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Long-range e-accompanied fission of 2 2Cf is investigated in a five-parameter correlation
experiment and the behavior of each component of total energy, including the prompt neutrons
from the individual fragments, as well as from the fragment pairs and the prompt-y emis-
sion, is studied and compar8d with the binary fission. The plobleIQ of detel mining the nucle-
on contribution by binary fragments to the e-particle formation is discussed. The average
energy of the 0. particle is observed to increase towards the symmetric Lission region, which
is understood in terms of a possible shift of the scission point towards the heavy fragment.
The dependence of the average number of total neutrons on the n-particle energy and the de-
pendence of the G. -particle energy on the fragment total kinetic energy is not linear, whi, eh is
interpreted to yield some qualitative information on the initial energy of the 0. particle. Sev-
eral differential correlations are also discussed.

I. INTRODUCTION

The a-particle accompanied fission [long-range-
a (LHA} fission] in '"Cf has been extensively stud-
ied in the past few years' ' and has recently been
reviewed by Halpern. ' Since the characteristics
of the binary and I BA mode of fission, which are
determined by the initial conditions at the moment
of scission, are so similar, it is recognized that
the study of the emission of the n particle could
possibly yield some concrete information on the
dynamical conditions at scission. A considerable
effort in this direction has been made by compar-
ing the LBA-fission experimental results with the
asymptotic solutions of the trajectory calcula-
tions.

Two main qualitative features of the dynamical
conditions at the I.BA scission point seem to
emerge from these studies. First, the fissioning
nucleus is on the average a little more elongated
in the LBA mode of fission and second the Qs-
sion fragments are already moving with an ap-
preciable part of their final kinetic energy at the
moment of scission. However, a quantitative
agreement on these points is far from satisfactory,
and moreover, the trajectory calculations made
by some authors" "yield appreciably different
initial dynamical conditions.

The problem of arriving at a consistent set of
initial dynamical variables is extremely compli-
cated because of the multitude of free parameters
and the lack of understanding of the mechanism
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of the o.-particle emission which could possibly
restrict the number of parameters or at least
their range of variations. In the absence of the
physical picture one has to rely more and more
on experimental information. For example, the
range of the variability of the initial dynamical
variables and their interrelations reflect in the
variances and the correlations of the experimental
distributions. The experimental results on these,
particularly the differential results, are very
scanty. The present experiment is an attempt
to obtain the detailed information, with sufficient
statistical accuracy, on the energy and probability
distributions of as many parameters as possible,
and to study the variances and the various possible
correlations. Moreover, it is believed that a
reasonable picture of the dynamical conditions
at the scission point could possibly emerge only
after taking into account the deformation shapes
of the fragments in the trajectory calculations.
This experiment provides a large amount of in-
formation connected with the excitation energy
of the fragments in order to augment the feasi-
bility of such an attempt in future.

The experimental details are discussed in Sec.
II, the data analysis in Sec. III, and the results
and discussions are presented in Sec. IV. The
global results, which have been obtained to a cer-
tain extent in previous experiments, ' ' along with
the results on some of the variances, are dis-
cussed briefly, and more stress is given to the
differential results and the new information ob-
tained in the present experiment. Finally, a short
summary of conclusions from our discussions is
given in Sec. V.

II. EXPERIMENTAL DETAILS

The target consisted of a 1-cm-diam-thin de-
posit of '"Cf, obtained by the self-transfer meth-
od, onto a thin VYNS backing. The source strength
was 10' fissions jmin. The target was mounted at
45' between two back-to-back surface-barrier de-
tectors by means of which the energies of both the
fragments from the fission events were measured.
The fission-fragment detectors were 2 cm in di-
ameter and their distance from the center of the
target was 2 cm. The two semiconductor detectors
for measuring n particles (2.5 cm diam) were
mounted symmetrically at a distance of 1.1 cm
from the center of the target and were at 90' to
the axis of the fragment detectors.

The neutron detector was a 100-cm-diam gado-
linium-loaded liquid scintiQator tank. Fission
neutrons entering the detector are thermalized by
proton recoils and captured in about 10 p.sec by
the gadolinium nuclei. The 8.2-MeV y-radiation

cascades released from each capture event pro-
duce scintillations which are detected by the photo-
multipliers and give the neutron signal. It is possi-
ble to distinguish the prompt y rays and prompt
neutrons in this detector, by studying the pulses
as a function of time with respect to the fission
event. The y rays give a prompt pulse, whereas
the neutron pulses are produced after several
microseconds. However, the prompt-y pulse
naturally contains the small effect of the proton
recoils produced in the early part of neutron
thermalization which has to be corrected to get
the correct y pulse. " The prompt-y pulses were
analyzed by means of an analog-to-digital con-
verter, and the multiplicity of neutrons was re-
corded in a period of 35 p.sec, starting 1 p, sec
after the arrival of the fission event signal. After
a duration of 100 p, sec from the fission event, a
second 35-p, sec-wide gate recorded the back-
ground counts. The details of this detector sys-
tem have been published before. " This system
has a high efficiency of -80% for detecting fission
neutrons. The background for the present experi-
ment was about 0.04 counts per fission event. The
detector tank consists of two hemispheres which
are placed side by side for the 4m detection and
can be used separately for 2r counting experi-
ment. Each hemisphere has a 10-cm-diam dia-
metrical hole to fix the fission-event detection
system inside the neutron detector.

The present investigation consists of two sepa-
rate sets of measurements which are as follows.

The fission chamber described in the first para-
graph of this section was placed in the center of
the diametrical hole in the neutron detector used
in the 4m counting geometry. This was used to
study the total number of neutrons (v, ) emitted
per fission event and the average prompt-y ener-
gy for the binary and LBA fission of '"Cf simul-
taneously. The e detectors were surrounded by
=12-mg/cm' aluminium foil to shield these de-
tectors from the fission fragments and the natural
o. particles from '"Cf. For the LRA fission re-
cording a coincidence was demanded between one
of the e detectors and the two fission-fragment
detectors and this coincidence signal opened the
time gates for neutron detector systems. The re-
cording of binary-fission data was exactly similar
except for the absence of the signal from the e
detector. A total of 70000 LRA-fission coinci-
dences were recorded in this experiment on an
incremental magnetic tape recorder.

The second experiment was to measure the num-
ber of neutrons emitted by the individual fragments
in the fission event of the binary and LRA type in
"'Cf. This was done in the usual fashion of util-
izing the neutron detector in 2~ counting geometry.
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The angular correlation of the prompt neutrons
with the fragment direction is used to associate
the neutrons with the particular fragments that
emit them. In order to have the better definition
of the fragment direction the distance between one
of the fragment detectors and the fissile source
was increased to 4 cm. This naturally reduces
the counting rate, and a total of -9000 coincidence
events were accumulated for LRA-fission events
in the period of about 80 days.

The five parameters recorded for LRA fission
were two fission-fragment pulse heights, e- par-
ticle energy, - prompt-y pulse height, and the num-
ber of neutrons emitted per triple coincidence
event. The simultaneous recording of binary and
LRA-fission data was achieved by recording 99
binary fission events for every LHA-fission event
recorded, through a logic system.

III. DATA ANALYSIS

The energy calibration of fission-fragment de-
tectors was done using the binary-fission data
and the calibration method of Schmitt, Kiker, and
Williams. " The a-particle detectors were cali-
brated using various natural a peaks and the e
energy was corrected for absorption in the alu-
minium foil. The neutron data were corrected
for background and electronic dead-time effects.
The efficiency correction was determined from
binary-fission data. In the case of 4~ experiment,
it is experimentally measured in an unambiguous
fashion. " On the other hand, in the case of 2w

experiment, it depends strongly on the neutron-
fragment correlation. " For each pair of frag-
ment energies (E„E,), the efficiency was deter-
mined for the neutrons emitted by each fragment
using a Monte Carlo code,"which q,ssumed that
all neutrons are evaporated isotropically (in the
center-of-mass system) from fully accelerated
fragments with a Maxwellian spectrum and a con-
stant nuclear temperature of 1 MeV. A treatment
of binary-fission neutron data with Bowman's nu-
clear temperatures" showed no significant dif-
ferences in the v, (M, Er) values.

The masses and kinetic energies of fission frag-
ments were not corrected for prompt-neutron
emission, except in the case of the evaluation of
the pre-neutron mass distribution. It is because
the detailed information on prompt-neutron emis-
sion, v(M, Er, E„), with sufficient statistical ac-
curacy, which is necessary for realistic correc-
tions, is still lacking in the case of LRA fission.
It is believed that the comparison of binary and
LRA-fission results is not hampered due to this
because of the close similarity of the two pro-
cesses. The fragment masses indicated are thus,
in general, pseudomasses" unless otherwise

mentioned. It was not possible to take into ac-
count in detail the recoil effects due to e emis-
sion in LRA fission, since we have not measured
the angular direction of the e particle with re-
spect to the fission fragments. However, we
made the correction for the mass distribution
curve (see Appendix).

The pre-neutron-emission mass distribution in
LRA fission was obtained with the procedure
given by Schmitt, Neiler, and Walter, "and by
utilizing our results on prompt-neutron emission
from individual fragments evaluated as described
above.

IV. RESULTS AND DISCUSSIONS

A. Mean Values

A summary of results is presented in Table I.
Our value of the mean kinetic energy of fission
fragments in LRA fission is lower than the values
obtained in other measurements. ' 4 In all the
previous measurements the energy calibration of
the fission-fragment detectors was done by as-
suming a simple linear dependence of the energy
on the pulse height, whereas we have used the
more accurate method of Schmitt, Kiker, and
Williams. " To understand this difference, we
also tried a simple linear-dependence calibration
procedure, and in this case we obtained the value
of Ez~""" (post-neutron emission) to be 171.2 MeV
in agreement with above-mentioned authors. The
difference between the mean kinetic energies of
the fragments of binary and LRA fission is found
to be 14.16+ 0.04 MeV, after the correction for
neutron emission. This value is significantly
higher than the values obtained so far, which is
understandable from the reason given above.

The average number of neutrons (v, ) emitted
per fission event in LRA fission has been mea-
sured in an almost 4m geometry. Our value of the
difference (v, —v ",""")is in good agreement with
all previous measurements except that of Adamov
et al."who give the value as 0.95. A new quantity
measured in the present work is the average en-
ergy associated with the prompt-y emission which
is listed in the table. The difference in the energy
associated with y emission between the binary and
LRA fission is measured to be 1.01+ 0.02 MeV,
which had been assumed to be zero so far. ' Our
E& values are corrected for small effects of pro-
ton recoils caused by fission neutrons. The mean
0. energy given in the table is after the correction
for absorption in the aluminium foil and thus has
the usual uncertainty connected with. the foil thick-
ness, the correction procedure, and the artificial
bias introduced by the foil.

Since we have access to all components of the
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B. Comparisons Between Binary

and LRA Fission

The mean values of the quantities E~, E&, and

v, as a function of light fragment mass in LRA
and binary fission are shown in Fig. 1. The re-
markable similarity (except for a small over-all
shift) between these characteristics for the two
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we attempt to compare the total energy available
in the two fission processes. The difference in
energy available in the two processes can be writ-
ten as

b Q = b Er +

dory

+~„-E„, (1)

where 4E& =El"-E~ ""etc.; 4E„ is calculated
using the same binding energy of 5.2 MeV for bi-
nary and ~ RA fission, and the kinetic energies
from the formula'4 E, =0.65(v, +1)"'. By using
the values listed in the table and correcting 4E»
for neutron emission we get

4@= 4.00+ 0.06 Me V .

fission processes has already been demonstrated
by previous experiments. The present experi-
ment provides much higher statistical accuracy
and gives additional information on the similar
behavior of the variances as a function of frag-
ment mass, shown in Fig. 2.

The results on prompt-neutron emission from
individual fragments (v, ) in binary and LRA fis-
sj,pn are shpwn in Fjg. 3. The p ",

"""results frpm
our 2w geometry experiment suffer from insuffi-
cient statistical accuracy and the difficulties dis-
cussed in Sec. DI. On the other hand, our results
on the total neutron emission from both fragments,
v„are free from these problems. Thus the good
agreement between the v& values in the two mea-
surements (2v and 4v geometry), shown in the up-
per part of the figure, gives us confidence in the
reliability pf pur p", ""results. The ratip pf neu-
trons emitted from light and heavy fragment
(v~/v„) is observed to be 1.12 in the case of LRA
fission and 1.16 for binary fission. Our results
on v„both for binary and LRA fission, are mark-
edly different than those Nardi and Fraenkel, '
particularly for neutron emission from heavy
fragments. The flat response of our large liquid
scintillator to neutrons of varying energies gives
neutron data with considerably improved accuracy,
whereas the efficiency corrections in the experi-
ments utilizing small scintillators introduce sev-
eral uncertainties as also emphasized by Nardi
and Fraenkel. ' This may explain the observed
differences, but it should be pointed out that the
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FIG. 1. The mean total kinetic energy of both frag-
ments (Ez), the average prompt-y energy (E&) and the
average total neutron emission from fragment pairs ()7,)
as a function of light fragment mass, for binary and LRA
fission.
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comparison of the two results is difficult because
Nardi and Fraenkel indicate only four points in the
region of reliable statistical accuracy.

The pre -neutron-emission mass -distribution
curves shown in Fig. 4 differ in details with those
obtained by Nardi and Fraenkel, ' which arise due
to the calibration procedure as discussed before,
and the differences in the results on the neutron
emission from individual fragment. The binary-
and LRA-fission curves in our figure are nor-
malized to the total yield and not at the peak
values. The average shifts in the light and heavy
fragment peaks are indicated in Table I.

In Fig. 5 we show the results on v, and Ez (aver-
aged over the mass distribution) as a function of
kinetic energy. The LRA fission results are plot-
ted as a function of both E~ and total kinetic en-
ergy, E&+E . In the light of previous results the
similarity between the binary and LRA fission,
except again possibly a small shift, is not sur-
prising. The differential slopes, dv, /dE» for in-
dividual masses, are plotted in Fig. 6. The values
of the slopes dv, /dE» and dv, /d(E»+E„) are more
or less identical mass by mass.

This comparison of all the characteristics of
experimentally measured parameters leads to a
definite conclusion that the a -emission process

does not change in a significant way any of the
characteristics of the scission process. If we
turn the argument around we can say that the +-
emission process as a whole is very nearly in-
dependent of the scission configuration, except
for possible difference in elongation.

C. Correspondence Between Binary

and LRA Fission

There are two questions to be answered in con-
nection with the n-emission process. First, how
does the nucleon contribution (X) to form an +-
particle depend on the binary fragment mass, and
second, how does the probability of emission of
the n-particle vary as a function of mass ratio.
The shape of the various distributions, such as
the mass distribution, in LRA fission depend on
both the probability of a emission and the origin
of nucleons, and thus it is impossible to extract
results on both the quantities just from the com-
parison of mass distributions. If one makes a
reasonable assumption about I'~ it is possible to
evaluate X, or vice versa. It has been clearly
demonstrated recently by Halpern' that the two
are completely equivalent ways of characterizing
the transformation from binary- to LRA-fission
mass distribution. In order to have a complete
correspondence between all binary- and LRA-fis-
sion distributions one would like to have consis-
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where Pa(A~ +n) is the probability that the binary
fragment of mass (Az, +n) contributes II nucleons
to n formation. The average number of nucleons
contributed by binary fragments is given by

X(A~) = Q nP„"(AL), (3)

and the probability of LRA fission for a given
mass ratio by

P„(AI/A„) = Q P„"(A~).
n -"0

(4)

It should perhaps be emphasized that P~ is the
probability that a binary fission with fragments of
mass Al. and A~ actually evolves out into LHA
fission and that P is related to the mass pair.
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tent information on both the quantities P and X.
Since there are many ways in which the a par-

ticle can be formed, i.n general, binary yields of
several masses contribute to the yield of a par-
ticular mass in LHA fission, and one gets a gen-
eral relation

4

"(AL) = Q Y "(AL +n) P„"(AL +n),
n=0

Schmitt and Feather" 6 have obtained the prob-
ability of LHA fission with the assumption that all
the nucleons are contributed by one fragment.
They express it as

Y""""(A-4) = YB"(A)P„(A),
which gives rise to two curves, one corresponding
to the a emission from the light fragment only,
and the other corresponding to the u emission
from the heavy fragment only. If both light and

heavy fragments could emit a particles, then Eq.
(2) would lead to the expression

YLRAF(A ) YBF(A )P 0 (A )

+ YB"(AL+4) P~4(Ai +4) .

Nardi and Fraenkel' have evaluated P (AL/AB)
by making a plausible assumption regarding the
nucleon contribution X(A~). However, to obtain
P (Az, /A„) they use the expression

YLRAF(A& -X)= YBF(A&)P~(A&/A&)

This expression seems to be valid, with the re-
strictions that X is unique for each A (physically
it implies that X is integral), and that only one

binary fragment can contribute to the yield of a
particular fragment in LRA fission.

It is possible to evaluate P„(AB/AB) with some
assumption about X(AL), or vice versa, according
to Eqs. (2), (3), and (4}without any restrictions if
one uses the cumulative yields derived from the
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measured differential mass yields of binary and
LBA fission, as shown by Terx'ell'4 for the case
of neutron emission.

D. Evaluation of X(A)

In terms of the only available picturee of the o.-
emission process, the 0. particle is probably emit-
ted by a sudden change in potential. One could en-
visage the situation that an e pax ticle exists '.n the
neck prior to LBA scission, and the probability of
0. emission depends on the change of having an e
particle at the time of scission. If one assumes
that the snap position does not depend on whether
an Q pax'tlcle exists at the time of scission ox' not
then one could say that P~ should be independent
of mass ratio. The other quantity [X(A)] (which
provides the infox'mation how, if binary scission
took place instead of LBA scission, these nucleons
would have been distributed between the two binary
fragments) might depend on the details of the en-
ergetics involved as calculated by Feather. ' If
this way of looking at e-emission process is rea-
sonable, then one can learn about the variation of
X with binary fragment mass. However, the pic-
ture is clearly intuitive, and its x'easonability can
only be checked by its consistency.

The average nucleon contribution by bina, ry frag-
ments, X(A), evaluated by using the cummulative
mass yields (corrected for prompt-neutron emis-
sion) under the assumption that P is independent
of mass ratio is shown in Fig. V. The statistical
accuracy of our results on p~""(A) does not per-
mit to evaluate X(A) near the symmetric fission
region. The first conclusion from this is that the
contribution to the e-particle formation is at the
expense of both binary fragments (the situation
will of course change if P was not really indepen-

dent of mass ratio). The average contribution
from the light fragments is slightly greater (=2, 2).
This is reflected as a shift of 2.3 amu in the mean
light fragment mass in the two mass distributions.
Furthermore, it is observed that the variation of
X is reasonably linear with fragment mass, in
each peak, with an over-all saw-tooth behavior as
suggested by Nardi and Fraenkel. '

A rough linear dependence of ap= p (A)
-Pr(A-X) onX is observed considering light and
heavy fragments separately, which can be ex-
pressed as

X~ -(X~) x„-(X„)
Spy (zkvg) Epg (n pg)

(8)

where (X~) is the average taken over all the light
fragments,

-BF(A) —LRA (A X)

gp„=p~"(A) —p~~""(A -4+X), etc,
The consequence of this ls that

gp, = p~s"- p,""~(A-X)= constant.

It should be noted that hv, = constant had been tak-
en as one of the assumptions by Nardi and Fraen-
keP to determine av(A) and P„(A~/A„). However,
they had made an additional assumption that X~/X„
= v~/v~"" which is not in agreement with our re-
sults. The logical consequence of the deduction
that 5P, is constant is that the decrease of the to-
tal excitation energy due to the o. emission is con-
stant over all mass ratios. This seems to be an
indication of the consistency between our starting
assumption and its consequences.
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FIG. 7. The average nucleon contribution to the 0.-
particle formation, vrith roughly estimated errors, as
a function of binary fragment mass and the function

& BFg~ pLRA~

PIG, 8. The dependence of the average energy of a
particle (E~) and the variance (og ) on the fragment
mass ratio, plotted as a function of the light fragment
mass, in LBA fission.
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E. Average Energy of the 0. Particle

and Its Variance

Our measurement of the average energy of the
0. particle as a function of the mass of the fission
fragment, E„(M), shows an increase of about 1.5
MeV as the symmetric fission region is approached,
which is shown in Fig. 8. Vfe migh. emphasize
that the mass-resolution effects and the spurious
events caused by the energy loss of fission frag-
ments due to scattering in detector mounts can
only reduce the observed effect. Similar behavior
is observed for the variance of E„, also shown in
Fig. 8.

These effects observed near the symmetric fis-
sion region are interesting for trajectory calcula-
tions. The results of the various trajectory cal-
culations on this point are not conclusive. Geilik-
man and KMebnikov' show that the most probable
energy E „varies very little (by -500 keV) as the
mass ratio increases from 1 to 2. The recent tra-
jectory calculations of Fong" show an effect simi-
lar to our experimental results, but he attributes

it to not taking into account the effects of uncer-
tainty in the initial position of the e particle. It
is pointed out by Pong that if an uncertainty in
position of about 3 fm is introduced, the distribu-
tion tends to smooth out, removing the effect of
increase in Z towards the symmetric fission re-
gion.

One can understand qualitatively the observed
behavior of X„as a function of the fragment mass,
if we assume the configuration near the scission
point as two asymmetric fragments joined by a
neck."" As the symmetric fission region is ap-
proached, the neck snaps closer to the heavy frag-
ment and the shift in the n-particle emission point
gives it relatively more kinetic energy than in
other regions. Thus the increase in K can be
attributed to the fact that the scission point shifts
towards the heavy fragment as the symmetric fis-
sion region is approached. This is also borne out
from the angular-distribution results of Fraenkel. '
The trajectory calculations of Boneh, Fraenkel,
and Nebenzahl' indicate that the most probable ini-
tial distance of the e particle from the heavy frag-

TABLE I. Summary of results on mean values of various quantities in binary and LHA fission, The widths of the dis-
tributions given in our results are the root-mean-square widths. The errors quoted are statistical only. The results
of other authors are listed for comparison,

Binary fission Long-range n fission

Our results

Schmitt
et al.

{Ref. 6)

Nardi and
Whetstone Fraenkel

(Ref. 7) (Ref. 4) Our results

NardI and PIekarz
Fraenkel
(Ref. 4', (Ref. 3)

Fraenkel
(Ref. 5)

Z~ (MeV) 186.26 + 0.01 186.5 + 1.2
(183.34 + 0.01) (183.2 + 0.7)

185.7 + 1.8 187.3 + 0.]. 169.79 + 0.04 174.5 + 0.1 171.0 + 1.1 169.].+ 0.].a

oE (MeV)

M& (amu)

11.4

108.5
(108.9)

12.0

108.55

11.3

108.39

10.8 + 0.1

108.7+ 0.1 106.2
(107 7) b

9.8 ~ 0.06

105.9

12.6 0.1

Mz (amu) 143.4
(143.1) b

143.45 143.61 143.3 + 0.1 141.8
(140.3)

142.1

0'g (amu) 6.8
(7.5) b

6.72 6.77 6.91 6.08

VT 3.766 + 0.002 3.072 + 0.006 3.11+ 0.05 3.10 + 0.08

vT

X„(MeV)

(Mev)

EBF g LRAF (MeV)

—BF —LRAF
T PT

1.25 ~ 0.07

7.00

1.20+ 0.10

5.99 + 0.02

16.08 + 0.02

4.2+ 0.3

13.55+ 0.04 ' 12.8+ 0.1

0.694+ 0.006 0.60+ 0.05 0.69 +0.06

12,1 + 0.].~

~ Past-neutron-emission quantities. Pseud omass ~
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EtX-
(Me V)

E& = 159 MeV

17

16 -i t

ment shifts appreciably towards the heavy frag-
ment as the mass ratio R tends towards 1, which
also corresponds to an effective increase in E
considering their calculations on the dependence
of F. on the e particles, initial position. Thus the
qualitative arguments used to understand our re-
sults on Z variation seem to be in agreement
with the trajectory calculations of Boneh, Fraen-
kel, and Nebenzahl. '

The behavior of o~„can be understood from the
argument that the slope of the potential energy
curve becomes steeper as the heavy fragment is
approached, and thus a small variation in the ini-
tial position of the o. particle can produce the ob-
served larger variation in Z„near symmetric
fission.

So far our discussion was based on the observed
behavior of E (averaged over E») as a function of
mass split. Continuing in the realm of the Vlad-
imir ski-whetstone picture, this corresponds to
the situation of fixed snap position (fixed mass ra-
tio) and variable snap time. It should be interest-
ing now to examine the behavior of X for a fixed
snap time (state of elongation) as a function of

mass ratio, B. Some representative curves of
E (I) for several values of E» are exhibited in
Fig. 9, with a chosen grid of 2 amu and 4 MeV.
The increase in E as the mass ratio decreases
is evident in all the curves. Moreover, the in-
crease in Z~ near the symmetric region becomes
more pronounced as E» increases (i.e., for small-
er elongation), which again is in line with the quali-
tative explanation used so far. As far as the vari-
ance of E„for fixed Z~ values is concerned, the
statistical accuracy is the limiting factor. It is
not possible to draw any definite conclusion, but
the tendency seems to be that g~ does not change
with mass for fixed values of F~.

In our discussion on the variation of Z„with A,
we have concentrated on the increase in E as 8
tends to 1. Now from the qualitative picture of the
shift in the scission point as R changes, one would
expect that as 8 becomes very large the scission
point should shift closer to the light fragment,
thus producing some characteristic influence on
on E~ and p~ . Our results do not show any sta-
tistically significant effect for P»1. Boneh,
Fraenkel, and Nebenzahl' found in their trajec-
tory calculations that E increases as the initial
position of the n particle is closer to the lighter
fragment, but the increase is considerably less
than in the case when the n particle is initially
closer to the heavy fragment.

18-
1?-
16

15

EK = 167 Mev

F. Correlation of u& and E& with E~

The average number of neutrons emitted by both
fragments decreases as F. increases, which is
shown in Fig. 10. However, the decrease in v,
does not appear to be linear with F. in contradic-
tion with existing results. ' " On examining this
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FIG. 9. The variation of the n-particle energy (aver-
aged over 2 amu and 4-MeV grid) with the fragment mass,
for the fixed values of the total kinetic energy of both
fragments, in LHA fission.
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FIG, 10. The dependence of the average total neutron
emission and the average y energy on the 0-particle
energy in LRA fission.
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dependence of v, on E for fixed fragment mass
(Fig. 11) it is apparent, in spite of the poor statis-
tical accuracy, that it is not linear even when the
fragment mass is fixed. The variation is possibly
such that the slope d v, /dB„ increases with 8„.

The variation of Z„with E, which is also shown
in Fig. 10, is rather similar to the variation of v, .
Since the average photon energy is expected to be
practically constant, oar results on E„mostly re-
flect the change in average number of y quanta
yields. Ajitanandmg found that the y quanta yield
remains fairly constant With E up to about 18
MeV and then drops off, which was interpreted as
a rather sudden change for E &17 MeV. Our re-
sults on E„, as mell as v„- do not show any trend
of sudden change. It is jQ;so. interesting to note
that Fraenkel' had fou~d that uy to ari energy of
E = 19 MeV the angular distr'ibutions are more or
less independent of E„., but for E &19 MGV they
broaden considerably'. This again must be a grad-
ual change and may poss. ibly & related to the ef-
fect observed here in v, vs F. curves-. From the
observation that the slopes d v, /dE„and dR /dE„
increase with n-particle eriergy, one can argue
that as E increases xnore and more energy comes
at the expense of the excitation energy, which may
be connected with the imerehee in the initial kinet-
ic energy of n particle (Zo„). The broadening of

angular distribution with increasing E is expect-
ed if E~ increases. However, an alternate explan-
ation of the broadening of the angular distributions
could well be associated with late scission, which
corresponds to larger separation between the two
fragments and thus less focusing effects by the
fragment Coulomb fields. Thus it is not possible
to make a reasonable conclusion from these global
results (averaged over the mass and kinetic ener-
gy distribution of fission fragments).

In Fig. 12 is shown the dependence of v, on E„
for several groups of total kinetic energies of the
fragments. It is noticed that in this case v, seems
to decrease a little more linearly with E . It can
possibly be argued that by fixing E~ we have put
a restriction on the variations of the separation
between the two fragments and thus on the electro-
static energy. This would in turn imply that now
the variations in E~ should be more or less en-
tirely due to E'„(for fixed mass) which probably
comes at the expense of excitation energy and
thus v, decreases linearly. Thus it appears that
the nonlinear variation of v, with E is brought
about by the averaging over EE. More useful in-
formation can perhaps be derived by examining
variation of P, with E and p~/Pz with Z for fixed
values of M and E~, but the statistical limitation
does not allow us to pursue it further.

The existence of a competition between prompt-
neutron and prompt-y emission in binary fission
has been recently studied by Nifenecker et gl. ,

"
and it was found that for binary fission the average
prompt-y energy E„and the average number of
total neutrons v, show a linear relationship. In
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FIG. 11. The dependence of the total neutron emission
by the fragment pairs (averaged over the kinetic energy
distribution) on the G.-particle energy, for the fixed frag-
ment masses (the mass grid is 2 aalu).

FIG, 12. The average total neutron emission for the
fixed groups of total kinetic energy of both fragments
in LRA fission versus G, -particle energy.
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Flg. 13 we show R plot of E& Rs R function of p~

for both binary and LRA fission. These curves
are obtained from the results of E„and v, as a
function of EE by determining values of Ey and

v, corresponding to the same values of E~. The
slopes of the two curves are almost equal, which
indicates that the neutron-y competition in LBA
fission is identical to that in binary fission. The
intercept of these curves at v =0, which is related
to the average binding energy of neutron, indicates
that the average binding energy of neutrons in the
case of LRA fission is slightly lower than in the
binary fission. It is reasonable, since LBA frag-
ments are supposed to be more neutron rich than
binary fragments. A rough estimate shows that
the difference in the average binding energy is
about 0.4 MeV. It should be mentioned that the
average difference in the energy available in the
two fission processes obtained in Sec. A would in-
crease by xoughly 0.3 MeV if this difference in
binding energy of neutron is taken into account.

G. Correlations Between E& and EI
The variation of E& and p~ with E„is shown in

Fig. 14. The slope dEr/dE„= 0.44 give-s the cor-
relation between the average fragment kinetic en-
ergy and the a-particle energy which is in excel-
lent agreement with the value obtained by Fraen-
kel. ' Our differential results demonstrate that the
anticorrelation between E~ and E~ increases as
the mass ratio decreases (Fig. 15). The negative
correlation is about 0.2 in far asymmetric region
and increases to about 0.6 near symmetric region.
Although the errors in evaluating the slopes are in

general large, the trend of increase is clear, if
it is not px'oduced due to some systematic ex'x'ors.
However, an independent result obtained on d P,/
dE„(upper part of the figure) indicates a decrease
as mass ratio decreases, which is expected if
dEr/dE„ increases. Since these two quantities
measured independently point towards the same
effect, it can be asserted that the effect of the
change in the anticorrelation between E~ and E~
with mass ratio is not due to any systematic er-
rors. Since these variations in dEr/dE and
those of os (Fig. 2) with fragment mass ratio
show R similar tx'end it might RppeRr thRt the cor-
relation between E„and E depends on the distri-
bution of the initial distance between the fragments
(D), particularly in connection with the remark
made by Blocki and Krogulski that the negative
cori'elation between E~ and E~ can be reproduced
in trajectory calculations by including some distri-
bution of D. But the trajectory calculations of
Honey, Fraenkel, and Nebenzahle indicate that just
the initial distribution of Eo can account for the
observed anticorrelation between E~ and E„. How-
ever, it has been pointed out by Boneh, Fraenkel,
and Nebenzahl, ' and emphasized recently, by Hal-
pern, ' that the actual negative correlation ob-
served in the experiment is perhaps a complicated
mixture of the correlations of varying signs prci-
duced by the several initial parameters. The tra-
jectory calculations have so far attempted to de-
rive the correlation between the fragment kinetic
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FIG. 13. The average prompt-y energy as a function
of the average total neutron emission from fragment
pairs in binary and LQA fission.

PEG. 14. The mean total kinetic energy of both frag-
ments and its variance as a function of the G. -particle
energy in LRA fission.
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energy averaged over the mass distribution (or for
the most probable mass) and the o.-particle ener-
gy. The differential results and the variances
presented here when compared with the correspond-
ing quantities obtained in trajectory calculations
might be able to provide better information on the
relative importance of the various possible initial
parameters.

The correlation between the average o.-particle
energy (E ) and E„can also provide interesting
information, which is shown in Fig. 16 along with
the results on the variance p~ . The dependence of&a'
E on E~ is not linear, which is in contradiction
with the observation of Asghar et al."in the case
of "'U neutron-induced LRA fission. It should per-
haps be pointed out that the fact that E~ vs E~
curve is a straight line, whereas E~ vs E~ curve
shows a complicated dependence, is not surpris-

ing. From the regression analysis one knows that
these two slopes are related by the expression

dEE dE O s~
dE„dE~ o ~„'

and thus the variation of these slopes as a func-
tion of fragment mass can in principle show a
completely different behavior. Our results show
that even when we consider the variation of E
with E~ for fixed fragment masses the over-all
dependence of E on E~ remains unchanged, and
in fact it is more or less insensitive to the frag-
ment mass ratio (Fig. 17) except for the effect
(Sec. E) that E increases as the symmetric fis-
sion region is approached. The obvious qualita-
tive conclusion from this is that independent of
the snap position the correlation between E„and
E~ is small for low values of E~ and it increases
with E .

Although these correlations are presumably pro-
duced by a complicated mixture of several initial
variables one could perhaps still try to look for a
simple interpretation. The experimental result
that the correlation between E and E~ increases
with E~ can possibly be an effect of decrease in
the initial kinetic energy of fragments (Eo») as de-
formation decreases (corresponding to increase
in E»). If the initial energies E'„and E» are not
correlated, then higher initial energy leads to less
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FIG. 15. (a} The derivative of the mean total kinetic
energy of the fragments with respect to the O. -particle
energy, (b) the derivative dv&/dE~, as a function of the
light fragment mass in LRA fission, and (c}the deriva-
tive dvt/dEz (averaged over 107&M & 111}as a function
of E~.
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FIG. 16. The mean O. -partic1e energy and its variance
as a function of the tota1 kinetic energy of the fragments
in LRA fission.
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correlation. Similarly if we assume that E' is the
most relevant initial parameter in determining the
correlation between E~ and E, as indicated by
Boneh, Fraenkel, and Nebenzahl, ' then the results
on dE»/dE„as a function of mass ratio suggest
that E0 decreases as one approaches the symmet-
ric fission region. This should be considered in
conjunction with the discussion in Sec. E that the
increase in K towards the symmetric fission re-
gion is due to the shift in the scission point to-
wards the heavy fragment. This would imply that
as the scission point shifts towards the heavy frag-
ment the initial energy of the n particle may de-
crease but the final energy acquired by the z par-
ticle increases.

The results show that for a, fixed fragment mass,
both v, and E„decrease with increase in E„, but
the decrease of P, is not linear and the variations
in E„are small. The energy available must be
constant (within the uncertainty of charge) when

the mass is fixed and thus the above information
indicates that the energy associated with neutrons
must vary with E to compensate the nonlinear be-
havior of v, with E . It is known that the kinetic
energy of the neutron depends on v, [E, =0.65

x(P, +1)"']. However, the statistical accuracy of.
our slopes of these various energy components
with respect to E is not sufficient to say whether
the variation of E„expected from this relation is
enough to explain the effect.

An alternate source of this information is the
variation of the slope dv, /dE» with E Th. is is
shown in Fig. 15(c), for an average over a group
of masses (107&M & 111) to get a rea, sonable sta-
tistical accuracy. Vfithin this limitation of having
to average over certain masses we find that the
observed effect of increase in dv, /dE» with E„is
consistent with the energy balance. That is, the
relation

4Q 4E» hEy 6[v, (dP, /dE») ']
b,E~ AE„hE„hE„

is satisfied by our experimental values of slopes.

V. SUMMARY

The present experiment has yielded an extensive
information on the LRA fission. The results on
the mean values of the quantities, such as E~ and
v„as a function of fragment mass ratio are in
general agreement with those reported previously.
However, the trend of variation of average neu-
tron emission per fragment (p,) with fragment
mass is observed to be quite different in compari-
son to the existing results. Moreover, markedly
different results are obtained for the average +-
particle energy (E„)as a function of different fis-
sion parameters and for the experimentally ob-
servable variables as a function of E„. A sum-
mary of the results follow:
(1) The detailed experimental results obtained
here lead to a strong confirmation of the close
similarIty between the LHA and the binary scis-
sion configuration. But, it has not been possible
to get any direct indication from the experiment
to comment either way on the question whether or
not the scission configuration in LRA fission is on
the average a little more elongated than in binary
fission.
(2) The differences in the average values of the
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FIG, 17. The variation of the average energy of 0.
particle with EE for fixed values of fragment masses
(mass grid =2 amu).
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FIG. 18. Schematic diagram of the kinematics.
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parameters characteristic of the fission process
are indicated below:

E~z —Z~~"~= 14.16+ 0.04 MeV (pre-neutron emission),

P —P """= 0.694 + 0.006 MeV

g~ -g ""=1.01g0.02 MeV,
y y

Qs -Q "".-=. 4.00+0.06 MeV

P~ a~/P z~"~ ——1.18 (= 1.16 for binary fission).

(8} In as far as the assumption that the probability
of a emission is independent of fragment mass ra-
tio is reasonable, it is found that both light and
heavy fragments contribute to the formation of the
z particle. However, it should be emphasized
that only the average nucleon contribution to the
o. formation is determined, and thus one cannot
rule out the possibility that the e particle is emit-
ted by the light or the heavy fragment, with some
probability attached to each possibility, since it
can yield the same result on the average nucleon
contribution.
(4) The average energy of n particle increases as
the fragment mass ratio approaches unity which
is understood in terms of the shift of the scission
point towards the heavy fragment as the symmet-
ric fission region is approached. The variation
of g~ is consistent with this picture.
(5} The average number of neutrons emitted by
both fragments (P, ) has a complicated dependence
on Z„ indicating that the slope dP, /dE increases
with E . Similar behavior is observed even when
the fragment mass is fixed. The nonlinear depen-
dence seems to be due to the averaging over the
kinetic energy distribution of the fragments.
(6) The anticorrelation between Z„and E„, for
fixed fragment mass ratio, shows a strong depen-
dence on fragment mass.
(I) The average binding energy of neutron in LRA
fission is roughly 0.5 MeV lower in comparison
with the binary fission fragments.

One of the aims of this experiment was to obtain
some information on the initial energy of the o.
particle (E'„}at the scission point, which seems
to be the critical parameter in determining the
applicability of different models used in fission.
It has really not been possible to get any concrete
information on this and also on the initial kinetic
energy of fission fragments (Ezo) at the scission
point. However, some qualitative arguments
based on the results of various trajectory calcula-
tions indicate that:
(a} E'„decreases towards the symmetric fission
region;
(b} Z» decreases as the deformation decreases.
These conclusions would only be reasonable if E'
is really the most predominant factor in determin-

The authors greatly appreciate many fruitful
discussions with Dr. H. ¹ifenecker, Dr. H. Albins-
son, and R, Babinet. Thanks are also due J. Ma-
tuszek for his help during various phases of this
work. One of the authors (G.K.M.) acknowledges
with gratitude the hospitality of Centre d'Etudes
Nucleaires de Saclay and expresses thanks in par-
ticular to Dr. R. Joly.

APPENDIX. CORRECTION OF THE MASS

DISTRIBUTION CURVE FOR n RECOIL
EFFECTS

The conservation of momentum is written as

p sin8 =p„sing,

p~cos8+pg =pic ofs~

(Al)

(A2)

Notations are those of Fig. 18. From (Al) we get

sing =p„/pz sin8

and

cos p = (1 —p „'/p„' sin'8) "'.
From (A2)

p„cos8+p~ = (p„'+p„'sin'8)"',

or

pg (1+2pcc/pg cos8+p~ /pg ) pg

which can be written as

aMz /Ma Ez/Zc =~

where

g = 1+2p„/pi cos8+p„'/pi',

or

g-1+ 2 cos0 +
L H E L H E

Let us denote M~ and M„* the "masses" calcu-
lated without taking into account the o. recoil

ing the correlations between E~ and E . If the dis-
tribution of fragment shapes at scission play a
major role in producing these correlations, then
these conclusions would perhaps be questionable.
It is, in fact, due to this uncertainty that we are
not able to comment on the magnitude of E'„. It is
clear that the answer to this problem can only
emerge from the detailed trajectory calculations
and not directly from the experiment. We hope
that the extensive results reported here will en-
hance the capabilities of the trajectory calculations
for obtaining more physical information on the fis-
sion process.
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effect:

Mr*, /M„* = E„/E~ = aM~/M„,

which can be written as

M~ = aM~/[1+(a- 1)M~/Mo].

The coefficient a varies very slowly with M~ so
that we may assume in our calculations da/dM~
=0. Then we get for the yields

where y* is the uncorrected yield and y the cor-
rected one.

For our correction we need the variation of 8
with mass ratio R. Detailed data on this point
exist only for "'U."' However, these results
show an opposite trend as a function of R. In the
case of '"Cf we have only the results of Fraenkel,
which show that the average 8 as a function of B
varies very little around the value of 81'. This
led us to use this unique value for all the masses
in our calculation of the corrections.
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