
PHYSICAL R EVIEW C VOLUME 13, NUMBER 1 JANUAR Y 1976

Prompt fission neutrons from eV resonances in U: Measurement and correlation
with other fission yropertiese

R. E. Howe and T. W. Phillips
Lawrence Livermore Laboratory, University of California, Livermore, California 94550

C. D. Bowman
National Bureau of Standards, U.S. Department of Commerce, 8'ashington, D.C. 20234

(Received 28 July 1975)

The energy dependence of the fission neutron multiplicity v for neutron-induced fission of "'U in the energy
region 0.5 to 125 eU has been measured using a continuous spectrum of neutrons from a 100 MeU electron
Linac. A new neutron detection technique was used to search for variations in resonarice v values and possible
correlations with other fission properties. Evidence was obtained for a nonstatistical fluctuation in the value of
v as a function of energy. However, no correlation with resonant spin, I f, fission-fragment asymmetry, or the

angular distribution of fission fragments was observed. A comparison of these data with previous v
measurements also has been included.

RADIOACTIVITY fission 35U (n,f), E =0.5-125 eV; measured relative &„, de-
duced correlations with other fission properties.

INTRODUCTION

The variation of v (the average number of
prompt fission neutrons) from resonance to reso-
nance has remained an open question both theo-
retically and experimentally. Previous measure-
ments have found distributions of v values which
appeared to cluster about two means. ' ' This ob-
servation led to the suggestion that v is correlated
with the spin of the resonance which for low ener-
gy neutron-induced fission is restricted to two
values (J s -„where 4 is the spin of the target nu-
cleus). Further speculation regarding which spin
would have the larger multiplicity has been made
on the basis of both experimental evidence and
theoretical ideas. It has been observed that more
neutrons are emitted for fission leaving fragments
of equal mass than for asymmetric division. ' Ex-
periments have been performed which indicate that
the spin (J = 3) resonances of "'U have lower
yields of symmetric fission. Thus v for reso-
nances with spin 4 should be greater than for 3
These experimental results are in agreement with
simple theoretical considerations regarding the
position of the fission barrier for the two spin
states in "'U. However, similar considerations
for "'Pu give predictions which appear to be con-
tradictory to experiment. It has also been pointed
out that the exit channel is critical in determining
the properties of fission. ' In the case of '"U the
spins of the resonances excited by low energy
neutrons do not select a particular exit channel
and therefore fission properties would not be ex-
pected to correlate with the spin of the reso-
nances.

The experimental evidence prior to this meas-
urement for a variation of v from resonance to
resonance was also contradictory. For the case
of '"U, Ryabov et al.' found a grouping of v about
two mean values separated by about 2% for the
resonance energy region: 1-40 eV; while Wein-
stein, Reed, and Block' found a separation of only
0.+ . Further, a resonance-by-resonance com-
parison of these measurements showed them to be
nearly anticorrelated [large values of v in one
measurement correlated with small values in the
other (Fig. 1)]. Similar contradictory evidence
was found for the case of "'Pu. ' '

With the aim of resolving these conflicting ex-
periments and theories, the energy dependence of
v for "'U (n, f) was measured by a new method.
This method was designed to circumvent some of
the problems of previous techniques. In subse-
quent sections this new technique, the analysis of
the data it yielded, and the results of this analysis
are discussed.

EXPERIMENT

In order to measure the variation of v with in-
cident neutron energy, 100 mg of "'U deposited
on several foils in a fission ionization chamber
was irradiated by the neutron beam from the LLL
100-MeV linear electron accelerator. The cham-
ber was positioned inside the apparatus for de-
tecting the prompt fission neutrons at the end of
a 13.1-m flight path (see Fig. 2). The energies of
the incident neutrons which produced fission events
observed in the chamber were determined by
measuring their flight times along this path.
Prompt neutrons from the fission process were
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FIG. 1. Reso».~ce data for 2 U prior to the design
of the present experiment. Data in Fig. 1(a) are taken
from Weinstein 4 al. (Ref. 1); those in Fig. 1(b) are
from Ryabov et al. (Ref. 2). Both groups of data were
individually renor~~&ized to a weighted mean of 1.
Plotted symbols denote the spin state assigned to a
particular reso~~~ce and were taken from a measure-
ment by Keyworth et al. (Ref. 9). The is used for
J=3; the + denotes reso»aces with J=4 . Reso»~ce
energies are from Ref. 10. Note apparent discrepancies.
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FIG. 2. Neutron time-of-flight arrangement for pres-
ent experiment. Hatched areas represent concrete
shielding.

identified by coincident signals in the fission
chamber and the neutron detector. These events
were sorted with respect to flight time by an on-
line computer.

The aspect of the experimental procedure which
departed most radically from previous measure-
ments was the fission neutron detection system.
An ideal neutron detector for a v measurement
should respond only to the number of neutrons
and be independent of their energy spectrum.
However, if the energy spectrum of prompt fis-
sion neutrons were independent of incident neutron
energy, any detector sensitive only to neutrons

would be adequate. Short response time was an
additional requirement placed on the neutron de-
tection apparatus. The small duty factor of the
)inear accelerator and the desire to extend the v

measurements to high energies led to this require-
ment.

Previous measurements of v employed two
schemes for neutron detection. Three authors
used large Gd- or Cd-loaded liquid scintilla-
tors,"~" and one' used proton-recoil scintil-
lators separated from the fission source by 2.5
cm of lead to attenuate y rays from fission and
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FIG. 3. Fission neutron detector for the present I

measurement. The outer diameter of the lead spherical
shell is -300 mm. The fission chamber containing pipe
is -60 mm in diameter.

short-lived products. The first of these methods
is quite insensitive to changes in the fission neu-
tron spectrum, since all neutrons are first mod-
erated in the scintillator tank prior to capture in
the Gd or Cd. However, these devices require
long counting times (-30-50 psec) during which
the neutrons are moderated and captured. Neu-
tron background and dead-time problems are en-
hanced by this long counting period. Sensitivity
to delayed y rays from the short-lived fission
products increases the background problem. The
short flight times involved with MeV incident neu-
tron energies make high energy v measurements
impossible when these relatively slow detectors
are used with pulsed, "white" neutron sources such
as linacs.

The proton-recoil scintillators circumvent many
of these difficulties owing to their relatively short
response times (-25-250 nsec) and by the avail-
ability of pulse-shape discrimination (PSD) to
separate neutrons and y rays. However, the re-
sponse function of these detectors drops sharply
for neutron energies less than about 500 keV.
Thus an important fraction of the fission neutron
spectrum goes undetected and may lead to dis-
crepancies in the value of v deduced from these
measurements if the spectrum varies from reso-
nance to resonance.

In order to cope with these problems, the de-
tector system shown in Fig. 3 was developed.
This detection system differs from others using
proton-recoil detectors by the addition of a shell
of "'U enclosing the fission target. The prompt
fission neutrons from the target under study inter-
act with the "'U shell and produce secondary fis-
sions therein. These secondary neutrons are then
detected via the proton-recoil scintillations pro-
duced in liquid benzene scintillators. Since the

"'U fission cross section is slowly varying over
the energy range of the fission spectrum the shell
response to the prompt fission neutrons is nearly
independent of their energy spectrum and propor-
tional only to their number. v is then obtained as
a function of incident neutron energy by comparing
the number of fissions occurring to the number of
fissions accompanied by a neutron in the proton-
recoil scintillators.

The 'Li shell is employed for several reasons.
It shields the system from room background ther-
mal neutrons which would produce fissions in the
"'U shell and would thereby raise the neutron
background in the scintillators. The 'Li also
helps to make the system faster by reducing the
effectiveness of slower neutrons in the multiplica-
tion process. By so doing it also aids in mini-
mizing the fission-scintillation coincidence time
interval which lowers the effectiveness of the
background events that do exist.

The Pb shell is used to aid the multiplication
process by reflecting many of the escaping keV
and MeV neutrons (-6(P~). Together with the
"'U shell it also provides considerable high-Z
material to attenuate the prompt fission y rays
from the "'U target material (-120:1) and from
secondary fissions in the "'U shell (-35:1).

The 2.9-cm thick "'U shell together with the
surrounding shells of 'Li and Pb manifest a criti-
cality k =0.75." This provides an over-all neu-
tron multiplication of 4.0. About 70% (or 2.81 per
source neutron) of these neutrons ultimately leave
the Pb shell. The number of neutrons leaving the
Pb shell, satisfying the fission-scintillation coin-
cidence requirement and having more than 550
keV of energy, was estimated by Monte Carlo
techniques to be -1.7 per source neutron. Figure
4 depicts the time response of this subcritical
system of shells for neutrons of energy greater
than about 550 keV. The upper curve represents
the results of a Monte Carlo calculation for the
number of neutrons incident on a scintillator per
nsec per fission (scaled up by 2.5 to aid in visual
comparison with the experimental curve). The
lower curve was obtained with the experimental
setup used to perform the relative v measure-
ment. It shows the number of neutrons detected
by a proton-recoil scintillator-photomultiplier
tube per nsec per fission. Time zero for this
curve was chosen arbitrarily. Both curves show
a time response of about 60 nsec for decay to 10%
of the peak rate.

The decoupling effectiveness of the system
shown in Fig. 3 is defined by the relative fraction
of prompt fission neutrons from the target nucleus
which travel directly to the proton-recoil scintil-
lator detectors or which undergo only elastic scat-
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tering before entering the scintillators. Monte
Carlo calculations indicate that 64% of the detected
neutrons come from secondary fissions in the "'U
shell. Part: of the remaining 36% are prompt fis-
sion neutrons which undergo no spectral decou-
pling whatsoever. Using a '"Cf source in place of
the "'U fission chamber of Fig. 3, it was found
that about 16% of the detectable prompt fission
neutrons travel directly out of the "'U+'Li+ Pb
decoupling system with no interactions whatsoever.
The rest of the 36% figure is produced by elastic
and inelastic scattering processes.

Another estimate for the decoupling effective-
ness of the detector shown in Fig. 3 was obtained
in the following manner. Using an experimentally
determined scintillator response function for the
neutron detectors and the Monte Carlo estimate
for k, it was calculated that a 10% variation in the
Maxwellian temperature of the fission neutrons
from the "'U target would produce less than a 2%
fictitious variation in v values.

The neutrons leaving the "'U-'Li-Pb shells
were detected in a pair of proton-recoil scintilla-
tors. Liquid benzene with solutes similar to those
found in NE213" was used in these scintillators.
It has a pulse-shape-discrimination (PSD) capa-
bility which is somewhat better than NE213 as

TIME (Isec)

FIG. 4. Time response of neutron multiplicity detec-
tor shown in Fig. 3. The lower curve is the actual ex-
perimental number of neutrons detected in one of the
two scintillators per fission per nsec. The upper curve
is the results of a Monte Carlo calculation for the num-
ber of neutrons above 0.55 MeV incident on a scintillator
per fission per nsec (scaled up by 2.5 to aid in comparing
with the experimental curve). Horizontal error bars
represent widths of time bins.

was reported by Czirr. " PSD to separate neu-
tron-induced from y-induced scintillations was
achieved by sorting pulses into long (neutron) and
short (y ray) decay times with conventional delay
line clipping and zero crossover electronics.
Thresholds for each of these detectors were set
at about 550-keV proton energy (equivalent to 175-
keV y ray energy). They exhibited an average ef-
ficiency of about 5(Pjp for fission spectra neutrons
above this threshold. This number was obtained
experimentally with time-of-flight techniques and
a '"Cf fission source. The efficiency in the actual
experiment was slightly lower (c -45/p) because the
spectrum out of the Pb shell is somewhat lower in
average energy than a fission spectrum. This
shift is caused by inelastic scattering of fission
neutrons off of Pb nuclei.

The fission ionization chamber (see Fig. 3) con-
tained 100 mg of "'U target material (0.4 mg/cm')
deposited on several 13-p.m Al foils which were
situated at the center of the "'U-'Li-Pb shells.
Fission fragments from the "'U deposited their
energy in the 96% A+ 4/p CQ, gas which filled the
multiplate ionization chamber to a pressure of
-140 kPa.

The neutron beam was collimated down to an ef-
fective area of 6.3 cm' at the fission chamber by
four pairs of graphite and brass collimators (each
-30 cm long). The defining collimator was re-
cessed about 1 m into the wall to reduce back-
ground. The scintillation detectors were shielded
from room-background neutrons and y rays by a
lead and borax enclosure. To reduce room back-
ground the transmitted neutron beam traversed
the remainder of the outer detector cave and 3 m
into the earth before leaving the evacuated flight
tube.

A block diagram of the electronics used to pro-
cess both the fission and scintillation signals is
shown in Fig, 5. This circuitry produced signals
which were used by the data acquisition system to
determine which locations on the magnetic drum
should be incremented. Signals generated by the
circuitry gave the time of flight of the incident
neutron which produced the event and identified
those events corresponding to prompt neutrons
from fission in the target.

The fission signal was derived from the 400-V
bias, applied to the multiplate ionization chamber
via a coupling capacitor. It was applied to a fast
(6-nsec rise time with fission chamber attached)
current-sensitive preamplifier. The output of
this preamp was routed to a discriminator with
bias set just above the a signals which arose
from the natural decay of "'U. The fission logic
signal from the discriminator was used as a stop
pulse in the time digitizer for measurement of the
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neutron time-of-flight spectrum. The start pulse
was generated when the pulsed electron beam
struck the tantalum target (see Fig. 2}. The fis-
sion logic signal was also used as a 260-nsec
time window (signal labeled F in Fig. 5}for detec-
tion of coincident events in the proton-recoil scin-
tillators.

The electronics attached to each scintillator-
photomultiplier tube detector provided three tag
bits for each event within the fission coincidence
time window. A parallel set of three tag bits was
generated for background events. These two sets
of tag bits permitted the simultaneous measure-
ment of the true and random event rates. In addi-
tion an analog signal derived from the PSD cir-
cuitry was used to insure that the setting of the
neutron pulse-shape window did not shift with
neutron time of flight. Figure 5 shows only the
electronics attached to one of the two scintillators.
An identical set was connected to the other de-
tector, and also produced the proper analog sig-
nals and tag bits.

Two pulse-height discriminator biases were set
on each scintillator-photomultiplier tube event. A
pulse-height discriminator (labeled P.H. discr. in
the figure) was used to establish the minimum en-
ergy for acceptable events. This was set to about
550-keV neutron energy (equivalent to a 1'l5-keV

y ray). The second discriminator (labeled L.E.
discr. ) was set significantly lower than the pulse-
height discriminator —about four times the pulse
height corresponding to emission of a single
photoelectron from the cathode of the photomulti-
plier tube. This discriminator provided accurate
timing information for the fission coincidence and
the PSD circuitry. It also strobed the pileup in-
spector which was designed to eliminate any event
preceded by another event within 3 p. sec or fol-
lowed by one within O.V5 p sec. The output of the
PSD circuitry was not used unless a valid event
signal was obtained from the pileup inspector.
Due to the time necessary for pulse-shape analy-
sis and pileup inspection, the fission signal had to
be delayed by at least 1 p. sec before performing
the fission-scintillator logical coincidence.

Three true-event tag bits were generated for
each fission event by a hierarchy of electronic
"AND" gates. The first of these was used to sig-
nify a coincidence (within the 260-nsec time win-
dow produced by the fission logic signal F) between
the fission event and a neutron or y ray event S of
sufficient energy to be detected by the proton-re-
coil scintillator circuitry. The next true tag bit
in the series signified that the coincident event,
defined by the first tag bit, also satisfied the pile-
up inspection requirements thus implying that it
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FIG. 5. Electronic circuitry used to process fission and neutron signals. For simplicity only one of the scintillator-
photomultiplier tubes is shown. Abbreviations are as follows: C.S.P.A.—current sensitive preamplifier; discr. —
discriminator; T.O.F.—time of Qight; P.M.—photomultiplier; P.H.—pu1se height; L.E.—leading edge; PSD—pulse-
shape discrim~FI&tion; F—fission logic signal; S—scintillator logic signal; N—scintillator neutron logic signal; bkgd-
background; Mag-drum —magnetic drum; t) -conventional electronic "AND" gate.
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was meaningful to check the output of the PSD cir-
cuitry. The final tag bit was used to specify that
the event which had met the coincidence and pileup
requirement had a neutron pulse shape. In this
fashion nearly all the dead time induced by pileup
was ascertained directly rather than inferred.

The rate of events due to random coincidences
between background events in the scintillators and
fission chamber events must be obtained to cor-
rect the observed event rate for background ef-
fects. This background rate was measured by us-
ing the fission logic signal F without the delay
(see Fig. 5), and a parallel set of logic signals
from the scintillator circuitry S, Valid, and N.
The background tag bits permit a measurement of
the rate of events in which a fission signal has a
scintillation signal preceding it by the fission
logic delay time. The background correction was
then deduced from this asynchronous rate. Binary
coded time-of-flight information for each fission
event in the energy range of interest along with
its associated true-event tag bits, background tag
bits, and pulse-shape bits was presented to the
data acquisition system.

ANALYSIS

Seven time-of-flight spectra were generated for
each proton-recoil detector from the three true-
event tag bits and three background tag bits: one
for each of the three successive true tag bits, one
for each of the three successive background tag
bits, and one for no true of background tag bits.
For the time-of-flight range corresponding to a
particular "'U resonance, v was then determined
(except for small corrections described below)
from the total number of fission events accompa-
nied by a neutron in the scintillator divided by the
total number of fission events occurring. The
number of coincident neutrons was corrected for
pileup-induced dead time and background neutrons.
The dead-time correction for a particular time of
flight involved multiplying the number of coinci-
dent neutrons by the ratio of all scintillation
events in coincidence with fission events to the
number of all those same coincident events which
satisfied the pileup inspector. Thus the only as-
sumption involved in the dead-time correction
was that coincident neutrons and y rays are dis-
carded by the pileup inspector with equal proba-
bility. This was indeed the case since essentially
all pileup was caused by background events. A
minor correction for pileup of true events on
other true events was made by assuming Poisson
statistics for the probability distribution of the
number of neutrons in coincidence with a fission
event. Similar dead-time corrections were ap-

plied to the background neutron information. In
this experiment pileups (of background events on
true events) induced dead times which ranged
from 0.2 to 2%%u~ as incident neutron energies in-
creased from 0.5 to 125 eV.

The number of fission-neutron coincidences for
a particular time of flight was also corrected for
background neutrons. After correcting the mea-
sured number of background neutrons for pileup-
induced dead time, it was necessary to unfold the
asynchronous timing (see experimental section}
between fission events and background neutron
events. The number of fission events in coinci-
dence with a background neutron in the scintillator
occurring at a fixed time before the fission event
was measured in the experiment. This number
was then multiplied by the ratio of the number of
fission events at the time of the background events
to the number of fission events occurring after the
background events at the fixed asynchronous delay
time. The result was then used for the number of
background neutrons in coincidence with fission
events at each time of flight and was simply sub-
tracted from the number of fission-neutron coinci-
dences to give the number of true fission-neutron
coincidences. In the actual experiment the ratio
of background to true rates in the neutron detec-
tors ranged from 0.05% to 0.3%.

Each relative T value presented in this paper
represents a sum of data obtained over a given
time-of-flight range. No attempt was made to
subtract contributions from tails of adjacent reso-
nances underlying the primary resonance. Data
accumulated were subdivided into several runs and
analyzed separately. Each run for each tube was
normalized arbitrarily by dividing all v numbers
by the weighted average v for incident neutron en-
ergies between 0.52 and 114 eV. The final rela-
tive v values reported here represent the weighted
average over all these runs.

The errors assigned to each of the v values pre-
sented in this paper represent one standard devia-
tion. They were calculated using the standard
method of propagation of errors (based on the to-
tal differential} and include only statistical er-
rors. About 9')% of the error in each value comes
from the error in the number of coincident neu-
trons (all three true tag bits present).

Values for v were obtained for a total of 33 iso-
lated resonances in the energy range of this ex-
periment. Twenty-three v points were also corn-
puted for groups of resonances not easily resolved
due to their natural widths or experimental broad-
ening from the l-p. sec accelerator neutron pulse
width. These 56 v values are shown in Fig. 6 and
Table I. In order to examine gross energy depen-
dent structure, the time-of-flight data were
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grouped into 20 points [see Fig. 7(a}]. Each of
these points has a fractional standard deviation of
0.16%. The horizontal error bars shown in Fig.
7(a) represent the energy range used to produce
each point. The fission resonances involved in

FIG. 6. Relative reso»Fice v values measured in
present experiment. Interpretation of plotted symbols
is as follows: The represents 4=3 reson~~ces; the
+ represents J=4 reson~~ces; the 8 represents reso-
nances with unassigned spins, and the 0 represents v

values for groups of reso~~ces. Spins are taken from
Ref. 9. Resonance energies are taken from Ref. 10.
() indicates the number of unresolved resonnnces.

each of these gross feature T points may be seen
by comparing Fig. 7(a} to the raw fission data
shown in Fig. 7(b}.

DISCUSSION

The results of the present experiment, shown in

Fig. 6, evidence a slight amount of structure, al-
though it might be argued that this is within the
statistical limits. The purpose of this section is
to present facts from the present measurement
and previous measurements in support of the hy-
pothesis that there is some real structure in
v (E„) in the resonance region.

The 56 points shown in Fig. 6 give a reduced X'

(II'/v} of 1.24—only slightly larger than what would
be expected from a random sampling. However,
if the calculation is restricted to the 14 points with
fractional errors less than 0.3% the reduced y' is
1.97, implying that perhaps there is some real
structure to the data which is being masked by in-
sufficient statistics. In order to examine this pos-
sibility further, the resonance structure in the
fission data was ignored and the time-of-flight
data was grouped into 20 points [see Fig. 7(a) and
Table Il]. This regrouping makes the hypothesis
of structure in v (E) much more plausible. These
20 points have a reduced X' of 3.45—considerably
beyond what one would expect for random scatter
about a single mean (It'/v=3. 45 for v=19 degrees
of freedom is beyond the 0.1 percentage point of
the X' distribution).

A recent measurement by Keyworth et al. ' pro-
vides information on the resonant spina of many of
the data points shown in Fig. 6. Six J=3 reso-
nances are plotted using the symbol p; those 22
with J =4 are plotted with the symbol +. The
weighted mean T numbers for these two groups of
points differ by 0.0010+0.0014, implying no sig-
nificant spin dependence in v. The error quoted is
one standard deviation of the internal error. In
addition, two of the stronger resonances, 8.'?9

and 19.3 eV, have

&V V8 79 Vyg 3 +0 0067 + 0 0018

yet both of these resonances have spin 4, Thus
it is concluded that the structure in resonant
v (E) of "'U(n, f ) is uncorrelated with spin.

Recent measurements of resonance v for the
case of "'Pu by Frehaut and Shackelton" have
demonstrated the presence of some structure in
T. This is attributed to enhanced competition be-
tween direct fission and the (n, yf) process for the
J=1' states where the fission channel is just be-
ginning to open up. Although "'U fission channels
are considerably more open for both initial spin
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TABLE I. Heso»~ce v values (relative to weighted average v between 0.52 and 114 eV).
() indicates the number of unresolved resonances.

Resonance '
energy

(eV)

1.14
2.03
2 .84
3.14
3.61
4.84
6.21
6.39
7.08
8.78
9.28

10.2
11.7
12.4
12.8
14.0 +14.5
15.4
16.1
16.7
18.0
19.3
21.1
22.9
23.4 +23.6
24.2
25.2+25.6
26.5
27.8

1.0018
1.0023
0.992
1.0028
1.0019
0.9874
1.0045
1.0007
1.0016
1.0039
1.0024
0.9961
0.9935
0.9964
1.0026
0.9955
0.9941
0.9884
0.9941
0.9997
0.9972
1.0005
0.9953
1.0005
0.9969
1.0010
1.0040
1.0020

0.0014
0.0047
0.013
0.0032
0.0030
0.0079
0.0071
0.0031
0.0034
0.0012
0.0083
0.0059
0.0043
0.0019
0.0063
0.0023
0.0042
0.0044
0.0036
0.0035
0.0014
0.0028
0.0048
O.OQ31

0.0051
0.0027
0.0039
0.0043

Resonance
energy

(eV)

28.4
29.6
30.6+30.9
32.1
33.5
34.4 +34.8
35.2
39.4
41.3 -42.7(5)
43.4 —45.8 (5)
46.8 +47.0
48.0 —49.4 {4)
50.5 —52.2 {4)
55.1 —56.5 (3)
57.8 —58.7 {3)
59.8 —61.2 (4)
63.6 + 64.3
65.8 —67.3 {3)
69.3 —72.9 (5)
74.6 —76.7(4)
82.7 —85.0 (5)
88.8
89.8 —93.2 (6)
94.1 —99.6 (6)

100.4 —111.7(17)
113.6 —118.7{5)
122.0
123.6 —128.2 (8)

1.005
1.0017
0.9962
0.9984
0.9967
1.0024
1.0013
0.9985
0.9987
0.9972
1.0015
1.0003
0.9984
0.9996
0.9930
0.9918
0.9950
1.0126
1.0005
0.9978
0.9994
0.9992
0.9966
0.9997
0.9988
0.9928
0.9930
0.9993

0.013
0.0095
0.0050
0.0030
0.0037
0.0065
0.0020
0.0033
0.0035
0.0030
0.0039
0.0033
0.0019
0.0018
0.0033
0.0039
0.0057
0.0085
0.0024
0.0034
0.0034
0.0048
0.0037
0.0038
0.0028
0.0033
0.0043
0.0037

Reference 10.

1.008-
'~ 1.006-
0~ 1.004-
~ 1.002-
0 1.000-
~ 0.998-
~ O996-

0.994-
0~

108

I I I I l
t
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FIG. 7. (a) v as a function of incident neutron energy, ignoring resonance structure. Horizontal error bars indicate
the energy range of su~~~, tion. The plausibility of structure is enhanced over that in Fig. 6. (b) Raw fission data used
to obtain v {EN).
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TABLE II. Energy averaged v values (relative to
weighted average v between 0.52 and 114 ev).

Energy range
(eV)

0.52-0.76
0.77-1.06
1 .07-1 .43
1.44-3.52
3 .53-6.92
6.93-8.78
8 .79-9.02
9.03-123
12.3-14.0
14.1-18.6
18.7-19.5
19.6-23.7
23.8-28.7
28.8-35.0
35.1-41.5
41.6-50.8
50.9-56.1
56 2-65.4
65.5-842
84.3-114

1.0051
1.0052
0.9983
1.0007
0.9997
1.0028
1.0056
1.0006
0.9969
0.9960
0.9968
0.9975
1.0018
0.9995
1.0009
0.9995
0.9988
0.9953
1.0004
0.9988

0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
o.0o16
0.0016
0.0016
0.0016
0.0016

102

t-- '. --+ ——-+
J

T
P+ i

+—+~-
&--:=--~-r+-
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states, the statistical accuracy of the present data
might warrant an examination of the possible de-
pendence of v on If. Figure 8 shows a semilog
plot of I'& vs v. There is little evidence for any
dependence of v on I'f for either spin state, as can
be seen from this graph.

The possible correlation of resonance 7 with fis-
sion-fragment angular or mass asymmetry is a
worthwhile area for speculation since all of these
parameters should be dependent on the particular
fission exit channels that dominate for a given
resonance. Using the Pattenden and Postma" de-
termination of the coefficient of the second Legen-
dre polynomial A2, no evidence was observable
for an interdependence of v and fragment angular
asymmetry. A similar comparison of resonance
v with the fission-fragment mass asymmetry data
of Cowan, Bayhurst, and Prestwood' (see Fig. 9)
shows no obvious correlations.

The four parts of Fig. 10 show a comparison of
the present results with those of other recent ex-
periments. With the exception of the results of
Ryabov et af.' [Fig. 10(a)], all the sets of v data
show similar patterns (where the statistics are
sufficient to facilitate a meaningful comparison).
The present experiment [Fig. 10(d)] and that of
Reed, Hockenbury, and Block' [Fig. 10(b)] quote
the smallest errors, thus making a relative com-
parison more meaningful. The 21 resonances with
v values quoted by both sources give an unweighted

+

I I I I I

0.980 0.985 0.990 0.995 1.000 1.005 1.010 1.015 1.020

Relative P

FIG. 8. Relationship between the fission width and
relative v. Plot symbols are the same as those defined
in Fig. 6. Fission widths are taken from Ref. 10. Note
the lack of any apparent correlation.

correlation coefficient

p =+0.44+0.22.

This correlation coefficient is statistically signifi-
cant and provides additional support for the hy-
pothesis that small structure exists in v (E„).
Limiting this comparison to those 10 points which
have fractional errors less than 0.4@ for both
Reed et af. data and the present results, the cor-
relation coefficient is +0.61 + 0.16. Hence, the
agreement between relevant portions of the pres-
ent data and that of Reed et al. appears good.
Again both experiments imply some small struc-
ture in v (Z„). A comparison of 28 resonance 7
values common to both the present work and that
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FIG. 9. Relationship between relative & and fission
fragment mass asy~7FietrJJ. Mass asymmetry informa-
tion (Ref. 6) has been averaged over two reported data
points where necessary to include all of resoF1~FIce width.
Plot symbols and resonance energies are the same as
those defined in Fig. 6. Note the lack of any apparent
correlation.

of Frehaut et al." [Fig. 10(c)] gives p = —0.14
+0.41. Thus the larger error bars of these data
mask any possible correlation. The measurement
by Ryabov et al.' [Fig. 10(a)] shows large varia-
tions of 7 not observed in this experiment. This
disagreement is borne out by a correlation coef-
ficient p =-0.18+0.19 on 23 resonance v data
points.

CONCLUSION
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lDCDCOCOr CVP) %ggWN Qglog

RESONANCE ENERGIES (eV) —(NO SCALE)

FIG. 10. Comparison of present results with previous
measurements. (a) Ryabov A al. {Ref.2). (b) Reed et
al. (Ref. 4). (c) Frehaut equal. (Ref. 11). (d) Portion of
present data. Data in (a}, (b), and (c) are each indi-
vidually nor~~&ized such that the weighted mean for
each group of data is 1. For (d) the normalization of
Fig. 6 is used. Symbol notation and resonance energies
are the same as those defined in Fig. 6.

The present measurement of resonance v for
neutron-induced fission of "'U shows some small
but statistically significant deviations (s 0.5$ )

from the mean. In the region of overlap with
previous measurements, the present data agree
with that of two authors"' but conflict markedly
with one other determination. ' A resonance-by-
resonance comparison of these data with initial
spin state, fission width, fragment-mass asym-
metry, and the angular distribution of fission
fragments was made. There appears definitely
to be no correlation for "'U between v and the
resonance spin or the fission width. Within the
accuracy of this and other experiments measuring
mass asymmetry and angular distribution, no evi-

dence of correlation was found with either of these
quantities.
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