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ABSTRACT

The number of deluyed newtrons por second per fission hus been measured in

apx absolute sense, us a function of time, for plutonium irradieted for relatively shors

times with high-energy neutrons. The gxperimental results emn be represented for an

infinitely short irradiation time by the expression

t) = (0,32 e

+ 17.85 @

«5/79.9

+ 0,77 e

~6/32.4 57

2 57 =879 ¢ 8.26 o~ /25

-t/0,45 ) :tl()"4 delayed neutrons per second

per fission,

The total yield of delayed neutroms from plutonium excited by fast neutrons

has besen found to be

Y(total) = 6,8 (0.4) x10™° delayed neutroas psr flssion.

This is 0.23 o/0 of the number of prompt neutrons from plutonium fission,

The

value is considersbly lower than that obtained from slow-neubtron excitaticn of plutonium.

fiowever there is no conclusive evidence that the dif'ference in yicld is attributable to

the difference in the primargLneutron eneregy.
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ABSOLUTE YIBLD OF DULAYED NEUTR0WS TROM PLUTONIUI ~ISSION, wITﬂ FASTaNEUTRON

INTRODUCTION

One of the methods used to determine the nuclear efficiency of the Trimnity
test ngg\fﬁvelzgd neasurement of the Lnien51ty of delayed neutrons emitted f{rom the
fission products as & iﬁnctzon fot;me (}) In order to convert the results of the
measurenents into nuclear 9ffi;;ency, it is~necessary»to.kggw the yield of delayed
neutrons f{rom plutoB;nﬁ/;ission as a function of time, particgléfly”ovar the intervsal
of tine covqud/b&gthe measuremnentsa. ”

/;;me measurenents had beon mades as & furction of time, of the relative
numbers of delayed neutrons from Pu fission, and of the delayed-nsutroun yield relative
te the yleld from U-235 fissiona(z) However, these messurcments were made using slow
neutrons to induce fission, Furthermors, the Pu was irradiated to eguilibrium activity;
and-consequently the shorter periods could not be determined, Bxcept for the work of
Wilson and Sutton, no measureuents were made during the first sccond after the slowe

neutron irradiation.

Inesmiteh-9.5-the plutonivut bodb hes s-hi ghaenergyeneutron"'sperctrif«ﬁ‘i(ﬁ")"’and
e : of ere
winoe—the -@ffective-irradiation time in the bomb is short, 3t was considered adwisable
to determine the deluyed neutron yield from Pu fission induced by fast neutrons, part-
icularly during the Pirst few seconds after a short irradiation of tﬁe plutoniun,
The results of these measurements discussed in Part I indicated the desira-
bility of doing & Ffurther experiment to determine {s.) the total yield of delayed neutrons

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

in the first measurenents,

!

-(1)--Blair, J. Wey-Frisch, Do Ho ; and Richards, Ho Toj -I4376.-
(2) wilson, Ro R.s and S tton, %, B, LA 76
Redman, C, and Saxon, D., CF 23513 ves sve 00
Feld, 3.T, a.nd de Hoffmann, Fe®s1§°2p1 '3 & 3%
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The measurements were made using the 2,5- ¥ev electrostetic gensrator in

building as a modulated source of high-sunergy neutrons. For intensity reasons, it wss

necessary to use a lighivm target of about 200-Kev stopping power. Consequently the

primary neutrons hed energies ranging roughly from 400 to 600 Kev, weighted, however,

toward the higher energy, becasue of the resonsnce in the forward direction yield from

the Li? {psn,) Be reaction, the maximum of which is at about 600«Xev neutron energyo(d)
The plan of operation was as follows: (1) to irradiate the plutonium with
neutrouns from the lithium target for a short time Ty, by allowing the proton beam to full
on the targety (2) to messure the fissions induced in the plutonium by the primmry irr-
adiationy and_(3) to measure the delayed neutrons emitted from the Pu during successive

intervals of time after the proten beam was cut off by the modulator,

FISSION HEASUREMENTSs

The plutonium, comprising 38 grams of material £romthe-Glinton-pile, was prevere

in the form of two short cylinders, each 1.0" diameter by 1/4" lonz. ;Thasetwere”protc:tgt

“brssilwer GCating, One of the cylinders was placed on an iusulating support in an icoe
ization chamber, (Fig

3o 1), and connected to the collector voltuge supply. Opposite this

cylinder, snd separsted from it by about 1/16® was a Pt foil carryingz an additional 7&3

micrograns of Pu to serve as & fission monitor, The other cylinder was then placed be-

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

of the fission chamber, The chamber was £illed with argon to 25 lbs pressure,

4

7 \
(4) See L1 (p,u) Be’ yield curve, LA 140,

TEILE UNCLASSIFIED




APPROVED FOR PUBLI C RELEASE

L ] L ] - - - -
o o o . . cee .
[ ¢ & & o 0 & @

:.. (Y X J [ ] eo®e & O L] Ur‘=£{“ !‘\‘ S

oo 00s 000 360 000 oo ‘% "'EK 1
[ ) L [ L] () o o

. e oo e oo o @ .

e o o o ° o — T ~

o o L ] L ] L] e °

o oo se o .

|

Pission pulses from the chamber were fed through an Elmore Model 300 fust pre-
... and acplifier
amplirier, {0.2 microsecond clipping time), to & thyratron pulse size discriminetor

and scale of 64 scaler (see Mg, 2),

The couniling efficiency of the chamber was found to be 0,975 ¥ 009 by extrapolation
of the bias curvs to zero pulse size.

The fission chambor was so placed in front of the Li target that neutrons emitted
from the target at zero angle would pass through the cylinders and figsion foil alang
the axis of symmetry (Fig.3). Consequently the flux throuzh the foil between the two
cylinders will be the mean of the flux averaged cver the tital volums of the Pu., The
average number of {issions per unit mass in the two cylinders i§ then the seme ws in
Lthe foil, so that ths total number of fissions is the nass rutio multiplied by the
namber of fissions in the {oil,

DELAYED-NEUTRON DETECTORS:

Because of the low intenmsity it was necessary to useo sensitive detectors for
the declayed activity. For this purpose, two specially sensitive long counters were
used. These were 1.0" dianmeter by 8" long BF; proportionul counters, iilled to 25 om
of Ilg with enriched BQ3 (85 o/b Blo)o The counter was encased in an 8" diameter by
10" long paraffin cylinder, in the usual long counter designo(5) The counting efficiency
wag abaut 1 o/o for neutrons incident on the nctive end of the counter,

These counters were placed as near us'possible to the plutoﬁium, (Fig.2). Pulses
from the counters were fed through two Sands Model 100 pre-amplifiers and amplifiers
to & pulse size disoriminalor, and theuce to o mechanical time discriminstor and a sst
of scalers erranged to count pulses ocourring during specified intervals of time after
irradistion of the plutonium. The pﬁl&es from the disoriminator were of uniform size,

\

and at such a high level that electricsl peckeup wes not a problem, and scales rcsponse
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The eounting efficiency of the long counters was determined in the geometry

4
used in the delayed-neutron measurement, by placing a natursl neutron source (#.F. No, 1)

in the normal position of the plutonium, and deternining the counting rate in the two

counters, The neutron flux from M., %, No, 1 is believed to be known %o about 5 o/bo(e) so

that the efficiency of the counters for %, ¥, No, 1 neutrons was determined to approximatel

that acaursey, However, the source has & high enerzy spactrum, the maximum in the yielde

encrgy curve being in the region of 1 to 2 Mav,(7) whereas the delayed neutrons from Pu
fission probably have ensrzies in the rezlon “roam 200 to 700 Kev(°)o Nevertheless, tests
rmace on the energy characteristics of the Long Counters, in the experinmental geometry,

indicate that they have an essentinlly constant detection elficiency from M. Fo No,l

energies down to 100-to 200 ¥Xev, 1t is therefore believed thui the efrficiency, 2s determ-

in.. by the source Mo F. No. 1, is reliable to sbout 1 o/o for the delayed neutron

spectrumg

(6) The socurce M. ¥, No. 1 was compared with a standard Ra + Be sourcc Ho. 40 by
Robert L, Walker, Both a water bath and a graphite column were used in making the
comparison. The flux reletive to the standard source was determined to an acucuracy

of } o/bo The standard source is believed to be known in an.absolute sense to about
5 ofo,

(7) Richards, Ho To, (LA 201) gives 1.9 Mev for the nverege eunergy.

{(8) This is based on the sgsumption that since the delayed neutron periods for plutonium
are ossentially the seme as for U-235, (L.A. 76; G, K, 2318; L.A. 231), the neutrons
are probably emitted by similar fission fragments; und therefore have the same
enerzies as those from U-235, GHOughes, Dabbs, and Cahn have measured the delayed

noeutron encrgies for U-235, and find thgb~they range from 250 Kev to 620 Kev,
{CoP. 3024), S i
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COUNTER SHITLDINGs

With the sizeablo masses of para’fin of the long counters locuted
near to the fission chamber, it wus necessary to shield the latier from primary
neutrons which undergo encrgy degr&d&tion in tha paraffin snd later diffuse out.
Aside from the fact thal such neutrons would not {ul{ill the requirements for fast
excitatlon of fission, theyv would not bo properly monitored by the fission {oil,
becauss of their short range in plutonium, The fission chamber wes therefore covercd
with & cednium shield, plus & 5/16" layer of enriched boron powder, (82 ofo Blo), so

that only higheenerzy neutrons could resch the plutonium in eppraciable numbers,

In order to keep the longecounter<bucksround counting rate down to
a reasonzble value, it was found necessary to climinste, o to shield the counters
from several sources of stray neutrons. A rether large background was found to arisc
i'rom the proton beam when it was allowed to fall spom copper or brass parts in the
target tube, due either to (p,n) remctions in these metals, or porhaps to &m:11
quantitiss of lithium on their surfaces, Wherever possible, such parts were either
covered with, or replaced by graphite, However, some parts:could not be so proteocted.
Marthermore, there was a possibility that the small amount of deuterium in the normal
hydrogzen used ino lhe ion source ocould give rise¢ to an appreciable neutron yield from
the C12 (d.n)Nx5 reuction; end since all parts of the vacuum system wpon which the
beam falls are always coated with a carbon depcsit from diffusion pump oll, it was
necessary to shield the Long Counters from all such socurces of neutrons. For thisg
purpose, a thick psralfin wall, followed by & Z-inch layer of B4c, was}interpOSed
between these parts and the counterse.

MODUL-~.TION EQUIPKTNT:

Figo 5 is a vertical section through the target tube, showing the deflector

plates (D), mechanical shutter (By.:l zﬂum ?PQ? dri (8), and lithium target (7).
e tee 307

Norumally the proton besm from the ~1ec€rostatic *qurator passes throu;h the wide

SRR INCLASSIFL
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g8lit (S), between the deflector pluntes, and through the aperture to the lithium tare
mat, from which neutrons are emitted, When a positive potential of ebout 2 kilovolts
is applied to the upper deflector plate, the beam is deflected to gome point below

the aperture, thus cutting off the neutron yield from the target. The mechanioal
shutter was raised during the counting interval in order lo cut off & backzround due to
protons scattered from the siit (S) at such an asngle that they pussed through the
aperture and to the targzet when tho deflector voltage was ©n.

The modulator circuit, which controls the potential of the upper deflector
plate, is shown in Fig. 4. The first two steges were designed primarily for use in
other experiments, and are esscntially a triggering buffer stage and a variable
frequency relaxation oscillator, For the present work, the bias of the 884
.thyratron we.s set to provent oscillation, and the trigger siznal was supplicu irom
enother source, The third element is a unlevibrator which puts out a square wave,
or gate, the width of which is varieble by meoans of the variable resistor and con-
denser in the first grid circuit of the 6SN7, This gate width determines thae on-time
(Tk) of the proton besm, and therefore the length of the irradiation’period° The
triode part of the fourth element holds the zrid of the gammatron.gﬁlcut-off except
during the passage of the gate siznal. The diode is to pg;vent overshooting of the
gamatron. The plate of the gammstron is normally at a potential of 2 Ev, but is
reduced to approximately ground potential by the szate signal, The rise time of the

deflector plate potential is of the order of a few mioroseconds.

TIME DISCRIMINATOR:

The essential features of the mechonical time diseoriminator are shown

schematically in Fig. 9 The main parts consist of a set of 12 separate slip rings,

o S0 . ..o ooo 00

mounted on an insulating cylindefajang a.n onocbnvénilonal type conmutator, having
[ ]

*
12 segments, each of which is cond@bﬁed eleetrxcally to one of the slip rings, The

: " INGLASSIFIED
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commutator-slip ring assembly is supported on u shaft, and driven by a synchronous
motor through a worm gear of such ratio that the time spent by the commutator brush
on each segment is of a specified lenzth, At. The commutator segments, which are
small brass plates screwed to facets milled into & lucite ecylinder, were so machined
that the effective angle subtended by ench at the central axis is guite sccurately
the same for all gegments. The brush was so shaped that there is a very short dead
time between segments, The purpose of the secondary spring and the gum rubber pad
is to introduce additionel vibration periods into the brush assembly in order to
prevent chattorinz of the contact with the co@mutator segnent, which would result
in counting losses. Each of the slip rings is conneoted through a brush contuct to
2 ge~ler, or as otherwise indicated,

Iwo arms, or cums, mounted on one end of the shaft, operate micro~-switches Sy
and Sg at specified times during each revolution of the commutator. Another set of

cams s driven by the shaft through a reduction gear, operates a set of three mioroa

switches, Sy, 5,5, and S5, during one, out of & fixed number of revolutions of the
oommutatofo The purpose of these switches can be understood most easily by referring
to Mig. 6.which is a graphical representation of the sequence of evente, Time is
there plotted along the R2:izontel axis, end each event in the sequence is indicated
in relation teo the time at which the commutator bruzh first makes contact with
suécassive segments No., 1 to No. 12, as indicated by the vertical line above the time

axis to the left of each number,

The first event in each sequence is the closing of Sy and Sz, and the opeaing

of s30 which ocours while the brush is in contast with segment No. 11, The closing o2

31 completes the circuit from the pulss size discriminator to the comnutetor brush

(Fig. 6). Hence, pulses from the long counters which irigzer the thyratron of the

discriminator are transmititcd to the cepugtatdfosud’elso to the totalizing scaler,
: M P e o

Tho latter, however, records no puls:qs.i‘wzz‘m@?ohiv $alervwal, because slip-ring No., 11

. ee0

is grounded. Whon seyment Ho, 12 m%hgé'%qntnpt

éi%ﬁ the brush, the background semler

¥ Pt 31SRYF ) APPROVED FéR huBlet
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and also the totnlizer are operativeo. As socon as.sesment No. 12 is cleared by

the brush, Sy opsrates, opening the shutter control oirenit, and zllowing the
mechanical shutter to drop., Imuediately afterward, Sy closes momenterily, com-
pleting the oircuit from the battery, through Sz, to the modulator circuit. This
triggeré the gate, which allows the proton beam to fall on the target for a time,
Tyo The irrudiation period ends before the brush clesrs segment Moo 1, and the
shutter switch, S4, closes immediately afterwsrd, raising the shutter in the target
tube sé thet ne scattered protons mey reach the farget during the deleyed neutron
counting period. MNote thet No, 1l slipering is grounded, so that the totalizer
records no eounts from the primary neutrons,

The zero of time on the plot is at the end of the irradistion period, Beginning
at a time {§ t» the nine counting channels become operative in succession, each for
an interval At. The totalizer records the sum of the counts in ell cshannels,; and
Zgives a check on counting losses due to commutetor or scaler difficulties.

When the brush clears ths lust counting channel,(segment No. 10), it re-
turns to segmont No, 11, 'During this interval, $; and S, open, and S5 closes, so
that the sequence cannot be repeated immediately, The reason for this is to allow
the long period delayed activity in the plutonium to decny to such a value that the
background counting rate will not increase apprecisbly with time, Furthermore, it
will insure that the background rate, measured immediately before the irresdintion
period; will not change signuificantly during the following counting period; since
the long period activity which remains will be essentially constent during the
relatively short counting interval.

The delayedencutron counting rate was such as to give only a fsw counts
per chamnel during cach counting cycle. It was necessery, therefors, to repeat

the cycle a large humbar of times for, gtatihstienlepccuracy,
ot o o ST s e
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NEUTRON MULLIFLICATLON:

One major correction must be made to all the data. This arises from the

fact that neutron multiplication ocours in any mess of plutonlum. In order to gel

an estimate of this factor, the followiug memsurements were made: (1) a neutron

source of small dimensions (Mc7, No. 1) was placed between the long counters, in

the normal position of the plutonium, and the ccunting rate was determined. (2) The

source was placed between the Pu Cylinders, (egain in their usual position, except

separsted 1/4 inch). The counting rate was found to be higher than for the bare

gsource by a factor 1.16, (3) With the source between the cylinders, as in (2), the

cylinders were turned perpendicular to their normel positiom, so that the axis of

symmetry was parallel with a line between counters. The counting rate ratio to bare

source was 1,09, (4) With the cylinder separation sgain 1/4 inch, the source was

pleced at the ocuter snd of one eylinder, with the cylinders in their usual position,

The counting rate ratio was 1,12, (5) With the source as in (4), and the cylinder

separation at the normal 1/.6 inch, the counting ratio was 1,13,

On the basis of these meamsurements, and using single collision theory,
Megsrs., Gass, lax, and Schiff calculated the multiplication for & dietributed scuroco
in the pgeometry of the plutonium(s)o The multiplication factor thus derived is 1,15

+ .01, All delayed neutron yiolds must therefore be reduced by this factor,

(9) Gass, lax, and Schiff., LA¥S 306, -
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EXFERINSNTAL DATA

Three separate runs were made, using the time values shown in Teble I,

where all times are in seconds., The subscript in the term T refers to the run

number .
TABLE 1 '
Run Irradiation Time when counting Channel  Total Cycle
Number time Ty bezan {t width counting time
A P time

1 0971 0,0112 1.0 2,0 120

2 0.479 0,0087 0.5 4.5 60

3 0.,0838 0,010 0.1 0,456 24

‘Tiw results of run No. 3 revesled a systematic error in the first three counting
intervals, which was found to be due to the faot that during the primery irradigtion,
the ionization in the loayg counters was so grsat thet the collector voliaze was con-
siderably reduced, thus lowering the gas amplification to such a level that the counte
wera driven off the bias plateau. This wams corrected by removing a series resistor
in the filtering circuit of the hizh voltage supply, so that the voltage at the oounte
could recover immediately alfter the primary neutrons were cut off, Igasmuch as run

Ho,3 required a groat deal of time, a repitition of the run was made on & relative

basis only, i.ec. by removing the plutonium from the fission chawber, in order to
_inorease the delayed counting rate by improved geometry., Under these conditions,
the shape of the decay curve was determined with zood statistical acouracy; and on

the basis of this, the data of the first threo counting intervals of run No. 3 were
o o000 O 0:’ :.' :'

corrected, Since the shape of 6}3& tﬁmoipur?es%wais
“eo ate ese see o0 VO

remaining portion, it is believed that ‘lghq.coi*r:egt
L ] e o O
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ed points are probably as reliable
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Although the first counting interval of each of the runs No., 1 and No, 2 was

affected by the counter difficulty, the rums were not repecated. However, thsss

points were disregerded in attempting to fit the data by & mathematical expression,
It turns out that for run No, 1 the first point falls above the finel curve; whereas
for run No,2 the first point is considerably below., In estimeting the probable limits
of error for the latter, a factor is included ﬁhich is based on the correction found
necessary for run No, 3, which is sufficisent to raise the poinl to a remsonable value,
Such a correction is not considergd accurste bhecause the magnitude of the ef'fect of
the primary neutron on the counter response will depend upon how much the gas

amplification of the counter is reduced with respect to its normal value, i.s, how

far orf the bias plateau the counter is driven, In genersl it will dspend in a

non-~linear menner upon the intensity of the neutron flux; which is proportional to

the proton bezm current., It was not possible to measure the latter under the ex-

perimental conditions; conseguently its value for u particulsr run is not known.

However, it is known that the boam current varled by a factor of 2 from one rum to

.

another, which wasy partially explain why run No, 2 and No, 3 were appgrently affected

more than run No. 1,

The data from the three runs are presented in Table II, where the yleld,
Yk(t). is tha number of neutrons per second per fission, for each of the nine

counting intervels of run o, ko The valuss werc cal ated from #E? expression

oves OO
o o0
U3ty YT
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TABLE 1I

Delayed Neutron Yield -~ Heutrons per Second per Flssion

ﬁ‘ﬁgﬁﬁ T1(%) Ya(8) Y3(%)

1 11,62 x 10°% 14,40 = 10°% 25,556 z 107"
t .70 + .95 1,76

2 6,81+ <41 10,85+ .65 22,27% 1,55
3 5,07% .31 8,26% ,50 19,56% 1,33
4 3,96+ .24 8,72+ .41 17,15+ 1,17
5 3.17% 020 5,631 %4 15.78% 1.08
5 2.61% .16 4,96+ ,30 14,26% 0,99
7 2,35+ .15 4,61t 028 12,76% .89
8 1.87% .12 3.88% o24 11.85% .83
) 1.56% .10 3.32% ,21 11,55+ .82
Counting 0.6 o/a 0.5 o/o 2.6 o/o
Losses

(1) ¥(s) = W) e m 1

€ ot T R T
where N(t) is the number of delayed neutron counts in a time £t, corresponding to each
intervaly ¢ is tho counting efficiency of the long counters; e is the counting efficiency
of the fission chambery F is ‘the total number of fission counts for run k3 m is the mass
of Pu in the fission foil; M is the mass of the two Fu cylinders; and C is the neutron
multiplication factor,
The counting loss shown for each run is the percentage difference between the

totalizing sosler and the sum of all ghmnels.,. ﬁ.zs..not certain that the same correction

L X2
.

should be applied to all counting chq,ﬂneks ih o

;,‘ gn‘;‘un, However, as will be shown

later, sny error due to thesc losses dn gem Np 3 ";5 o2

dminated in the final analysis
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of the'data; and since the losses in the other two runS were gmall, no serious error

arises in those cases.

ANALYSIS OF DATA < Part I

The volues vk(t)s from Table 1I ere plotted in Fig, 7., The curves drawn through
the axperimental points were calculated from the results of the sanalysis described later,
As is to be expected, neither the slopes of the curves, nor the yields are the same for
the three sets of data, since fhe irradintion time, Tpo is different for each. It is
therefore necessary to obtain an expression which will repraesent the data, taking this
factor imto account,

The irradiation intervals, Tk’ were nelther long cnough to saturate the delayed
activity, nor yet short enough to be considered as instantsneous irradiation. Congsequently,
neither type of representetion is possible. For infinitely short irradiaztion time, the

delaysd neutron activity would be of the lform

(2) 2(t¥) *%. Aoi o=t

where (1) modes of decay are assumed to exist, each mode having an initial activity, e
and & mean life,’E;o For anm irradiation time, T) the magnitude of the activity will be
3) e X (A -
ATk(t#) =§ Ao(£¥. THE 7 Aoii o=(t cT}/Ti aT= :ZL Ay T °=‘U‘/‘/"ti (o Tk/’ri'l)o
(6*> 1),
where the zero of time is the begimming of the irradiation interval, It is convenient
to make the zero of time coincide with the end of the irradiation period, by making the

substitution, t = t™ %, so that for t = 0, = Ty

The activity will then be repraesented by

{4)
. T =t X N
ATk () = i‘ 2, Ti (1ee k/‘Ci) o /Ti .»:, °§9xr§ (tg) ":. ¢ .U (1-0" Tk/’tl)
In order thet the expressions (3) and (4) .m:s;v:;a.e ‘é;m.e.x; 5" é_i - the sume as (2], the
$es el
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term'ti, which arises from the integretion in (3] should be considered as a non-

dimensional constant,
The only available data on delsyed neutrons from plutonium indicates that there
are four modes of decay, the periods of which were found to be practically identical
with those found for.the delayed neutrons from U-2355, (10) lMore recent data on the
(11

delayed activity from U=235 has been resolved into five modes of decay. It is

therefore assumed that the same five periods exist for plutonium, with perhaps differeant

relative intensities thon were found for U=235, In view of the fact that the counting

time in the present work extended only to ¢ secands, it is not possible to determine

the periods and relative intensities directly fron the data, loreover, in the ex-

periment desoribed under Part II1, the background counting rate was too high to allow
an acourate determination of the longer half-lives directly, It was therefore decided
to try to fit the data by using the values for tThe decay periods found by de Hoffmenn
for U=-235, and adjusting the coefficients where necessary.

In Table 111, the mean lives, and relative activitiss corresponding to

irradiation to equilibrium, are reproduced from de Hoffmann's results for U-235=(12)

(10) Co ¥o 25185 La 2310
(11) de Hoffmann, ¥, 1A 252, Hughes, D. J., Dabbe, J,, &nd Cahn, 4,, C.P, 3094,

(12) L.a. 252, p.8
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TABLE 11I
Period 1 2 3 4 5
T, 79.9F 1,0 52,410,6  7.95 0,5 2.5 L 0,5 0,52 Fo.1
Ry 054 .294 .297 o279 076

where the values of B; were determined by

(8) BRy= AuTy

T T Ri = 1o
; AofTﬁ

and

b [

In order to determine the relutive intensities of the two longer periods we have
made use of the results of the second experiment described undsr Psrt 1I. Fig. 9 shows
the shape of the decey ocurve from O to 250 ssconds after the Pu had been irradiated to
equilibrium activity., After 60 seconds, only the two longer periods have sufficient
intensity to be detectable, At the end of four minutes the second period heg almost
disappeared., It is therefore possible to determine values for the coefficients of these
two periods which will fit the experimsntal points to a fair approximation in the time

interval from 60 to 160 seconds,

Now from equstion (3) we obtain the following relation for the relative intensities

of the periods after an irradiation time T

(6)

k%

Ri(T.) = AoiW:i(loo°Tk/ia) , 3 Ry (Ty) = 2
i °

3 o3 Ty(1-e"/py)
Since the value of Ry for saturated activsatlon is proportional to Aed‘ci: from (5) and (6)
we obtain & relation between the relative intensities for saturated activatlion and the
relative intensities corresponding to irradiation time Tk“
(7) Ry (2,) = Ry( 1-o” /T .
2 Ry( doo""kAyy)
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Making use of (7), the relative coefficients'ﬂ?iéﬁé;two longer periods,
gorresponding to ruan No, 1, were determined, Then values of the relative coefficients for
periods 3 and 4 were chosen in such a way as to sive a reasonable fit to the experimental
points of run No, 1 in the time interval 2 to 9 seconds, where the shortest period mzkess
no contribution to the astivity,

Again using relution (7) the rélative coefficisnts of the first four periods were
calculated for the case of run No. 3. With these values fixed, the relative value for
period & wvas also fixed, However, it was found that the slope of the resulting curve was
not sufficiently steep to fit the experimental points of run No. 3. Furthermore, the
velues for the intercept at t=0, could not be hmrmonized for the three runs, when normal-
ized to ;the ssme irradiation time. It was therefore necessary to determine & new value
for the mean life of period 5 which would give the proper slope to fit the data of run
Hoo 3, The value thus obtained was 13 = 0,45 sec. which is within the 20 o/o uncerteinty
limits of de Hoffrmann's value 0,52 & 0.104

Table IV shows the values of the mean lives,'[&, and the relative intensities,
Rys of tﬁe five activities used in the finsl analysis, together with the relantive values,

R;(Tx) corresponding %o each of the three runs, No. 1, No, 2 and No, 3,

TABEL IV
Period 1 2 3 4 S
'Ci 79,9 32,4 7.9 2.5 0.45
Ry 0033 o327 «265 0270 1,108
Ry (1) -0018 20438 01390 03941 04212
R;(T5) -0014 0552 C ,1143 +3450 5041
31‘(1'5) 0011, -0278 «Q920 02926 05865
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Before proceeding to determine the actuzl coefficients for the individual
sctivities, it is necsssary to determine the value of the intercept at t = 0, This
can be done most accurately by an integration which eliminates the counting loss error,

If we designate the total activity at © = 0, by A (Tg) for the case of run No. 3, the

activity of each period, £3(T5) will be ziven by

(8) A3(T3) = a,(15) Ri(1y),

The total yield, Yz(total), for the nine counting intervals of run No, 3, as determined
from the totalizing scaler, will be equal to the integral of the sum of all activities,
taken over the counting interval, 0.0l to 0?91 second, Using the right hund side of

ognation (8) for the actual ooefficients, we have
0,91

(9)  Ys(total) = g (1‘5)5 5 Ri(T5) o~Th ab
0,01

The value obtained from the totalizing scaler is YZ (total) = 1,52 x 1045 neutrons/’i‘ission5

so that we obtain from the calculation, (9), the imitial intensity 45(Ty) = 27.77 x 1094

neutrons/socond/fissiono The values for Ai("l’z) are then obtained f{row (8), using the

values of R;(T5) from Table IV, The results are ziven in Table V,

¥e wish now to find the actual coelflcients correspording to an infinitely short
irradistion interval, but with the same total amount of induced activity as for run No, 3.
If there were no decay during the irradiation period, the final intensity would be, for
each mode, AoiT

where Ao is the activity induced in an infinitessimel irrsdiation

x’ i
time. The true sctivity, in terms of Aoi and Ty, is given by the soefficient in equation

(4)o Taking the ratio of these terms, and multiplying by the experimentally determined

values, Ai(Tk), will therefore give the correct coefficients ror the case where all the

activity is induced in & short irradiation time, Thus,

(10) Aoi = Ai(Tk) A Tk % %2 0 ese

s .o see ge,
et e oS bt . o." ﬁi:({Tk? :o :: N :
A . N . ‘”T .oo o:o =oo ooy :.. :o- k
AT e )
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Using the valuss obtained for Ai(Ts), the coefficients, Agis corresponding to

short irradiation were cslculated by the use of (10), and are shown in Table V, toe

gether with their sum, which is the total intensity, A , for short irradiation time.

The relative values, Rpis normalized to unity, are given in the lasl column of Table V,

The values for the sctual coefficients corresgonding to runs No, 1 and No, 2, can

be fovad from either the values, A, or A;(Tz), using equation (10). The rosults,

together with their sums, are shown in Table V,

TABLE V
4;(Ty) 4,(T,) A; (T) AL
. i iv:3 o1
Period N:Etiggzgizcn Neug?on§/%eco Heut;gns{&eco Noutrons/%ec. Ros
per & ° per rission. Der 188i10n, per Fission
1 0,051 x 10°° 0,31 x -10™% 0,32 x 107" 0.52 x 10~% L0011
2 0.76 0,77 0,77 0.77 20262
3 2,42 2049 2,56 2,97 00870
4 6,886 752 8,13 8,26 22802
5 7.32 10,98 16,29 17,85 .6056
A (T =& -4 -4 -4 '
ofTy) 17,37 = 10 21,79 x 10 27,77 x 10 29.48 x 10 n/sec/f.

From the values, 4;(Ty), from Table V, the sctivity as & functisn of time was oal-
culeted for each of the irradiation times, Ty, using the relation

(11) Ae(8) = 2 ay(1) %) .

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

- _UNCLASSIFIEL Hinoili L
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In order to ses more clearly how well the three sets of dats match the
analytical results, the activity as a function of time was calculated for short
irradiation time, and the oxperimental points were normalized for this case by the

relation

(12) YE (8) = () Ag(t)
Ap(s)

where the mctivitiss are evaluated for times, (t) appropriate to egch of the experimental
points. These results are plotted in Fig, 8, The Limits of errdr'shown are the total
probable error limits as discussed in Part I, The solid curve was calculated from the
expression

(1) 4o (8) =2 Agy "1,

TOTAL DELAYED NEUTRON YIGRLD; -

It is of interest to determine the total ylsld of delayed neutrons, by integration
of squation (12) over infinits time. The result of this integration is given in Table
VI, together with the intezrated yields for 10,5, and 1 seconds, and the fisstion of the

total yield emltted during these times .

TABLE VI
Time in Delnyed Neutron Fraction of total
seconds Yield per flssion Delayed Neutron Yield
7.65 = looa 1,0000
10 4,98 6512
5 5,92 20118
i 1,72 02349
[ ] (XX . 00 6809 OO
e o [ 4 L * [ 3 o e
L L d [ [ ] [ d o e
L [ 3 (3] (.4 (1) o e
[ [ L [J [ ] LR J
09 000 400 00 000 0
o0 (1 X ] L ] 00 & O (]
Ses 3L Ses’ e o me
sib 3,3 i3, LR
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EXPERISNTAL

The plan of operations in this experiment was (a) to measure the number of fissions
per second ocouring in the plutonium, durinz the time that it was irradiated by a constant
flux of fast neutrons; (b) to determine the number of delsyed neculrons per second emitted
by the plﬁtonium at the instant when the primary irradiation ended, by extrapolation
of the decay curve to zcro time; (e¢) to determine the shape of the decay curve over as
long & time as possible after equilibrium irradiatiou.

The experimental arrangement was in jeneral the same as that described in Pert I,
Only minor changes in the beam modulation control, end in the method of counting were
necessary. The Long Counter efficiency, and the counting efficiency of the fission
chamber were re-measured, and found to be very nesrly the same as in Part I. The neutron
mltiplication was agsumed to be the same as previously determined, g}nce the zeometry
was the same, ‘

The following sequence of operations was lollowed:
1. The proton beam was kept on the turget for & period of 6 minutes.
2. Durinz the last four minutes of irradiamtion, the fission counter was turned onm,
so that the average number of Tissions per second was éasily determined,
3, Beginning at t = 0,11, the soaiers connected to the time dispriminator recordcd
the delayed neutron counts for a period of 1 second., Five cpunting channels
were used, each with a wldth 0% 0.2 second,

4, Beginning at t = 2,0 sec the delayed neutron counts were recprded maaually,

by reading a scaler at the cnd of fixed intervals, This was carried out to
300 seconds,
5, The background counting rate was measured during & 10 second interval at the
end of the sixth minute gﬁ?esoqpe bua?°%§s turned off,
H

... .:. :.. [ X X J :.. L X
The six-minute irradiation pericd was sufficieutlystens to saturate all the periods
(L] (X X ] L] eoee & O [ ] g — - K
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well below the backsround level,

Because of the fact that the highevoltuge supply used with the lonyz counters in
Part I was not available, it was necessary to use another supply which had such character-
istics that the lonyg counters did not recover immediately after the heam was cut off.
Hence it was not possible to count the delayed neutrons during the interval 0,01 to
0.01 sec. In fact the interval O.11 to G.21 appears to have hesn slightly affected by thi
trouble, since the first experimental point is a few per ceat below the ourve shown in
the insert on Fig. 9,

A total of 46 runs were taken, which gave upwards of 28500 counts per channel for
each of the five channels in the l-second interval, The statisticel accurscy is therciore
better than 2 o/ba The counting losses were about 1 o/'oo In general the proton beam.
wag fairly constant during a given irradiation period, so thet the average mumber of
fissions per second is jiven by the total number of fissions divided by the total counte
ing time for all 46 runs. Nevertheless, in a few cases the toam decreased ngtircsbly
near the e¢nd of a run, belew the average value, This would have an appreciable eflect
on the number of delayed neutrons roecorded during the first second since the short periods
would be reduced in intensity. It is not possible to determine accurately the meznitude
of this offeéto As a matter of fact there ls mlso soime compensation from the opposite
effect of the beam being slightly above the average value at the end of the irrsdiation
period, A reasonuble estimnte seems to be that in about 10 o/0 of sll cuses the beam was
more than 10 o/o below average and in some cases as much as 20 o/o below average during
a fow seconds before the irradiation period ended, The total net effect, uncompensated
by the opposite effect, would then be between 1.0 o/o and 2.0 o/o, ioe; the number of
delayed neutrons per second at t = 0 should be 1.9 o/% hizher than indiscated by the

[ ] [ 1 X ] (1 X N X ] (1]
sounterss The delayed neutron fofnts hia tBerts fobed been jinoressed
° o oo e o0 o O S e s e
oo 001 :oo e’ BT
[\

channels in the 1.0 second countin: interva

1.8 o/b for the

0% 2% W% 2T L v et Joen, . "
R Wl
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The corrected duta for the l.0-second counting interval are.given in Table VII,

TABLE VIl

Counting Delayed Weutrous Relayed Neutrons
interval per second, per Fission
. -3
1 312.3 6,07 x 10
2 318.9 6.06
4 286.4 5.44
o 281.1 5,34

o

Average Fissions/second - 296,34

The values in the last column of Table VII were caloulated from the expression

(14) n/f Z __;_* %_ __é_

where N is the number of delayed neutron counts in a time A t; & is the counting
efficiency of the long counters; F is the number of fissions in a time At; e is the
counting efficiency of the fission ohamberg m is the mass of the Pu in the fissien
foily M is the moss of Pu in the cylindersy and C is the neutron multiplicetion
fuat&rg

The values in the last column of Table VII are plottod on an oxpanded time soale
in Fig.9 {insert), the limits of error being ciily the stetisticsl limits based upon
the number of counts. The solid ourve drawn througzh the points was ealculated on
the besis of the relative intensities Ry, and the nean lives Tir given in Table 1V,
for the five decay periods,

TOTAL DLLAYED NZUT=20H YITLD;

Since &8ll the &Oti’VItlcp 858 .sat.;;;atggl At the end of the irradiation period,
L
.

$v the tission rite at the time t = 0,

L ]
the rate of emission of delayedsheulrdls divided

gives the number of delayed ncuza
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isg given by the intercept of the curve, Fiz. 9, at t = 0. This value is found %o be

-,

Y = 0,0088 & ,0004 delayed neutrons per fission. . N
Taking the value (49) 2,95, (lA-140-4), we find that the totel ausber of delayed {

neutrons is 0,23 o/b of the number of prompt neutrons,

.

, value soas
The uncerteinty in the above yielqdis & composite of saveral uncertainties

involved in the experiment. The larjest uncertuinm value is in the absclute counting
¢fficiency of the lony counters, which depends ultimately upon the sbsolute neutron

flux from the Ra + Be source No. 40 wiith which the £, s No. 1 source was compared,

The uncertainty here is of the order of 5 ofo, Hence ;héﬂLong Counter eft'iciency is not
known, with certasinty to better than about 5.2 ofo. The counting efficiency of the
fission chamber is uncertain to about 0.5 ofo. The mass of the fission foil is known

to about 0,5 o/o, The neutron multiplication factor mey be uncertain to about 2 o/b}
and the statistical uncertainty in the delayed ncutron counting rate is ubout 2 ofo.

The total number of fission counts was of the order of 106, so no statistical uncertaint:
is included for this term. The mass of the Pu cylinders is given to three decimal place:
i.@o 118,034 graws., Hence the uncertainty is presumably small in this case, Taking

the square root of the sum of the squares of these uncertainties gives 6.0 o/0 for the
totel probable uncertainty.

SHAPY O THiY DBCAY CURVE:s

The results of the lonz time counting of the delayed activify are plotted in
Fig. 9. The first point, plotted at 0.6 second, vas token from the sum of all chaunels
in the automitie recording interval. The remaining points were from the manually record:
data. Obviously the timing in the latter data was not precise, Uowever, over the 46
runs the timlny errors probably averaged out to o small net error for any ziven point.~ -

After 170 seconds the backyround, covith pez‘:.c?w.n-sl we.s greater.than the eflect. Uence th
e e o o o o
: A
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data have little meaning beyond that time., For this reason, as mentioned in Part I,

it was not possible to muke any precise determination of the half-lives mor of the
absolute intensitics of the various activities, The analysis of these data hss already
boen discussed in Part I, The curve in Fig., 9 ves computed from the values for the
relative intensities R; given in Table 1V, for equilibrium irradistion, and the total
vield wvalue previously derived,

The best check on the over:2ll accuracy of these¢ measurements and the analysis is
to compare the total delsyed neutron yield derived from the two experiments.. The valuo
0,00765 arrived at by integration in Part I is about 12.5 o/o hizher than the value
0,0068 obtained by direct measurement, It is truc that the latter value involves an
extrapolation method which makes use of the results of the anmlysis of Purt I, However,
the curve is so nearly linear in the interval under question that the intercept value
would not be changed apprecisbly except by very sreat changes in the valves of the
coefficients used. On the other hand the value arrived at in Part I by intezration of
the analytical expression, involves not only possible errors in the assigned values for
the coefficlents, but also the uncertainties in the values of the mean 1lives of all
five modes of decay. In view of this fact, it is rather surprising that the discrepancy
is not greater thzn 12,5 o/o.

There is a rather larzge discrepancy betwesen the above value rfor the total yiceld,
aod that derived f{rom olher expsriments where slow neutrons were used to induce fission
in plutonium., The most resoent value for the absolute yield of delayed neutrons from
U-235 is that determined by D. Hall, who found it to be 0.73 o/fo of the prompt yieldn(IS}

The ratio of the delayed yield frou Pu to the.gelavcd yield from U-235 was found by

: 5
oﬁh ae Bo!tmann found the ratioc to be 004‘70(l )

gooo

Wilson and Sutton (14) to be 03382 ;e

(15) Jall’ Doy CF- 3209, p. 12°oo see o see e

[ ]
(1¢) wilson, R. R., and Sutton, ?: Rei o LA'?GE'

(13) ola, 3. 2. "enc do GRsurmieh brry G

UMGL.
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Using the mean of these two values, and Pzll's delayed-ncutiron yield Tor U235, we
find that 0,31 ofo of the neutrons frou plutonium ere delayed when thermal neutrons
ere used to induce [ission. This r.sult is 35 o/o hisher than the value 0,23 ofo ob-
tained from the present wmeasurements.

“eld and de Hoffmann indicate that their ratic is uncertain to 16 o/bu Turthere
more their meusurements include only delayed neutrons emitted 2 soconds or lonser after
irradiation cessed, Thus the short periods would not be properly weiihted ir their
neasurements, However it is dirficult to see how so larze a discrepancy can be accounéed
?or on the basis o' the experimcental uncertainties. One possible answer to this dis-
orepuncy is that there may be a real differ.nce in the delayed yicld from fast-ncutron
excitation und slow-neutron excitation of plutonium,

An attempt was made to repeal the present experiment with slow neutrons by slowing
down the neutrons from the lithium-p,n source in parsffin. However it was found impossible
to obtain a sufficiently strong thermal flux in the region of the plutonium, and still
retain a rcasonsble goometry for detecting the delayed activity, Consequently it was not
possible to determine whether or not the total delayed neutron yield depsnds upon the
snergy of the crieiting neutrons,

On the basis of these measurcments, it is not possible to assizn any limits of
- acecuracy Lo the values derived i'or the intensities of the diiferont periods. It is,

R

howevér, of interest to compure the relative intensities ™i, shown in Table IV with

the corresponding values derived by de Horfmané for U=235, as gshown in Table 1II, The
ohief diffsrences are seen to be in the relative cobrficients of tho longest and the
shortest perlods, The walue for period No. 1 in Teble IV is only 61 o/b of de Hoffnann's

value, while the value for period No. § is 38 o/c higher than the corresponding figure
L oo o [ LA ] ... .'.
for U=235, In view of the fact tha% ﬁheosamg qyan°hpves wore used, except for Ho, 3,

these large differences might be mtwpmted gs an indiealion that the branching ratie

for the particulur Pission -ragmeqtg guw?lyqa.uy% pe’ dirferent for U-255 and the plutonium,

i 2Rt . APPROVED FCRPUBLIC RELEASE—.
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Had de Hoflmann used the shorter mean life for period No, 5, the differcnce wonuld

probably have been larger in this cuse.

On other possible reason ‘or this difference

may lie in the fact that the U-235 was excited by slow neutrons, whersas the plutonium

was irradisted with fast ncutrons,

Marther work will be necessary to determine whether

or not the branohing ratio changes with the enerzy of the primury neutrons,
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