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The fission-neutron multiplicity T and the total prompt y-ray energy have been studied for
the resolved resonances in 2 Pu between 10 and 170 eV. There was a weak correlation found
between v and the spin of the resonances. There was a significant correlation between the
total y-ray energy and the spin of the resonance. These correlations can be explained by
competition of the (n, yf) reaction with the (n, f) reaction in the J =1 resonances which have
a narrow fission width.

NUCLEAR REACTIONS neutrons per fission and total prompt y energy from
3 Pu resonance fission, E„=10-170eV. Correlation with I'& due to ~Pu(n, yf).

INTRODUCTION

Experimental determinations of the fission-neu-
tron multiplicity v for the resonances of "'Pu have
been very confusing historically. Quite strong cor-
relations of v with the resonances of the two spin
states have been reported with opposite correla-
tions." Preliminary results of this experiment
which indicated no significant correlations have
been reported. ' More recent reports by other ex-
perimenters report weak correlations. 4'

In '"Pu there is the possibility that in some
cases the (n, yf) process can be comparable in
probability with the (n, f) process T.he effect
would be correlated with the spin of the resonances
since the J =0 resonances tend to have large fis-
sion widths mhich mould mask such an effect,
whereas part of the J=1 resonances have fission
widths comparable to the expected width for the
(n, yf ) reaction (about 3 mev for J= 1 resonances). '
Experimental evidence of the competing (n, yf)
process is the sparsity of resonances in '"Pu with
very narrom fission widths. ' In the cases mhere
the total fission midth is comparable with the
(n, yf) width of the resonance, there may be other
experimentally observable effects.

The (s, yf) reaction couid conceivably affect both
the total prompt y-ray energy following fission as
well as v, as has been proposedby Shackletonet a/. 4

There is a recently reported experiment with evi-
dence that the total y-ray energy following fission
is higher for the resonances of "'Pu with very
narrow fission widths. ' This can be explained by
the fact that a y ray is given off first in the (n, yf )
reaction before the statistical processes toward
fission progress very far. Because of this initial
y ray, owe might expect the total prompt y-ray en-
ergy to be higher.

There is also the possibility that the (n, yf) reac-
tion could affect the neutron multiplicity v for the
resonances of narrom fission widths. This experi-
mental effect ha, s been suggested in a recent re-
port. ' The reason for this effect could be that the
initial y ray of the (n, yf) reaction carries off part
of the available excitation energy. %ith less total
excitation energy available, femer neutrons on the
average might be emitted. Alternative means of
energy balance such as kinetic energy of fission
fragments and neutrons also exist.

Both the average neutron multiplicity and the
total y-ray energy following fission in resonances
of '"Pu were studied in this experiment.

EXPERIMENTAL PROCEDURE

For these studies a fission chamber mas used to
detect the occurrence of a fission event, fast neu-
tron detectors were used to detect the average
number of fission neutrons per fission, and y-ray
detectors mere used to detect the prompt y rays
given off by the fission event. The Oak Ridge elec-
tron linear accelerator was used as a source of
neutrons. The energies of the neutrons causing
the detected fission events mere measured by their
time of flight from the neutron producing target to
the fission chamber along a flight path of 20 m.

The "'Pu fission chamber was of multiple, par-
allel plate design' and contained 1.4 g of Pu with
an average areal density of 0.8 mg/cm'. The fis-
sion fragment pulses were amplified by ten sepa-
rate, current amplifiers (one for each independent
section of the fission chamber) because of the high
natural ~-decay rate of the Pu. As biased, the
chamber's efficiency was -30% mith a gross a
pileup count rate of 300 counts/sec. The back-
ground due to the o pileup events could be ac-

10



F ISSION-ON-NEUTRON MULT IP LICIITY AND TOTAL PROMPT. . .

curately determined between Linac bursts after
the neutrons had passed.

The fastst neutron detectors were li uid
tore (NE-212

qu1 scintilla-
} which were 10 cm in diameter and

12.7- m

5 cm thick. The two scint illators were mounted on
-cm photomultipliers (58 AVP}. Pulse-sha e

discrimination was done on the
scintilla

on e pulses from the
sc n ators in order to discriminate betwee
neutrons and ra s.

e e een fast
y rays. The pulse-shape discrimina-

tion was of a type developed b F rty o e. The liquid
c1n 1 a ors were mounted opposing each other,

each at a distance of 11 cm from the ceom e center of the
ss on chamber. Prompt fissionon y rays ven off

s1multaneously with the fis iss on neutrons as well

fission neutr
as y rays delayed by «1 p.sec with respect t thec o e

tense to c
eutrons could have been suffi i tl

o confuse the y-neutron discrimination cir-
cui . o reduce such effects 1.3 cm of Pb was

t
placed between the fission chamb dam er and each scin-
illator. In order to check that ca ture r

were not detected by the neutron counters a
perimental test w

coun ers, an ex-
en a est was made under operatin condi-

tions except with an additional Au sample in the
neutronbeam. Thecompou d ff' in e 1c encyfordetecting

the capture y rays from Au and the discrim' trim1na ion cir-
n ca 1ng neutrons was about 1 part in 600.

The efficien ~ ~

about -'% d
ency for f1ssion-neutron det t'e ec 1on was

per etector, per fission neutron. This
efficienc was 1

multi le
y low enough to suppress effect t

p neutron detection even though there '
ecs o

correlati
0 ere isa

rection of em
ion between the fragment ax' d t18 an he d1-

on o emission of fission neutrons. E id
of multi le nep e neutron events in the scintillator being
a small effect is the fact th t th

ences to singles between the two liquid scintilla-
tors was about 1

Cf and "'U
Further tests were mad 'th

U which have appreciably different values
of v. These tests also indicated that fission neu-
trons were being reliably detected.

The total -ray energy detectors were liquid
scintillators (NE-226} of the same size (10'e cm

enous u-
on sc1ntillator to minimize the sens't' it

to the fast fiss
sensl 1vity

aver e
s ssion neutrons. In order t bt ' th

age total y-ray energy follow'ng f' ' th
detectors were ue used in a mode described by Mack-

6" tio- 239p

V) C'-

Cfl ~
4. Cl

I
0

0.— K5-
fj'f
~4l l00 I

i- h
P- I

I [

I

I

2.9 —
l

I

2.8—
I

I

l000 —I

I

t

I

I

ll

li I

Ii I

I

I

I

f I

t I

t

xi1 il

I

I I l I I

j j!
I

I

I

I

I
1

I

I

I

I

g

I

I

I

I

I l I i

jli I ill ii

ll j lj
t

iil I'I
I

I j; jl: I j,'I It I

I
I

I

i I

I

I

I

i

0

I I i II

l

~- t&O—
259

(h c

gb 105
' il

$5 Ill
II
I I Ii

2.eS
l

x

I& 2.85 —t

II I

2.75 i I I II

I
I Il

I l I

$00 :I
I

CO

I-II I

l

I
li

l

i II

I
I

4 i

I

I

I
I

I

I

I

to

I

40
NEUTRON ENERGY (eV)

I I I ! I

60 80 100

FIG. 1. The
average total

e average neutron multiplic'ty dcx v an the
rage otal prompt y-ray energy follovri fissio

o 0 eV. Open circles are J =0 resonances.
Closed circles are J=1. CCrosses are resonances of
uncertain spin or unresolved groups of different J
values.

f40
NEUTRON ENERGY (eY)

f60

FIG. 2. The avera
avera e total r

erage neutron multiplicity v d hvan t e
g prompt y-ray energy followi f' i

the resonances of 239Pu in the n

'ng ission for
u the neutron energy range of



L. %. BESTOW AND J. H. TODD 10

lin and Gibbons. ' The pulse height of each y-ray
event in eoincidenee with fission mas recorded.
These mere individual y-ray events since the prob-
ability of pileup was small (-1%). By weighting the
event according to its pulse height, the detectors
could be given an effective efficiency which is di-
rectly proportional to y-ray energy. %'ith such an
efficiency mhich is linear with y-ray energy, the
net efficiency for the y-ray cascade following fis-
sion would be proportional to the total y-ray ener-
gy. This is the same principle on which the well-
known Moxon-Hae detector" works except in this
case a higher effective efficiency can be obtained.
These y-ray detectors mere run in coincidence
with the fission chamber simultaneously with the
fast neutron detectors.

EXPERIMENTAL RESULTS

The results of the experiment are presented in
Figs. 1 and 2. Figure 1 is for the neutron energy
range 10 to 100 eV and Fig. 2 is for the neutron
energy range 100 to 200 eV. At the bottom of the
two figures is plotted the detected fission rate vs
the neutron energy. The plot of the fission rate
simply indicates the resonances for which the
values of v and Ey are given in the top part of the
figure. The values of v and E» shown on an ex-
panded scale in the top part of the figures, repre-
sent an average over a resonance. The errors
shown are those due to counting statistics. There
are no known systematic effects that would cause
errors comparable or as large as the statistical
errors. The normalization of the data is arbitrary
since accurate absolute efficiencies mere not de-
termined. The normalization used was (P) = 2.888
over the energy range 10 to 100 eV. This normal-
ization is consistent with the number of prompt
neutrons per fission for thermal neutron induced
fission. " The data are presented in tabular form
in Table I.

Figures 1 and 2 show an obvious correlation be-
tween the total fission y-ray energy E„and the
spin of the resonances. The very narrow reso-
nances which tend to be J =1 resonances tend to
have higher E„ than the broad resonances which
tend to be J=0. There are no obvious indications
in the case of P that there are correlations with
the spin of the resonance. However, a weighted
mean of P for the resonances which are clearly
J = I is almost two st mdard deviations away from
the weighted mean of P for the resonances which
are clearly J=0. This difference of —,'% between
the weighted means with the 4 =0 resonances having
the higher P is small but possibly significant.
Since the narrow resonances have the largest sta-
tistical errors, it may also be significant that the

TABLE I, Values of the average neutron multiplicity
and total y-ray energy for the resonances of 239Pu.

E, ,
(eV)

r~'
J ~ (meV) Er ror Total Ey Error

10.9, 11.5
11.89
14.31
14.68
15.46
17.66
22.29
23.94
26.24
27.24
32.31
35.5

41.42, 41.66
44.48
47.6

49.7, 50.1
52.6
55.6

58.8, 57.4
59.2, 60.9

63.1
65.4, 65.7
74.1, 75.0

90.8
103.0
105.3
106.7
a10.4
116.0
118.8
121.1
123.4
136.8

142.9, 143.5
157,1
164.5
167.1

143, 10
24
67
30

656
34
62
38

1 44
5

0 110
1 4

a, ? 4, 46
1 5
0 248

0, 1 746
1 9
1 21

0, 0 445
1, 0 123, 6736

lll
50, 71
32, 84

9
10
5.4

26
13

0 218
1 42
0 39

39
0 84
1 82, 31
0 540
1 8
1 69

1,0
1
1

0
1
1

?, 1
1,1
1
1
1
1

2.873
2.861
2.86Q

2.900
2.875
2.884
2.886
2.910
2.859
2.943
2.888
2.840
2.845
2.797
2.868
2.858
2.836
2.840
2.886
2.875
2.903
2.880
2.822
2.837
2.895
2.834
2.860
2.887
2.863
2.846
2,838
2.891
2.891
2.822
2.892
2.813
2.S55

0.007
0.012
0.Oll
0.007
0.012
0.010
0.008
0.051
0.012
0.047
0.027
0.036
0.015
0.020
0.013
0.012
0.013
0.022
0.007
0.009
0.020
0.007
0.020
Q. 015
0.031
0.031
0.014
0.060
0.014
0.010
0.024
0.018
0.018
0.015
0.011
0.021
0.018

101.8
102.9
102.5
102.8
101.0
102.8
102,1
99.0

103.8
110.1
101.8
109.8
106.5
109.9
102.5
104.2
106.8
102.0
a01.6
102.3
103.3
103.0
103.4
105.9
105.2
104.8
103.9
102.5
101.7
103.1
102.6
102.2
102.2
102.3
102.9
107.1
102.6

0.3
0.5
0.3
0.3
0.5
0.3
0.3

0.4
2.2
0.6
0.5
0.3
0.5
0.3
0.3
0.3
0.5
0.2
0.2
0.4
0.2
0.1
0.4
0.7
0.7
0 4
1.2
0 4
0.3
0.6
0.5
0,5
Q 4
0.3
0.5
0.3

~ See Ref. 13.

unweighted means have a larger difference of 0.8%.
The difference in the means of E„(2.8%) and P is
very close to the value which would be expected if
the two quantities were directly related. That is,
the reported experimental measurements" of the
rate of change of P with excitation energy is just
about right to explain the change in the mean P by
the change in mean total y-ray energy E„.

Fig re 3 ls aplotof Ey and P vs the reciprocal
of the fission width, " I'&, of the resonance for the
resonances which are clearly J =1. This type plot
has been used by Frehaut and Shackleton4 to accen-
tuate the effect of the variation of E and P with
resonances of fission width comparable to the
width for the (n, yf ) reaction. The competition of
the (n, yf ) process with the (n, f) process is stron-
gest for the resonances of small fission width.
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Figure 3 shows a striking, apparently linear rela-
tionship between E„and I/I'z. The intercept for
zero I/I"z should be 8.0 MeV" which is the total
prompt fission y-ray energy. This strong corre-
lation can be interpreted as evidence that the
(s, yf ) process is competing in the resonances with
narrow fission widths.

In Fig. 3 the plot of 7I vs I/I'& does not indicate
such clear results as in the case of F.„. The line
marked "energy balance" would be the result if it
were assumed that all the increase in E„with I/I'&
appeared as a decrease in P through the experi-
mentally determined relationship: (dv/dE„) = 0.128
neutron per MeV." This dv/dE was derived by
adding excitation energy via kinetic energy of the
incoming neutron and the applicability to the pres-
ent case is an assumption. The least squares fit
to the data does not show as steep a slope as the
"energy balance" line. However, a weighted least
squares fit shows a somewhat steeper slope. The
slopes of these lines must not be taken too serious-
ly because of the large uncertainties in the data as
compared to the variation of P from its average
value. There seem to be variations in the data
which are not explained by correlation with the
fission width of the resonance or with the statisti-
cal uncertainties. This is indicated by the poor fit
in Fig. 3 and examination of Fig. I indicates there

&10

may be variations in P with neutron energy over
ranges of energy which are large compared to the
resonance spacing.

Such a weak correlation between P and the spin
of the resonance is in contradiction with the data
of others. ' "' This difference between the pres-
ent experiment and the others is not understood.
Most of the other experiments used a quite differ-
ent technique. That is, they used a large liquid
scintillator tank loaded with gadolinium or cadmi-
um to detect fission neutrons with high efficiency.
After a coincidence between the fission chamber
and the tank signaled that a fission had occurred,
the pulses caused by neutron absorptions in the
tank were counted. Since the other experimental
results which used the scintillator tank method
are poorly correlated with each other, it is diffi-
cult to speculate that there are systematic differ-
ences between the two types of experiments. One
shortcoming of the present experiment is that the
neutron detectors are sensitive to the kinetic en-
ergy of the neutrons. If there were changes in the
energy spectrum of the neutrons from resonance
to resonance, this could cause uncertainties in the
measurement of P. Such variations in the energy
spectrum of the prompt fission neutrons are not
expected because a large part of their kinetic en-
ergy is derived from the motion of the fission
fragments from which they are emitted. An ad-
vantage of the present method is the very low back-
ground in neutron detection as compared to the
other experiments.
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FIG. 3. Total fission y-ray energy E& and fission
neutron multiplicity 7 as a function of the reciprocal of
the fission width of the resonance.

CONCLUSIONS

The present experiments shows a strong corre-
lation between the total prompt y-ray energy fol-
lowing fission and the fission width of the reso-
nance. This also correlates with resonance spin
since the J=1 resonances have narrower fission
widths. The total y-ray energy is higher for the
resonances of very small fission width where the

(s, yf) reaction can compete with the (II,f ) reac-
tion. These results are in agreement with those of
Shackleton et al.~

The present data show a possible correlation be-
tween resonance spin and P. The correlation is
not as strong or significant as with other experi-
ments. "' ' The present data give an average
weighted difference between the value of v for the
two spin states of -&'Po. Theoretical predictions
from nuclear models do not yield a unique rein-
forcement of any particular set of data.

In the resonance region of neutron energies the
data indicate that the variation of P from resonance
to resonance is small enough and random enough
that this effect could be ignored in reactor calcula-
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tions. The variation in P can also be ignored in
fission cross section measurements involving the
detection of fission neutrons, since the uncertain-
ties in these measurements are generally larger
than the variations in P. The fission cross section

measurements are usually for reactor applications
where the resonances of very narrow fission widths
which have the greatest variation of v from the
average are of small consequence.
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