ncein the delayed yield frottifast-neutron

excitation rindslow-neutron excitation of plutonium

.
An attempt was rm.clcto repeat the present exporinent

. down the neutrons from the Iithium-p,n source in psr’~ffin~

to obtain a suf~icieatly strong thermal flux in the region

.~:ithslow neutrons by slowing

However it was found impossible

of the plutonium, and still

retain a reasono.blegeometry for detectin$ the delayed activity~ consequently it was not

possible to determine whether cm not the total delayed neutron yield depends upon the

energy of the oz:d.tingneutrons,

On the basis of these :oeasurenents,it is not possible to assign any limits of

accur~icyto the values derivad for the intmsities of the dlil’orontperiods. It is,

however, of interest to compare the

the correspondin~values derived by

chiaf differences are seen to be in

relativo intensities ‘i, shown in Table IV with

de Ho?fmann for U.+2350as

shortest periods. The vnlue i-or period Noa 1 in !i!obleIV is

Value& while the value for period No. 5 is 38 o\G higher thsin
● O9 ● ** ● *

for U-235. In view of the fact tl?~%“$e~$arn~fifican~~ves-Mere
* ● ● O

●0 ●:O :*O●:0 :00 ● 9

shown in Table III, ‘the.

of tho longest and the

only 61 o/o of de Hofi.nan.n’a

the corresponding figulOa

used, except for lJoO5J
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Had de Hofhann used tho shorter mean Iife i%~ period NOo 5, I@ dif.terenoewould

may lio in the fact that the U-235 WM excited tJyS1OVJneutrons, whereas the plutonium

or not the branohiug ratio changes with the energy of the primary neutrons~
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