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ABSTRACT

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

aix absojute sense, ts & function of time, for plutonium irradieted for relatively short

times with high-energy neutrons

Y{t) = (0.32 ¢

+ 17.85 o

[~

The experimental results can be represented for an
infiuitely short irradiation time by the expression

“E799 4 0,77 0

~6/32.4 2.57 o~t/7.9 8.26 o~ /25

-t/0.45 ) :tl()"4 delayed neutrons per second

per fission,

The total yield of delzyed neutrons from plutonium excited by fast neutrons

has baeen found to be

¥(total) =

This is 0,23 o/b of the number of prompt neutrons from plutonium fission.

6.8 (0.4) %107

delayed neutrons psr f{lssion,

The

value is considersbly lower than that obtained froo slow-neutron excitaticn of plutonium.

hiowever 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 YIXLD OF DTILAYLD NEUTROWS TROM PLUTONIUM ~ISSION, wITﬁ FASTGNEUTRON

IKTRODUCTION

One of the methods used to determiné the nuclear efficiency of the Trinity
test Egrg\fﬁvelzgd neasurement of the Lnien51ty of delayed neutrons emitted f{rom {the
fission products as a iﬁﬂﬁtzon Uf/ﬁlme (l) In order to convert the results of the
measurenents into nuclear 9ffi;:ency, it is—necessary»to know the yileld of delayed
neutrous {rom pluuonlnﬁ/}1351on as a function of time, partlcularly over the 1nterva1
of tinme cove;gd/by the measurements.

/g;me measurenents had been mades as a furction of time, of the relative
pumbers of delayed neutrons from Pu fission, and of the delayed-neutroun yield relative
to the yleld from U=-2355 fissiona(z) However, these measurcments were made usinryg slow
neutrons to induce fission, Furthermore, the Pu was irradiated to equilibrium activity;
and'consequently the shorter periods could not be determined, Bxcept for the xzork of
Wilson and Sutton, no mseasureunents were made during the first s:cond after the slowe

neutron irradiation.

Inasmueh~as~the~plutbniﬁﬁ”bGﬁb‘hus“ﬁ'higheenergyeneutron"Bp@ct?ﬁﬁ?‘sg‘and
T . ) of witeredl

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 {ew 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 measurements,

--{3)-- Blair., J¢ WBey-Frisch, D, &@ ; and Richards, Ho Toj -IA378.
(2) wWilsom, R. R., snd S tton, *. B, L4 76

Redman, C, and Saxon,. D., uF 2518 vee sce oo

Feld, B3.T, and de Hoffmann, F,.* .]:5'&3)1 st s

B )r—Richerds-bas--i'ound- that- the . prcmpg nyuu-&".omcvt:nm frow pluto

_nearly the-semne as-that - from-GaR36 0140 2820 ol 292, .0.8), 1
eneryy Ol 4oV ‘v-:ﬁmw i\ﬁi""m"’fi ‘(p@f? LA.—‘*}O—\
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The measurements were made using the 2,5- ev electrostetic gensrator in W

building as a modulated source of high-suergy 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,

townrd the higher energy, becasue of the resomsnce in the forward direction yield from

the Li? {psn,) Be reamoction, the maximum of which is at abuut 600«Xev neutron energyo(d)
The plan of operation was as follows: (1) to irradiate the plutonium with
neutrons from the lithium target for a short time Ty, by allosing the proton bemn to full
on the targety (2) to measure the fissions induced in the plutonium by the primnry 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 medulator,

FISSION HEASUREMENTSs

The plutonium, comprising 3i%8 grams of material £romthe-Glinton-pile, was prevere

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

“brssilwer GCating, One of the cylinders was placed on an iunsulating support in am icoe

ization chamber, (Fig. 1), and connected to the collaector voltuge supply. Opposite this

cylinder, snd separsted {rom it by about 1/16“ wag o Pt foil carrying an additional 733

micrograms of Pu to serve as & fisgsion 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 wes £illed with argon to 25 lbs pressure,

4

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

STEIRE UNCLASSIFIED




APPROVED FOR PUBLI C RELEASE

e Uit

Pission pulses from the chamber were fed through an Eluore Model 500 fust pre-
end arcplifier
amplirier, {0.2 microsecond clipping time), to & thyratron pulse size discriminetor
and scale of 64 scaler (see ™My, 2),

The counling efltficiency of the chamber was {ound to be 0,975 X 009 by extirapolution
of the bias curve to zero pulse sizeu,

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 figsiom foil along
the axis of symmetry (Fig.3). Conssquently the f{lux throush the foil between the two

' cylinders will be the mean of the {'lux averaged cver the tital volume of the Pu. The
average number of t'issious per unit mass in the two cylinders i§ then the saxe us in
Lthe foil, so that the total number of fissions is the mass rutio multiplied by the

mamber of fissions in the {il,

DELAYED-NEUTRON DETECTORS:

Because of the low intensity it was necessary to use sensitive detectors i'or

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 efficliency
wae about 1 ofo for meutrons incident on the mctive 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 sise disceriminalor, and thence to & mochanicsl time diseriminstor and a set
of scalers erranged to count pulses occurring during speciiied intervals of time after
irradistion of the plutonium. The pﬁl&es from the diseriminetor were of uniform size,

and at such a high level that electricsl peckeup wes not a problem, and scales rcsponse

[ X ]
was uniform RKILI .E. E.. s,
' . ) .. : E. L] [ X ] : :

e o
.AA ..:‘mm s0e 800 %

(8) Homson, £, 0oy Lu 276, %37 g% 37 1
L D . e o oo . . ::..
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The eounting efficiency of the long counters was deotermined in the geometry ’

used in the delayed-neutron measurement, by placinyg @ natursl neutron source (#.F. No, 1)
in the normal position of the plutoniwm, and deternining the counting rate in the two

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

that the efficiency of the counters for %, F. No., 1 neutrons was determined to epproximats?

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

encrgy curve being in the region of 1 to 2 Efav,('?) whereas the delayed neutrons from Pu
fission probobly have ensrzies im the rezlon “roam 200 to 700 Kev(°)° Nevertheless, tests
nmace on the energy characteristics of the Long Counters, in the experimental geometry,

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

energies down to l00-to 200 ¥Xev., It is therefore belicved thui the efficiency, as determ-

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

spectrum,

(6) The source Mo ¥, No., 1} was compared with & standarg Ra + Be source NHo., 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 acsurscy

of } o/0. The standard source is believed to be known in an.absolute sense to abomt
5000

(7) Richards, H. To, (LA 201) gives 1.9 Mev for the averege energy.

{(8) This is based on the sgsumption that since the delayed neutron periods for plutonium
are essentially the same as for U235, (L.A. 76; G. X, 2318; L.A. 251}, the neutrons
are probably emitted by similar fission fragments; und therefore have the same

enerzies as those from U-235, GHughes, Dabbs, and Cahn have measured the delayed
noeutron encrgies for U-235, and find thgk-they range from 250 Kev to 620 Kev,
{C.P. 3084), S ]

"o
~
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COUNTER SHITLDINGs

With the sizeablo masses of parariin of the long counters locuated
near to the fission chanber, it wus nceceessary to shield the latter from primary
neutrons which undergo energy degr&d&tion in the paraffino sad later diffuse out,
Aside from the fact thal such neutrons would not {ulfill the requirements for fast
excitation of fission, they would not bo properly monitored by the fission {oil,
becauss of their short range in plutonium. The fission chamber wes therefore covercd
with & cadmium shield, plus & 5/16" leyer of enriched boron powder, {82 o/fo Blo), s0

that only higheenerzy neutrons could reasch the plutonium in appreciable numbers,

In order to keep the longecounter<buckyround counting rate dowm to
a reasonable value, it was found necegsary to climinate, or to shield the counters
from several sources of stray neutrons. A rether large background was found to arisc
irom the proton beam when it was allowed to fall spom copper or brass partus in the
target tube, due either to (p,n) reactions in these metals, or perhaps to &0717
quantitiss of lithium on their surfeces, Wherever possible, such parts were either
covered with, or replaced by graphite, However, some parts:could not be so protected.
Marthermore, there was a possibility that the small amount of deuterium in the normal
hydrogzen used ino Llhe ion source could give risc¢ to an appreciable neutron yield from
the ¢t2 (d,n)N¥ reaction; end since all parts of the vacuum system wgon 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 counters.

MODUL-~TION EQUIPKTNT:

Figo 3 is a vertical section through the target tube, showing the deflector

plates (D), mechanlc&" shutter (B)% ﬂerui’n’ :ipel" tiri (8), and lithium target (7).
... ..o ooo "

Norwally the proton beam from the ~1ec£rostatic *eqerator passes throu;h the wide

PRSI Nbu.qvn
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glit (S), between the deflector plates, and through the aperture to the lithium tare
gmat, 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 toarget. The mechanioal
shutter was raised during the counting interval in order {o cut off & backzround due to
protons scattered from the siit (S) at such an sngle that they passed through the
aperture and to the targzet when tho deflector voltage was wo©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 essentially a triggering buffer stege and a variable
frequency relaxation oscillator, For the present work, the bias of the 884
.thyratron we.s set to provent oscilletion, and the trigger siznal was supplicu irom
enother source, The third element is a unlevibrator which puts out a sguare wave,
or gate, the width of which is varieble by meoans of the variable resistor and cone-
denser in the first grid circuit of the 6SW7., This gate width determines thae on-time
(Ty) of the proton beam, 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
gammatron. The plate of the gammatron is normally at a potential of 2 Ev, but is
reduced to approximately ground potential by the szate signal, The rise time of the

dellector plate potential is of the order of a few miocroseconds.

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,

) [ 1 X ] . ... ... ..

mounted on an insulating eylinder®, aang @ nonocbnvénﬁlonal type conmutator, having

¢ oo :o '0’ .°. ..
12 segments, each of which is connecﬁed eieetrxcally to one of the slip rings, The

APPROVED P@R'Pué | ' UNGMSSMEQ
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commutator-slip ring assembly is supported on u shaft, and driven by a synchronous
motor througzh 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 Lo facets milled into & luocite cylinder, were so machined
that the effective angle subiended 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 segcondary spring und the gum rubber pad
is to introduce additionel vibration periods into the brush assembly in order to
prevent chattoring of the contact with the co@mutator segnent, which would result
in counting losses. Kach of the slip rings is connected through a brush contuct to
2 go~ler, or as otherwise indicated,

Iwo arms, or cams, 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

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

switches, Sy, 5,, and S5, during one, out of & fixed number of revolutions of the
oommu'tator.'° The purpose of these switches can be understood most easily by referring
to Mig. &.which is a graphical representation of the sequence of evente, Time is
there plotted along the B2-izontel axis, and 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 opening

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

31 completes the circuit from the pulss size discriminator to the comnutator brush
(Fig. 6). Hence, pulses from the long counters which irigzer the thyratron of the

discriminator are transmitted to the conngtacdtofﬁné'glso to the totalizing scalero

Tho latter, however, records no pulsgs ﬁu%:mguohas- ¥aterval, because slipering No, 11

&H the brush, the background sealer

is grounded. Whan seyment Ho, 12 mﬁhﬂg cqntnpt rH
¥t 3SRYF 1) APPROVED FeR Fupl!
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and also the totmlizer sre operative, As sucon as segment No, 12 is cleared by

the brush, S, opsrates, opening the shutter conirol oironit, and zllowing the
mechanical shutter to drop. Immedintely afterward, S, closes momenterily, ocom-
pleting the oircuit (rom the battery, through Sz, to the modulator circuit. This
triggeés the gate, which allows the proton beam to fall on the target for a tiwe,
Tyo The irrudiation period ends before the brush clesrs segment No. 1, and the
shutter switch, Sy, closes immediately afterwerd, raising the shutter in the target
tube sé thet ne scattered protons mey reach the farget during the deleyed neutron
counting period, Note that No, 1l slipering is grounded, so that the totalizer
records no counts from the primary neutrons,

The zero of time on the plot is at thc end of the irradistion period, Beginning
at a time {§ t» the nine counting channels become operative in succession, each for
an interval At. The totmlizer records the sum of the counts in all channels; and
Zives 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 segment No, 11, >During this interwval, $; and S2 open, and S; 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 aprrecisbly with time, Furthermore, it
will insure that the background rate, measured immediately before the irresdintion
period; will not change significantly 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 omly a fsw counts
per chamnel during cach counting cycle., It was necessery, therefore, to repeat

the cyocle a large masber of times fga.gtat&stéaa%-gccuracyo

ey

~, ' -
I 2
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NBUTRON MULTIFLICATION:

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

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

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

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

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

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

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

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

cylinders were turned perpendicular to their normel position, 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 outer sud of one cylinder, 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 measurements, 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 yields must therefore be reduced by this factor,

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

A CLASSIFY
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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 began §t width counting time
time
4%

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 sesults 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 irradiaetion,
the ionization in the loag 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 wms corrected by removing a series resistor
in the filtering circuit of the hizh voltage supply, so that the voltage at the counte
could recover immediately alter the primary neutrons were cut off, Ipasmuch as run
Ho,3 required a great deal of time, a repiti%fon of the run was made on & relative
basis only, i.e. 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 accuracy; and on
the basis of this, the data of the first threo counting intervals of run No. 3 were
corrected, Since the shape of ﬂ.;é .é;oépxzréea;wa:.s

%o o0 see see sec OO

remaiaing portion, it is believed that thq.qofqutyd points a

see 3,
wery closely the same over the

re probably as reliable
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Although the first counting interval of each of the runs No., 1 and No, 2 was

af'fected by the counter difficulty, the rumns vwere not repecated, However, thsss

points were disrezerded in attempting to fit the data by a mathematical expression,

It turps out that for run No, 1 the first point falls above the fipal 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 %hich is based on the correction found
necessary for run No, 3, which is sufficient to raise the poinl to a reasonable 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.w, how

far off the bias plateau the counter is driven., In zenersl 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 partioculsr run is not known,

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

Ly

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

wore than run No., 1,

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

counting intervels of run o, ko The values werc cal ated from t?e expression

nanlAssieed
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TABLE 1I

Delayed Neutron Yield - Neutrons per Second per Flsgion

o et T1(4) Yo () Y3 ()

1 11,62 x 10°° 14,40 = 107° 25,55 z 107
3 .70 + .95 1,76

2 6,81+ <4l 10,85 .65 22,27+ 1,63
3 5,07% .31 8.26% ,50 19,55% 1,33
4 3,96+ 24 8,72+ .41 17,15+ 1,17
5 3,174 <20 5.65% %4 15,78% 1,08
5 2,61% .16 . 4,96+ ,30 12,26% 0,99
7 2,33+ ,15 4,61% .28 12,76% .89
8 1.87% ,12 3.88% .24 11.85% .83
9 1.56% .10 3.32% .21 11,56+ .82
Counting 0.6 o/ 0.5 o/o 2,6 o/o
Losses

(1) ¥(e) = N(¥) e m_ 1

€ 0% X T

where N(t) is the number of delayed neutron counts in a time £t, corresponding to each
interval; ¢ is the counting efficiency of the long counters; e is the counting eofficiency
of the fission chambery F is ‘the totel number of fission counts for runm k3 m is the mass
of Pu in the fission foil; M is the mass of the two Fu cylinders; and C is the neutromn

maltiplication factor,
The counting loss shown for each run is the percentage difference between the

totalizing sosler and the sum of all ohmnelso,..";.ls.mot certain that the :same correction

should be applied to all counting chq,ﬂneks lh a:@‘:v.gn:runo Howoever, as will be shown

later, any error due to these losses dm gom Hp3®3 %% egdminated in the final wnalysis

’."’“M"Slﬂt-} APPROVED FéR PeBc ¢ REL
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of the'data; and cince the losses in the other two run$ were ¢mall, no serious error

arises in those cases.

ANALYSIS OF DATA < Part 1

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

The irradiation intervals, Tk’ were neither long cnough to saturate the delayed
activity, nor yot short enouzh to be considered as instantsneous irradiation, Congegquently;
neither type of representetion is possible, For infinitely short irradiztion time, the

delaysd neutron activity would be of the lform

(2) 21(t¥) *%. hoy o~

where (1) modes of decay are assumed to exist, each mode having an initial activity, LI
and & mean lif‘e,’E‘io For an irradiation time, T) the magnitude of the activity will be
3) T 3 " :

ATk(t#) =§ Ao(+¥. THE 3 Aoii o=t T/ Ty A= 3 4os T °=‘U‘/‘/"ti (o Tk/’ri"l)s

(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 irradistion period, by making the
substitution, t = t™ 2., so that for ¢t =0, t*%= 1,
The activity will téen be reprssented by
{4)

By (t) = i’ Ao T (1-"T/T1) o=¥/Ty o .:ﬁ"fs Qr T4 :aw T, (oe~Tk/T 5y,

In order that the expressions (3) and (4) gay be dmegsi@?_l’ly the sume as (2, the
L : .‘”
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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 delayed neutrons from plutoniun 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-235, (10) lore recent data on the
delayed activity from U=236 has been resolved into five modes of decayo(ll) It is
therefore assumed that the same five periods exist for plutonium, with perhaps different
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, MNoreover., in the ex-
periment desoribed under Part II, the background counting rate was too high to allow
en acourate determination of the longer half-lives directly., It was therefore decided
to try to fit the data by using the values for the decay periods found by de Hoffmenn
for U=-235, and adjusting the coefficients where necessary.

In Table 1II, the mean lives, and relative activitiss corresponding to

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

(10) Co ¥o 25183 La 2310
(11) de Hoffmann, #, 1A 252, Hughes, D. Jo., Dabbe, J,, and Cahn, A,, C.P, 3094,
(32) L.a. 282, p.8
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TABLE 1iI

Period 1 2 3 4 5
. . . . .
’Ci 7909‘5 loo 32041.006 7091-: 005 205 - 005 0952 = 0:1
Ry -054 0294 0297 oR72 o076

vwhere the values of B; were determined by
(5) By = ;g%:gi_ and z Ri = 1,
21T i
i
In order to determine the relative intensities of the two longer periods we have
made use of the results of the second experiment desecribed undsr Port 1I, Fig. 9 shows
the shape of the decey curve 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
~ 4wo periods which will fit the experimental 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(Ty) = 85; Vi (1=0"T/ 75 , 3 R(Ty) = 2
i ?

2 Boy Ty(1-e"Ti/7y )
Since the value of Ry for saturated activation is proportional to Acd‘ci’ from (5) and (6)
we obtain & relation between the relative intensities for saturated activation and the
relative intensities corresponding to irradiation time ch
(7) By (1)) = By 1-0" T/ ..
2 Ry( 1-07KA)
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Making use of (7), the relative coafficients ﬁ?ithé.two longer periods,

gorresponding to run No, 1, were determined., Then values of the relative coefficients for
periods 3 and 4 were chosen in such a way as to ive a reasonable it 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 reélative coefficisents of the first four periods were
calculated for the case of run No. 3. With these values fixed, the relative value for
period & vas also fixed, However, it was found that the slope of the resulting ocurve was
not sufficiently steep to fit the experimental points of rus 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 % which would give the proper slope to fit the data of run
No. 3o The value thus cbtained was L6 = 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,'[&, snd the relative intensities,
Rys of tﬁe five activities used in the finsl anslysis, together with the relantive values,

Ry (Tx) corresponding to each of the three runs, No. 1, Mo, 2 snd No. 3.

TABEL 1V
Period 1 2 3 4 5
Ty 79,9 32,4 7.9 205 0,45
Ry -033 327 +265 0270 0108
Ry (Ty) -0018 0438 21390 3941 04212
R:(Tp) 0014 00352 1143 3450 5041
Ri(Tb) 00011, -0278 «Q920 02926 09865
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Before proceeding to determine the actuzl coefficients for the individual
activities, it is necsssary to determine the value of the intercept at t = 0, This
can be done nost accurately by an integration which eliminates the counting loss error.

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

activity of each period, Ai(TS) will be given by

(8) A4(T5) = a,(15) Ryi(Ty),

The total yield, Yz(total), for the nine counting imtervals of run No. 3, as determined
from the totalizing scaler, will be equal to the integral of the sum of all actlivities,
taken over the counting interval, 0,01 to 0?91 second, Using the right hund side of

oguation (8) for the actual ocoelficients, we have
0,91

(9) ¥3(total) = A, (Ts)ig 3 Ri(Tg) R
0,01

The value obtasined from the totalizing scaler is YZ (total) = 1,82 x 10-5 neutrons/?issioni

so thet we obtain from the calculation, (9), the imitial intensity 45(Tz) = 27.77 x 10°4

neutrons/"second/fission° The values for Ai(TZ) are then obteined frow (8), using the

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

o wish now to find the actual cosfficients 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 infinitessimal irrsdiation

x’ i
time. The true sctivity, in terms of Aoi and Ty, is given by the coefficient in equation
(4). Taking the ratio of these terms, and multiplying by the experimentully determined

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

activity is induced in & short irradiation time, Thus,

(10) Aoi = Ai(Tk) Aoi Tk . :::o . [

Aoi'vi (]_ee‘”Tklfio ece eoe eee
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Using the valuss obtmined for Ai(Ts), the coefficients, Agis corresponding to
short irradiation were calculated by the use of (10), nand are shown in Table V, to-
gether with their sum, which is the total intensity, A,, for short irradiation time.

The relative values, Rois normalized to unity, are ziven in the last column of Table V,

The values for the sctual coefficients correspgonding to r§ns No, 1 and No, 2, con
be fouad from eithor the values, 4 ;, or 4;(T3), using equation (10). The results,

together with their sums, are shown in Table V,

TABLE V
. 45(T1) 4,(T5) A4(T5) Aoy
Period Neutrons/sec. Neutrons/%eco Neutrons/sec. Neut / R
er Tission per Fission- per Fission SeubTons/88c. oi
P ° > = ° per Fission
94 - - -
1 0,031 x 10 0,31 % 10 & 0,32 x 10 4 0.32 x 10 4 «0011
a 0,76 0,77 0,77 0,77 «0262
3 2042 20,49 2,99 2,97 00870
4 6,88 7.52 8,13 8,26 «2802
5 7,32 10,98 16,29 17.85 6055
A (T 94 ..4' -4 -4 '
ofTy) 17,37 = 10 21,79 x 10 27,77 x 10 29.48 x 100 n/sec/f.

From the values, 4;(Ty), sfrom Table V, the sctivity as & function of time was cale-

culeted for each of the irradiation times, Ty, using the relation

(11)

Ap(t) = Foay(T) e't/ti

o

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

- - UNCLASSIFIE:
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In order to sea more clearly how well the three ssets of datas 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(%)

where the mctivities are eveluated for times, (t) appropriate to eaﬁh of the experimental
points. Thegse results are plotted in Fig, 8., The Limits of errdr'shown are the total
probable error limits as discussed in Part 1. The solid curve was calculated from the
expression

(13) 8o (£ =2 Agy "1,

TOTAL DELAYED NEUTRON YIRLD: -

It is of interest to determine the total ylsld of delayed neutrons, by integration
of equation (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 frsstion of the

total yield emltted during these times .

TABLE VI
Time in Delayed Neutron Fraction of total
seconds Yield per fission Delayed Neutron Yield
7065 X 100’3 100000
10 4,98 6512
5 5,92 20118
1 1.72 02249
SR
R I s e
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EXPERLSNTAL

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

The experimental arrangement was in jeneral the same as that described in Puert I,
Only minor changes in the beam modulation control, end in the method of counting were
necessary., The Long Gounter efficiency, and the counting efficiency of the fission
chamber were re-messured, and found to be very nearly the same as in Part I, The neutron
multiplication was agsumed to be the same as previously determined, s}nce the zeometry
was the sama, ‘

The following sequence of operations was lollowed:
1, The proton beam was kept on the lurget for & period of 6 minutes,
2, During the last four minutes of irradiamtion, the fission counter was turned on,
so that the average number of Tissions per sscond was éasily determined,
3, Beginning at t = 0,11, the soaiers rsonnected to the time dispriminator recordcd
the delayed neutron counts for a peried of 1 second., ive 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 backzround counting rate was measured during & 10 second interval at the

end of the sixth aninute gllege Ghe fpmpeegs, turned off,

The six-minute irradiation period was sufficieutlystens to saturate all the periods
[ X ] L X X ) .. :.. e o [ ] J " - .
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well below the backsround level,

Because of the fact that the highevoltuge supply used with the lonz counters in
Part I was not available, it was necessary to use another supply which had such character-
istics that the long counters did not recover immediately after the heam was cut off.
Bence 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 expsrimental point is a few per ceant below the ourve shown in
the insert om Fig. 9,

A total of 46 runs were taken, which gave upwards of 28500 counts per channel for
each of the rive channels in the l-second interval, The statisticel accurscy is therciore
better than 2 o/qs 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 tosm decreased ngtircsbly
near the end of a run, below the average value, This would have an appreciable eflect
on the number of delayed neutrons recorded during the first second since the short period:
would be reduced in intensity. It is not possible to determine accurately the meznitude
of this of?eétq As a matter of fact there ls mlso soine compensation from the opposite
effect of the beam being slightly above the average value at the end of the irrsdiation
period, A reasonable estimate seems to be that in about 10 0/o of all cuses the beanm was
more than 10 o/b below average and in some cases as much as 20 o/b below average during
a fow seconds before the irradiamtion period ended. The total net effect, uncompensated
by the opposite eff'ect, would then be between 1.0 oo and 2.0 o/o, 1.8, the number of

dolayed neutrons per second at t = O should be 1.5 o/o hizher than indicated by the

counterse The delayed neutron eoem. hia ‘LBezﬁfoh. bee:ﬂf’é&%@’,%k
eos gee oo - e

channels in the 1.0 second coun’clﬁ n prmal See 57 “;

: . o “
) o [ L) *

.

e

: o* '\_l_;' "4’“ .
C RELEASE

1.8 o/b for the

APPROVED ¥0R* PCBL




APPROVED FOR PUBLI C RELEASE

R

The corrected duta for the l.0-second countxnr intngal are.given in Table VII,

TABLE VIl

Counting Delayed Neutrons Belayed Neutrons
interval per second, per Pisslon
l «3
31 3183 6,07 x 10
2 318,.9 6.06
4 286 .4 5.44
5 281.1 5,34

o

Average Fissions/second - 296,34

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

14 n/f = ) m 1
9 ofrmms e w1

where N is the number of delayed neutron counts in a time A t; & is the counting
efficiency of the longz counters; F is the number of fissions in a time At; e is the
counting efficiency of the fission ohamberjg m is the mass of the Pu in the fission
foily M is the moss of Pu in the cylindersj and C is the neutron multiplicstion
fuctér,

The values in the last column of Table VII are plottod on an oxpanded time scale
in Pig.9 {iusert), the limits of error being ity the statisticsl limits based upon
the number of counts. The solid ourve drawn through the points was calculated on

the besis of the relative intensities Ry, and the nean lives “Uis given in Table 1V,
for the five decay periods.

TOTAL DLLAYBD NIUT=04 YITLD;

Since 8ll the activitiep gre Ssatwwied &4t the end of the irradiation period,

09;‘...

5y the tission rate at the time t = 0,
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is given by the intercept of the curve, Fiz. %, at t ¥ 0. This value is found %o be

-,

Y = 0,0068 ¥ 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 < as
The uncerteinty in the above ylelqdls & composite of saveral uncertainties

involved in the experinent. The larjest uncertuin value is in the absclute counting
¢f{'iciency of the lonz counters, which depends ultimately upon the sbsolute neutron

flux from the Ra + Be source No, 40 wiih wﬁ%ch the £, 's No. 1 source was compared.

The uncertainty here is of the order of 5 ofo., Hence ;héﬂLong Counter efticiency is not
known, with certasinty to better than about 5.2 ofo. The counting efficiency of the
fission chauber is uncertain to about 0,% ofo., The msss of the fission foil is knowm

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

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 placs:
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/o for the
total probable uncertainty,

SHAP™ O™ THiT DECAY CURVE:

The results of the lonz time counting of the delayed activiﬁy are plotted in
Fig. 9. The first point, plotted at 0.6 second, viaas 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. UHowsver, over the 46
runs the timlny errors probably averaged out to & small net error for any ziven point.~ -

After 170 seconds the backyground, coyith par:.c?wz:-s} wes zreater.than the eftect. Hence th

Eo: E:o :o. E :o: .:0
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data have little meaning beyond that time, For this reason, as mentiomed in Part I,
it was not possible to mnke 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. 7The curve in Fig. 9 vms computed from the values for the
relative intensities R; given in Table 1V, for equilibrium irradiation, sand the total
vield wvalue previously derived,
DTSCUSSION

The best check on the over:2ll accuracy of these¢ measgurements 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 obtzined by direct measurement, It is truc that the latter value involves an
extrapolation method which makes use of the results of the anmlysis of P:rt I, Howoever,
the curve is so nearly linear in the interval under question that the intercept value
would not be changed appreciasbly except by very sreat changes in thne 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 essigned values for
the coefficients, 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 thxn 12,5 o/fo.

There is a rather larzge discrepancy between the above value for the total yield,
aod that derived f{rom olher expsrinments where slovw 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, Ball, who found it to be 0,75 o/b of the prompt yieldo(IS}

The ratio of the delayed yield frou Pu io the del&vcd yield from U-235 was found by

15
Wilson and Sutton (14) to be O 3& .eca ordi Q8 Bﬂ!tvann found the ratio to be 0,47, )

(14) wilson, R. Ro, and Sutton, ¥.3 Be; o LS 762°2 Ul{ﬁ‘ S
3 : " o e-e® 2 Qo A ,l et ..

(-r..

(1) Feld, B, T., and deAlEﬁg;’é&iéb Fore Bl
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Using the mean of these two values, and Hzll's delayed-ncutron yield Tor U235, we
find that 0,31 ofo of the neutrons frou plutonium sre delayed when thermal newutrons
are used to induce [ission. This r.sult is 55 ofo hizher thon the value 0,23 o/o ob-
tained from the present measurements,

“eld and de Hoffmann indicate that their ratic is uncertain to 1% o/o, Turthere
more their meusurements include only delayed neutrons emnitted 2 soceonds or lonzer after
irradiation cessed, Thus the short periods would not be properly weihted ir their
nessurenenis, However it is diificnlt to see how so larse a discrepancy can be ac:ounéed
?or on the basis o!' tho experimental uncertainties. One possible answer to this dis-
crepuncy is that there may be a real differ-nce in the delayed yield from fast-ncutron
excitation and slow-neutron excitation of plutonium,

An attempt was nade to repeat 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 thermel flux in the region of the plutonium, and still
retain a reasonoble goeometry for detecting the delayed activity, Comseguently it was not
possible to determine whether or not the iotal delayed neutron yield depsnds upon the
snergy of the ciceiting nsutrons,

On the basis of these measurcments, it is not possible to assizn any limits of
- accuracy Lo the values derived i'or the intensities of the diiferont periods, It is,
howevér, of interest to compure the relative intensities Ri, shown in Table IV with
the corresponding values derived by de Horfmanﬁ for U-235, as shown in Table 1II, %he
ohief diffzrences are seen to be in the relative cobff&cients of thae longest and the
shortest periods, The wmrlue for pericd No., 1 in Teble IV is only 61 o/b of de Hoffnann's
value; while the value for period Mo, 5 is 38 o/c higher than the corresponding figure

for U=235, In view of the fact tha% ﬁhe-samg qyan-hpves wore used, except for Ho. 95

these large differences might be L.r.xt«,.r.grq,eq.gs. an indicalion that the branchinyg ratio

for the particulur fission ‘ragment§ &aveived upiy pv dirierent for U235 and the plutonium.
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Had de Hoflmann used the shorter mean life for periocd No., 9, the differcnce wonld

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 neutlrons, whersas the plutonium

was irradisted with fast ncutrons,

Parther work will bs necessery to determine whether

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