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An experiment has been performed on the thermal-neutron-induced fission of U, in which
the energies of complementary fission fragments and the time of flight of one fragment were
measured. Fragment masses after neutron emission were obtained directly from this informa-
tion. Pre-neutron masses and kinetic energies were deduced by means of a reflection method
which simulates a double-time-of-flight experiment. Subtraction of post-neutron from prima-
ry fragment masses then gave the number of neutrons emitted by single fragments in each event.
Among the results presented are the distributions of the numbers of neutrons emitted by single
fragments of fixed mass. This information is very difficult to obtain from other types of exper-
iments, and there has been no previous publication of such results for any fissioning nucleus.
The results also include the average number of neutrons emitted as a function of mass and to-
tal kinetic energy, as well as mass distributions in fixed kinetic energy intervals, and total
kinetic energy distributions at fixed fragment masses.

INTRODUCTION

Until recently, all determination of the masses
of primary fission fragments, that is, of the frag-
ments before the emission of prompt neutrons,
have been made by measuring either the energies
or the velocities of complementary fission frag-
ments and applying the momentum conservation
law to the fissioning system. If there were no
prompt-neutron emission, this procedure would
be exact. The emission of prompt neutrons neces-
sitates further assumptions before deducing pri-
mary masses from the measurements. In the dou-
ble-velocity ease, it is sufficient to assume that
prompt-neutron emission is isotropic in the c.m.
system of the fragments. The double-energy mea-
surement requires, in addition, the application of
corrections' depending on details of the neutron
emission as a function of fragment mass.

The fact that the primary fragments are formed
with sufficient excitation energy to emit one or
more prompt neutrons implies that one needs to
know more than the primary mass division in or-
der to understand the fission process. To obtain
more information, it is necessary to determine
at least one parameter in addition to those mea-
sured in the primary mass determinations. In the
present experiment, we have chosen to measure
the energies of both complementary fission frag-
ments together with the time of flight of one frag-
ment. The availability of this third item of infor-
mation makes it possible, with few assumptions,
to determine the correlated fragment masses and
energies both before and after neutron emission,
and to deduce from these results details of neu-
tron emission from individual fragment masses.

Primary masses in this experiment are obtained
from the measured time of flight by a reflection
method which simulates a double-time-of-flight
experiment. The pre-neutron kinetic energies can
then be deduced from the velocities and the calcu-.
lated primary masses. The post-neutron masses
are obtained directly from the measured energies
and velocities of single fragments, while the num-
ber of emitted neutrons in each event is simply the
difference between the primary and post-neutron
masses. The precision of the primary mass de-
termination is limited by the effect of prompt-neu-
tron emission on the velocities which are measured.
This introduces an intrinsic resolution smearing,
ln addition to that produced by experimental uncer-
tainties. The post-neutron mass determination,
however, is independent of neutron-emission ef-
fects and could, in principle, be made with arbi-
trary accuracy. The ultimate limitation on the post-
neutron mass determination in the present experi-
ment is the intrinsic energy resolution of the solid-
state detectors for fission fragments and the exper-
imental errors of measuring fragment velocities.

In recent years, Schmitt and his collaborators
have been carrying on a series of double-energy
single-time-of-flight experiments on various fis-
sioning systems, namely, spontaneous fission of
Cf " and the 13-MeV proton-induced fission of

226 S 4Ra and U 3 . These experjments are similar
in principle to the present experiment, but differ
in some details of procedure and analysis.

There have been several experiments of various
types on thermal-neutron-induced fission of U"',
the results of which can be compared with some
of the results of the present experiment. The first
is a double-energy double-time-of-flight measure-
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ment performed by a group at Aldermaston. " In
the reported results, they present primary and
post-neutron heavy-fragment mass distributions
as a function of the kinetic energy of the heavy
fragment. They observe some structure in the pri-
mary mass distributions, but no additional struc-
ture produced by neutron emission.

Two other experiments which are related to the
present results employ direct detection of neu-
trons in coincidence with fission fragments. The
first is a triple-time-of-flight measurement per-

formedd

by Milton and Fraser, ' in which the time
of flight of both the fragments and the coincident
neutrons are measured. In addition, the neutron
counters define the direction of emission of the
neutron relative to the path of the fragment. Only
preliminary results have been published, but the
experiment is, in principle, capable of providing
a great deal of information on the fission process.
In the second neutron counting experiment, Maslin,
Rodgers, and Core' (hereafter referred to as MRC)
measured the energies of the fragments by means
of solid-state detectors, while detecting the neu-
trons in a spherical liquid scintillator. This en-
abled them to obtain the number of emitted neu-
trons as a function of both fragment mass and to-
tal kinetic energy.

The present experiment furnishes an independent
check of the direct neutron counting results by an
entirely different method. We believe that the pri-
mary mass resolution in this experiment (o-0.8
amu) is superior to that which can be obtained by
means of double-energy measurements such as
MRC.

An important advantage of our indirect neutron-
emission determination over the direct neutron
counting experiments lies in the limited efficiency
for neutron detection in the latter type of experi-
ment. In the MRC experiment, for example, the
efficiency for detecting neutrons from single frag-
ments was about 50'70. What this means, in prac-
tice, is that the result in any given event is ambig-
uous. One cannot distinguish an event in which no
neutron was emitted from one in which the emitted
neutron was not detected. This does not affect the
average neutron-emission results if correct nor-
malization procedures are carried out. However,
it makes it very difficult, if not impossible, to
perform the kind of event by event analysis which,
in our case, results in distributions of the number
of emitted neutrons by single fragments of fixed
mass. These distributions are indirectly related
to fragment-excitation-energy distributions. Al-
though we cannot establish the excitation energies
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uniquely, it is still possible from our results to
gain a qualitative understanding of the way in
which the excitation energy is divided between the
fragments.

differences between events for which the pulse
heights were very similar. Since the pulse-height
contribution to the measured time was the same in
both runs, it cancelled out in the subtraction.

EXPERIMENTAL PROCEDURE

A. General Method

A thin U"' source (30 gg/cm' on 100-pg/cm'
nickel backing) was placed in an evacuated tube be-
tween two s'olid-state detectors. Fission was in-
duced by a beam of thermal neutrons in the patient
facility of the Brookhaven medical research reac-
tor. Three quantities were recorded for each fis-
sion event: the energies of both complementary
fragments and the time between the arrivals of the
two fragments at the detectors, which was mea-
sured by a time-to-pulse-height converter. The
two energy pulses and the output pulse from the
time-to-pulse-height converter were analyzed by
three analog-to-digital converters (ADC's) of a
Radiation Instrument Development Laboratory
(RIDL) three-parameter data acquisition system,
and the resulting channel numbers were trans-
ferred, event by event, to magnetic tape.

In order to obtain from the time data the informa-
tion which we needed for the mass calculations,
namely, the time of flight of one fragment, we used
a method which is illustrated schematically in Fig.
1. Figure 1(a) shows the arrangement of an ideal-
ized experiment, in which the distance is zero
from the source to the detector which starts the
time-to-pulse-height converter. Consequently,
the measured time in this case is the time of
flight of one fragment from the source to the stop
detector. In the actual experiment, Fig. 1(b), the
start detector was placed 5 in. from the source in
order to keep it out of the main neutron flux and to
reduce the singles rate from this detector. The
time measured was then T, —T, , which involves
both fragments instead of only one. We were able
to eliminate the quantity T„by performing two ex-
periments in which only the distance to the stop
detector was varied. The measured times in the
two experiments were subtracted from each other.
Then the result depended only on the velocity of
the fragment detected by the stop detector and the
difference between the flight-path lengths in the
two runs. The short- and long-flight-path lengths
were 12.7 and 112.7 cm, giving a difference in
flight path 100.0 cm long. The present results
were obtained from 60000 events each, in the
short- and long-flight-path runs.

One unique feature of the experiment was the
elimination of timing walk due to fragment pulse-
height variation. This was done by taking the time

B. Electronics

The electronic equipment consisted of two simi-
lar systems from which the energy measurements
were obtained, and a timing system which mea-
sured the time interval between the detection of
the two complementary fragments. Figure 2 is a
block diagram of the system.

The separation between the energy and timing
measurements was made immediately at the de-
tector output by means of the transformer at the
input of the ORTEC time-pickoff unit. The main
portion of the pulse passed directly through the pri-
mary of the transformer to the input of a charge-
sensitive preamplifier. After the preamplifier,
the pulse was shaped and further amplified before
entering the ADC.

Timing of the fission fragments was done on the
small, fast-rising pulses produced and amplified
within the time-pickoff units. After passing
through buffer circuits, these pulses went to the
time-to-pulse-height converter, which measured
the time interval between them. The converter out-
put pulse was amplified by a double-differentiating
RC amplifier before entering the three-parameter
system. The pulses from the nearby detector were
delayed about 200 nsec by a length of cable between
the time-pickoff unit and the control unit. This en-
abled us to use the lower-rate signal to start the
converter, thus avoiding the pileup problems that
would have resulted from an excessive start-input
rate.

The three-parameter system accepted an event
for analysis whenever its internal coincidence cir-
cuit detected pulses at the inputs of all three ADC's
within an interval of 0.5 p. sec. The channel num-
bers were then transferred from .the scalers
through an interface unit to a Digi-Data incremen-
tal magnetic tape unit. The timing information an-
alyzed by one ADC was monitored during the exper-
iment by means of an RIDL 400-channel analyzer
and an interface circuit which has been described
elsewhere. '

C. Time-Calibration Procedure

The primary standard for calibrating the time-
to-pulse-height converter was the 50-MHz signal
produced by a Tektronix time-mark generator.
The technique has been described in a commercial
publication by E. G. @ G." The start input of the
converter is triggered by the coincidence between
the 50-MHz train and the random pulses from a
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scintillation counter which is exposed to a radio-
active source. A 10-kHz signal which is synchro-
nized with the 50-MHz train is used to trigger the
stop input. When the converter output is fed into
a multichannel analyzer, the spectrum consists of
a series of peaks. The separation between succes-
sive peaks corresponds to 20 nsec in time.

After the time-to-pulse-height converter was cal-
ibrated in this fashion, we used it to measure the
electrical length of a set of delay cables, which
then became our secondary timing standards. The
set of delay cables was used between experimental
runs and after the experiment was completed to
calibrate the time-to-pulse-height converter and
ADC throughout the range in which data were taken.
This was done by supplying a pulser signal to the
start and stop inputs of the converter, and delaying
the stop relative to the start by inserting calibrated

cables.
The two ADC's of the three-parameter system

which were used for the pulse-height measurement
were checked for linearity by means of a precision
pulser. These results were fitted to a second-de-
gree polynomial by a least-squares method. The
time and the observed pulse heights were correct-
ed for the small observed nonlinearity in the first
stage of data analysis.

DATA ANALYSIS

The raw data for each event consisted of three
channel numbers corresponding to a pulse height
from each solid-state detector and the output of
the time-to-pulse-height converter. The event-by-
event analysis can be summarized as follows:
From the raw data we obtained the energies of both
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fission fragments and the time of flight of one. The
post-neutron mass of one fragment was obtained
from the energy and time of flight of that fragment.
Pre-neutron masses were calculated from the time-
of-flight information by a reflection method which
is described below. Subtraction of the post-neu-
tron from the pre-neutron mass then gave the num-
ber of neutrons emitted by one of the fragments.
The computer used for analysis was the Columbia
University IBM 7094.

A. Post-Neutron Masses

The energy of each fragment was obtained from
the observed pulse height by means of the mass-
dependent energy formula of Schmitt et al."

E = (a+a'M) X+b + O'M,

M = 2E(T/L)2, (2)

where E is the measured post-neutron energy, T
is the time difference, and L is the difference
flight path length.

8. Primary Masses and Neutron Emission

The usual methods of obtaining the primary

where X is the observed pulse height. The con-
stants a, a', b, and b' were obtained from the fis-
sion spectrum according to the procedure given in
Ref. 11. The "a" coefficient, however, was re-
duced by 2.5%, and the other three coefficients
were adjusted accordingly, in order to improve
the agreement of the resulting post-neutron mass
distribution with the radiochemical results sum-
marized by Katcoff and quoted by Hyde. " The
mass M which appears in Eq. (1) was obtained by
iteration.

After the calculation of the fragment energies,
the time differences between short- and long-flight-
path runs were obtained as follows. The data from
the short flight path run were sorted into a 1-by-1-
MeV grid on the basis of the energies of the com-
plementary fragments. The average-time channel
for events in each box was calculated and stored
in the computer memory. Then, as each event
from the long flight path was analyzed, the pro-
gram located the corresponding average time from
the short-flight-path run as determined by the two
energies. The time in the long-flight-path run was
subtracted from the average time, giving the time
of flight of the fragment over the difference flight
path of 1 m.

Given the energy and the time difference, the
post-neutron mass was obtained from the relation-
ship

masses of fission fragments are based on the con-
servation of momentum and mass number between
the fragments before they emit neutrons. These
conditions give, for the pre-neutron mass of one
fragment,

M =A V/(V, + V,), (3)

M, =236T,/(T, +T,), (4)

where I is the pre-neutron mass of fragment 1,
7, is the measured time of flight of fragment 1,
and 7.; is the average time of flight at the reflected
point.

The energies of the fragments before neutron
emission were calculated from the pre-neutron
masses and the flight times:

(5)
E, = 2(236 M)(L/T2) . -

The number of neutrons emitted by a fragment in

where A. is the mass of the fissioning nucleus and

V, (V, ) is the velocity of fragment 1 (2) before the
emission of neutrons.

If the neutrons are emitted isotropically in their
own c.m. system by the fully accelerated frag-
ments, which seems to be very nearly true, the
velocity of the fragments should, on the average,
be unchanged by neutron emission, and Eq. (3)
should hold even for post-neutron velocities.

In the present experiment, the velocity of only
one fragment is measured. However, because we
also recorded the energies of both fragments, we
were able to identify a class of events which were
nearly complementary to any event we actually ob-
served. The velocity of the complementary frag-
ments was then identified as V,.

The first step in the process is the sorting of
all the events in the long-flight-path run into a two-
dimensional energy grid, calculating the average
time difference in each box and storing the results.
Then the long-flight-path results are reanalyzed
as follows. Each event is characterized by the
measured energies EX and EF, and by T„ the time
difference. The energies determine in which box
of the 1-by-1-MeV energy grid the event belongs.
They also determine the box which contains the
complementary events; i.e. , the box with the val-
ues of EX and E~ are interchanged. The average
time calculated for this box is then taken as the
time of flight of the complementary fragment. In
this way, we simulated a double-time-of-flight ex-
periment over two equal flight paths of 1 m. For
this case, Eq. (3) becomes
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FIG. 3. Primary and post-neutron mass yields. Error bars indicate statistical error. Circles; pre-neutron mass.
Crosses; post-neutron mass.

a given event was obtained by subtracting the post-
neutron mass from the primary mass.

RESULTS AND DISCUSSION

After analysis each event is characterized by
four main kinds of information: t e pre-neutron
masses of both fragments, the post-neutron mass
of one fragment, the number of neutrons emitted
by one fragment, and the energies of both frag-

ments before neutron emission. There are many
possible ways in which such results can be sum-
marized. %e have chosen primary fragment mass
and total kinetic energy as the main parameters,
and we examine the behavior of the results with
one of these parameters fixed while the other is
allowed to vary.

The primary and post-neutron mass distributions
are shown in Fig. 3. Our method of calculating
pre-neutron masses discriminates somewhat

I00 !25
PRE-NEUTRON MASS

I 50

FIG. 4. Average neutron emission as a function of primary fragment mass. Error bars include only statistical erxor.
The total neutron emission is the sum of the single-fragment values for complementary mass pairs. The pre-neutron
mass distribution is shown for reference. Circles; single-fragment neutron emission. Crosses; total emission from
fragment pair.
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FIG. 5. Comparison of average neutron-emission results of the present experiment with those obtained in the direct
neutron-counting experiments of MRC (see Ref. 8), Milton and Fraser (see Ref. 7), and Apalin gt ~E. (see Ref. 14).
et al. (see Ref. 14).

against events in the valley of the mass distribu-
tion, because an event is rejected unless there is
at least one event in the reflected box. However,
the minimum peak-to-valley ratio, even if we as-
sume that all these rejected events were genuine,
is about 1000 to 1, with uncertainty of 25/g.

We estimate the resolution in the pre-neutron
mass as a standard deviation of 0.8 to 0.9 amu,
and in the post-neutron mass, between 0.6 and 2.2

amu, depending on the mass number. The post-
neutron mass dispersion is about 0.8 amu at the
center of the light-fragment peak, and about 1.6
amu at the center of the heavy-fragment peak. In
calculating the resolution of the post-neutron mass
determination, we have used a value of 1.5 MeV
for the energy resolution full width at half maxi-
mum (FWHM) ot' the solid-state detectors, and a
time resolution of 0.7 nsec FWHM. The latter fig-
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FIG. 6. Average neutron emission as a function of
the total kinetic energy of the primary fragments.

FIG. 7. Energy appearing in the form of prompt neu-
trons, as a function of primary total kinetic energy.
Solid line; calculated from Ref. 14. Circles; present
experiment. Crosses; results of MRC.
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ure was obtained from the results of the short-
flight-path run, in which the observed widths for
events in a 1-by-1-MeV box of the two-dimensional
energy grid gives an upper limit for the time res-
olution of the system. The post-neutron mass
resolution is unaffected by neutron-emission ef-
fects, and the above-mentioned time resolution in-
cludes only experimental resolution smearing. On
the other hand, in the pre-neutron mass resolution
the neutron-emission effects predominate, contrib-
uting about 1.9 nsec FWHM at the 1ight-fragment
peak position, and 2.8 nsec at the heavy-fragment
peak position. "

The average neutron emission as a function of
fragment mass is shown in Fig. 4. The total neu-
tron emission is simply the sum of the single-
fragment results for complementary mass pairs.
The solid curve is the pre-neutron mass distribu-
tion. In Fig. 5, the results of the present experi-
ment are plotted along with the results of Maslin,
Rodgers, and Core, ' Milton and Fraser, ' and
Apalin ef, al. ' On the whole, the present experi-
ment agrees best with the data of MRC. The main
discrepancy occurs near the doubly magic nucleus

of mass 132, where we observe almost no neutron
emission, a not unlikely result.

Figure 6 shows the average number of neutrons
emitted as a function of fragment total kinetic en-
ergy. In the line'ar portion of the total-neutron-
emission curve, between 150 and 185 MeV, the
slope is one neutron per 11-MeV decrease in to-
tal kinetic energy. This is apparently in disagree-
ment with the value obtained by MRC, which was
one neutron per 18 MeV. There is, in our results,
a drop in neutron emission at low total kinetic en-
ergies. MRC also see a falling off at the low-en-
ergy end, but it appears some 10 MeV lower than
in our results.

We have done a calculation in which we compare
the results shown in Fig. 6 and the corresponding
results of MRC with those to be expected from con-
sideration of the energy available for neutron emis-
sion. For this purpose, we have used Milton' s
tables" of total energy release and neutron bind-
ing energy, calculated from Cameron's mass for-
mulas at each value of mass and charge division.
Our procedure is as follows: At each value of to-
tal kinetic energy the average light- and heavy-
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1562 M. DERENGOWSKI AND E. ME LKONIAN

E„=v, (B.E. , + l.2 ) + v„(B.E.„+1.2), (6)

where v, (v„) =the average neutron emission from
the light (heavy) fragment, B.E. , (B.E.„)= the neu-
tron binding energy of the light (heavy) fragment,
at the division giving maximum energy release.
The 1.2 MeV is the average neutron kinetic energy
in the fragment c.m. system. " In this rather

fragment mass obtained from the present results
determines the mass division used in the calcula-
tion. From Milton's tables, we choose the charge
division at that particular mass division which pro-
duces the maximum total energy release. The neu-
tron binding energies of the fragments are also
read off at this same charge division. The solid
curve in Fig. 7 is the energy available for neutron
emission. It is obtained by subtracting from the
maximum energy release at each value of total ki-
netic energy the sum of the total kinetic energy
and the energy carried off by y rays. The value
used for the y energy was a constant 6 MeV. "

In order to make the comparison with our re-
sults, we assumed that the energy going into neu-
tron emission at each total kinetic energy was

rough calculation, we have neglected the fact that
this binding-energy value is correct only for the
first neutron emitted. The results of this calcula-
tion appear as circles in Fig. 7.

We have attempted to make a similar calculation
using the MRC results, with our own values for
the mass division, . and the same neutron binding
energies as in the previous calculation. In the
MRC paper, the results are given as the average
number of neutrons per fragment, rather than
heavy- and light-fragment emission separately.
Accordingly, our calculated energies in this case
were

E, = IT(B.E. , + B.E.p,
+ l.2),

where v = the average number of neutrons per frag-
ment at each total kinetic energy. The results of
this calculation appear as crosses in Fig. 7.

Through most of the total kinetic energy range,
the present results seem to follow the calculated
curve in Fig. 7 more closely that the MRC results.
We interpret this agreement as an indication that
our value of 11 MeV per neutron is a reasonable
result. The discrepancy below 150 MeV could re-

I I 1 I 1 I 1
1

I I I I I I I

Pre-neutron distribution Post - neutron distribution

400—
TK E 185-190

200—

III

C
CI

LLJ

600—

400—

200—

T K E 165-170 FIG. 9. Primary and
post-neutron mass distribu-
tions at selected values of
primary fragment total ki-
netic energy.

0

400—

200—
LIJ

T K E 145-150

0—
80

~ «J
100 120 140

Pre-neutron moss

160 80
I l

100 120 140 160
Post-neutron mass



DOUBLE ENERGY SINGLE TIME-OF-FLIGHT. . . 1563

suit from a division of charge that does not result
in maximum energy release. A shift of one or two
charge units could easily account for the observed
dip in neutron emission in Fig. 6.

Much of the information obtained in this experi-
ment is a function of two parameters. This in-
cludes the mass distributions at fixed values of ki-
netic energy, the average neutron emission as a
function of both mass and total kinetic energy, and
the distributions of the number of neutrons emitted
by single fragments of given mass.

Figure 8 is a contour diagram of primary mass
yield versus total kinetic energy. Some represen-
tative mass distributions appear in Fig. 9. The up-
per, middle, and lower distributions are taken, re-
spectively, from the high end, the peak, and the
lower end of the total-kinetic energy distribution.
The corresponding post-neutron mass distributions
are also shown. Upon consideration of the whole

series of pre-neutron mass distributions, we find
evidence for a slight preference for fission into
mass pairs with heavy fragments of 134, 140, 146,
and 153 mass units. It does not appear from the
post-neutron distributions that any additional struc-
ture is produced by neutron emission, although it
is true that less than prominent structural features
would be somewhat washed out by dispersion ef-
fects,

Our estimates of the magnitude of the mass dis-
persion indicate that the effect of resolution on the
widths of the mass distributions such as those
shown in Fig. 9 is, in most cases, rather small.
The narrowest of the observed pre-neutron distri-
butions has an observed width which corresponds,
roughly, to a standard deviation of 2 amu about the
peak. When one subtracts out the effect of a cal-
culated mass dispersion of 0.9 amu, one is left
with a standard deviation of about 1.8 amu for the
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actual width of the distributions. The relative
magnitude of the dispersion effects on the wider
distributions should, clearly, be much smaller.

While the resolution of the pre-neutron mass de-
termination does not vary much with fragment
mass, the post-neutron mass dispersion width in-
creases monotonically with mass. The calculated
dispersion ranges from 0.6 to 1.0 amu across the
light peak, and from 1.2 to 2.2 amu across the
heavy peak. These are approximate values, de-
pending on an energy resolution figure (1.5 MeV
FWHM) which is an average for solid-state detec-
tors of this type. Again, a comparison of the dis-
persion widths with the observed widths of the
mass distributions shows that the effect of disper-
sion in most cases should be very small. It is only
in the 185-190-MeV distribution that the resolution

ENERGY DISTRIBUTIONS

I I I I I I I I

at the high-mass end of the heavy peak (o -1.6 amu)
is comparable with the observed width of the dis-
tribution. In this case, the high-mass tail can pos-
sibly be attributed to mass dispersion.

The variation of neutron emission with fragment
mass at these same kinetic energy values is plot-
ted in Fig. 10. In the top graph, the apparent neg-
ative neutron emission at some points in the heavy
peak suggests a systematic shift of the primary
mass in this mass range.

At fixed values of total kinetic energy, one would

expect that the total neutron emission from com-
plementary fragments would follow the trend of the
maximum energy release as a function of fragment
mass, with a maximum near mass 132. In the low-
er two graphs of Fig. 10 this is generally the case.
However, at the higher kinetic energies, and also
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at the extreme low end of the total-kinetic energy
range, the dependence upon mass of the total neu-
tron emission deviates qualitatively from the trend
of the maximum energy release. This would seem
to indicate that at least for these events the charge
division is determined by something other than the
requirement of maximum energy release.

In Figs. 9 and 10 we have been considering vari-
ations with mass at fixed values of total kinetic en-
ergy. One can examine the same results from the
opposite point of view, as is done in Fig. 11. Here
we have plotted energy distributions and neutron
emission as a function of total kinetic energy, at
fixed values of primary fragment mass.

Both sets of results have been plotted at the
same four mass divisions. The mass-142 plots
are fairly typical of the results throughout most of
the mass range. Mass 152 was chosen because it
represents one of the highest mass ratios at which
there are enough events to enable us to be relative-
ly confident of the average neutron-emission re-
sults. Similarly, mass 129 represents the low-
mass-ratio data. We plot the distributions for
mass 132 in order to examine possible effects of

the 50-proton, 82-neutron shell.
The energy distributions at most masses are

quite symmetric, nearly Gaussian in shape. This
is not true at the two wings of the mass distribu-
tion, however, where there is marked deviation
from a symmetric shape. The general trends of
the distributions are about what one would expect
simply from the amount of energy available at dif-
ferent values of the ratio of heavy-to-light mass.
At high mass ratios, that is, at more asymmetric
divisions, where there is less energy available,
the energy distribution is centered at a lower en-
ergy and is considerably narrower than those at
lower mass ratios.

The plots of average neutron emission at fixed
division, some of which are shown in Fig. 11, are
similar to that in Fig. 6 throughout most of the
mass range. However, in the vicinity of mass 132,
the neutron emission comes almost exclusively
from the light fragment at all kinetic energies.
The low neutron emission from the heavy frag-
ments near mass 132 has been associated with the
presence of the 82-neutron shell in this mass re-
gion. The rise of total neutron emission with de-
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creasing total kinetic energy is much less regular
in Fig. 11 than in Fig. 6, where the results were
integrated over all masses. Also, at most masses
there is evidence for a leveling off or a decrease
in total neutron emission at the lowest kinetic en-
ergies. This probably indicates that the events of
lowest kinetic energy are characterized by charge
divisions which do not produce maximum energy
release.

The distribution of the number of neutrons emit-
ted by single fragments of a given mass is indirect-
ly related, as was stated above, to the excitation-
energy distribution for fragments of that mass. In
Fig. 12 we have plotted the neutron number distri-
butions of several complementary mass pairs. The
results for all masses are given in the contour dia-
grams of Fig. 13. The events at negative neutron

numbers can, for the most part, be attributed to
resolution broadening in the determination of pri-
mary and post-neutron masses.

The general trends which we find in the observed
neutron number distributions are as follows: In
the case of the light fragments, the distributions
peak at one neutron for roughly two thirds of the
mass values, and at two neutrons for the remain-
ing mass values. We do not see any systematic
trend in the alternation between peaks at one or at
two neutrons. There were no observed peaks at
zero in the light-fragment neutron distributions.
The behavior of the distributions in the heavy-frag-
ment case is somewhat different. For most heavy
fragments below mass 140, the most probable neu-
tron number is zero. Above mass 140, the neutron
distributions usually peak at one neutron. There
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are a few cases where a heavy-fragment distribu-
tion exhibits a peak at two neutrons, and in some
of these cases there is evidence of a secondary
peak at zero.

Taken at face value, the observed neutron num-
ber distributions seem to imply that the excitation
energy of the light fragment is always greater than
or equal to that of the complementary heavy frag-
ment. This interpretation, however, does not take
into account the possibility that the energy re-
leased in y rays may also be mass dependent.

One further point which should be mentioned is
the fact that each of the above neutron number dis-
tributions represents results within a wide range
of total kinetic energy. We have also obtained neu-
tron number distributions for events of fixed mass
within 5-MeV ranges of total kinetic energy. Fig-
ure 14 is an example of the type of results ob-
tained for masses 96 and 140. These are to be
compared with the distributions for these masses
given in Fig. 12. The smooth, relatively symmet-
ric distributions of Fig. 12 are then seen to be sup-
erpositions of several distributions whose peak
positions, widths, and structure vary with total ki-
netic energy. In general, the peaks shift to higher
neutron numbers as the kinetic energy decreases.

The effect of mass dispersion on the neutron
number distributions of Figs. 12 and 14 is rather
larger than in the mass distributions, as can be

seen by considering the distributions for the mass-
es 96 and 140 amu, for which the calculated dis-
persions are 1.25 and 1.5 neutrons, respectively.
The dispersion should be slightly larger at the high-
er fragment energies and slightly smaller at the
lower energies. In the comparison with the ob-
served distribution widths, we will use the corre-
sponding FWHM, namely, 2.9 and 3.5 neutrons. In
Fig. 12, the observed widths of the distributions
are about 5 neutrons at mass 96 and 4. 5 neutrons
at mass 140. Upon subtraction of the contribution
due to dispersion, one is left with a width of 4 at
mass 96 and about 3 neutrons at mass 140. Simi-
lar procedures carried out on the distributions of
Fig. 14 indicate that at the highest kinetic energies,
most of the observed widths could be attributed to
dispersion effects, while at the lower kinetic ener-
gies a large fraction of the observed width is real.

One question of some concern in the analysis of
the neutron-emission results was the magnitude of
the possible systematic error due to uncertainty
in the energy calibration of the solid-state detec-
tors. This uncertainty has been estimated" to be
of the order of 0.5 MeV. Accordingly, the analy-
sis was performed with modified values of the con-
stants in the energy formula, in an attempt to as-
sess the effect on our results. We found that these
modifications did produce changes in details, but
the main features summarized above were not af-
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fected. In particular, the neutron multiplicity
varied from 2.25, as in the results presented here,
to 2.73, while the currently accepted value is 2.43.
The effect on the neutron number distributions was
to shift the peaks upward to higher neutron num-
bers in the analysis that gave v equal to 2.73. How-

ever, the observation that the peak of the neutron
distribution for the heavy fragment is in general
at an equal or lower number of neutrons than the
peak for the complementary light-fragment distri-
bution, seems to be preserved in the modified anal-
ysis.

One additional point to consider is the possible
effect of scission neutrons on our results. As was
stated previously, in any determination of primary
masses, one assumes that all prompt neutrons are
emitted by the fully accelerated fragments. There
is some evidence, however, from measurements""
of angular distributions of prompt neutrons with re-
spect to the direction of the coincident fission frag-
ments, that between 10 and 15/o of the neutrons are
not emitted by fully accelerated fragments. It has
been suggested that these neutrons are emitted
either before or during scission. If such is the
case, it seems likely that our mass results would
be affected, though the magnitude and even to some
extent the nature of the effects cannot be deter-
mined without more information than is presently
available. However, it is possible that the emis-
sion of scission neutrons is responsible for our
low value for the average number of neutrons emit-
ted per fission.

SUMMARY

tributions should be related to the single-fragment
excitation-energy distributions, and have not been
presented before for any fissioning nucleus.

In addition, the average neutron emission has
been obtained as a function of fragment mass and
total kinetic energy. We have not made a detailed
comparis on of our neutron emis sion results as a
function of these two parameters with the corre-
sponding MRC results, because the intervals of
mass and energy which we used for analysis are
smaller than those of MRC. We can say that our
results are qualitatively similar, though there are
differences in some details. In particular, we see
a larger variation in total neutron emission with
total kinetic energy; namely, one neutron per 11-
MeV decrease in total kinetic energy, as compared
with the one neutron per 18 MeV reported by MRC.

With the exception of neutron emission, the re-
sults of this experiment are contained in the ar-
rays giving the number of events at each value of
mass and total kinetic energy. These have been
analyzed both as mass distributions at fixed total
kinetic energy and as kinetic energy distributions
at fixed mass. For the most part, the mass-dis-
tribution results confirm earlier observations;
among them, the existence of structure at certain
primary masses, and the conclusion that no addi-
tional mass structure is produced by neutron emis-
sion. However, the total-kinetic-energy distribu-
tions show a previously unreported deviation from
symmetry at the lowest and highest mass ratios,
as compared with the Gaussianlike shape through-
out most of the mass range.

In this experiment, primary and post-neutron
fragment masses have been determined in fission
of U"' induced by thermal neutrons. The fragment
mass and energy information enabled us to obtain
details of the neutron emission as a function of
fragment mass and kinetic energy. This is the
first time this method has been applied to the fis-
sion of U' '. One unique feature of this experiment
is the fact that the event-by-event analysis made
it possible for us to obtain distributions of the num-
ber of neutrons emitted by single fragments at
each value of primary fragment mass. These dis-
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