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A four-parameter correlation experiment which measured neutron emission in “long-range
alpha” (LRA) fission is described. The energies of both the fission fragments and of the o
particle as well as the time of flight of the neutron were recorded. The experimental data
were analyzed with the aid of a computer, and the method of analysis is described.

Some of the results of the present experiment have already been published. In this paper we
discuss the pre-neutron-emission mass distribution of LRA fission as well as some proper-
ties of the neutrons as a function of a-particle energy. In addition, the neutron kinetic
energy as a function of fragment mass is given. The probability of o -particle emission
as a function of the fission-fragment mass ratio is also discussed.

I. INTRODUCTION

At present there are two principal methods for
studying the scission configuration of a fissioning
nucleus. The first method is to investigate the
properties of the prompt neutrons emitted from
individual fission fragments, thereby obtaining in-
formation on the deformation energies of the vari-
ous fission fragments at scission. These studies
were summarized by Terrell.! The most impor-
tant characteristic of the prompt neutrons in low-
energy fission is the “saw tooth” dependence of the
average number of neutrons as a function of frag-

ment mass. The second method of obtaining infor-
mation on the point of scission is by studying the
properties of the « particles and fission fragments
in “long-range alpha” fission (LRA fission). This
process, which occurs about once in every 300 fis-
sion events, is characterized by the emission of
an a particle in addition to the fission fragments.
As has been discussed by Halpern® and by Fraenk-
el,® the fact that the o particle seems to be emit-
ted at or very near the time of scission makes
this particle extremely useful in studying the ini-
tial conditions at scission. The main conclusion
obtained in studying the LRA fission process is
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that at the point of scission the fragments are al-
ready moving with a substantial part of their final
kinetic energy.>*

A most important question which arises in con-
nection with LRA fission is whether its scission
configuration is essentially the same as that of
binary fission. In order to resolve this problem,
a comparison of the properties of scission in bina-
ry and LRA fission must be made. A prominent
property of the scission configuration is the aver-
age number of neutrons as a function of fragment
mass, since it gives the variation of the fragment
deformation energy at the moment of scission as
a function of fragment mass. The main motivation
in carrying out the present experiment was to
clarify the question of the similarity of the scis-
sion properties of binary and LRA fission. In this
experiment we compared the properties of the
prompt neutrons in binary and LRA fission for the
spontaneous fission of 252Cf,

In a previous publication,® some results obtained
in the present experiment were presented. The
average number of neutrons as a function of frag-
ment mass in LRA fission was found to be very
nearly equal to that in binary fission [see Fig. 2(a)
of Ref. 5]. This result will be discussed here in
greater detail.

II. EXPERIMENTAL METHOD

A. Experimental Arrangement and Electronic Block Diagram

A schematic representation of the experiment,
together with the block diagram of the electronics,
are shown in Fig. 1. A ?%2Cf source of ~2X10° fis-
sion/min, situated on a thin Ni backing was placed
in the center of the vacuum chamber. Inside the
vacuum chamber were also four solid-state coun-
ters, two fission counters designated by F1 and
F2, and two a-particle counters, al and ¢2.

Gold foils of 17 mg/cm? were placed in front of
each « counter in order to prevent fission frag-
ments and the 6.1-MeV « particles from the radio-
active decay of 252Cf from reaching the solid-state
counters. The vacuum chamber was made of alu-
minum and had a diameter of 30 cm and a wall
thickness of 5 mm. The two identical neutron de-
tectors were placed opposite each other outside
the vacuum chamber at a distance of 30 cm from
the source and along the fission detector axis. The
neutron detectors were NE102A plastic scintilla-
tors of 5~in. diameter and 10-cm depth mounted on
58 AVP photomultipliers. The neutron energy was
determined by the time-of-flight method.

The angles subtended by the detectors in the vac-
uum chamber relative to the source were large.
For the fission-fragment detectors this angle was

44° for each detector, while for the a counters the
angle subtended by each detector was 60°, The
neutron flight path of 30 cm was also relatively
short compared with the depth of the scintillator.
This experimental geometry was chosen in order
to obtain a reasonable counting rate, since the ex-
perimental information of interest was obtained
from the fourfold coincidence data of the relatively
rare LRA-fission events., But the large angular
apertures, the short flight path, and the substan-
tial length of the scintillator introduced apprecia-
ble dispersion in the data.

The events were fed into a four-dimensional
analyzer. They consisted of the following pulses:
F1 and F2, the pulse heights from both fission
fragment detectors, TAC (time-to-amplitude con-
verter) — the pulse proportional to the time differ-
ence between the start signal furnished by solid-
state counter F1 and the stop signal obtained by
the interaction of the neutrons or y rays with one
of the scintillators. The fourth pulse was the a-
particle pulse height which was obtained from
either detector a1 or detector @2. The separation
of TAC pulses originating from photomultipliers
PM1 and PM2 was accomplished by routing the
TAC pulses, while the a1 and @2 were separated
by routing the « pulses to different parts of the
analyzer memory. The number of channels in
each dimension of the analyzer was 512.

In addition to the above-mentioned pulses, a
gate pulse was also fed into the analyzer (see Fig.
1). This pulse determined what type of experi-
mental data was being recorded. The main coin-
cidence circuit was set during most of the experi-
ment to the coincidence requirement F1N F2 N a,
In these experiments we also recorded the four-
dimensional events F1NF2NaN TAC which con-
stituted the new experimental results obtained
here. In addition, experiments with the coinci-
dence requirements F1NF2 and F1NF2N TAC
were also carried out. The data from the latter
two experiments were used both for obtaining bi-
nary-fission data and for calibrations. All experi-
mental data obtained here were stored on magnetic
tape and were analyzed with the aid of a computer.
The timing pulse from each photomultiplier was
obtained by feeding the anode pulse to a fast trig-
ger unit. The F1 trigger output pulse was fed to-
gether with the fast photomultiplier pulse into an
AND circuit, the output signal of which was pro-
portional to the measure of overlap of both input
pulses. In this manner the TAC pulse was gener-
ated. The cut-off energies of each of the photo-
multiplier trigger units were adjusted to corres-
pond to a neutron kinetic energy of 250 keV. The
lower-level discriminator of the a-particle detec-
tor was set at 11.5 MeV, because of the high rate
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FIG. 1. Schematic representation of (a) experimental arrangement and (b) block diagram.
(T.P.O. —time pickoff unit.)

of the 6.1-MeV a particles from the decay of ?52Cf,
B. Data Collection

A total of 8500 LRA-fission neutrons in coinci-
dence with both fission fragments and with the a
particle were recorded. In addition a total of
about 650 000 binary-fission neutrons coincident
with both fission fragments were obtained from the
experiments of the type F1NF2NTAC. The ex-
periment was carried out for a period of 90 days,

and the solid-state counters and TAC system were
checked every 24 h.

III. ANALYSIS OF THE DATA

The main purpose of the experiment was to ob-
tain the average number of neutrons v, both as a
function of the mass of the fission fragment A, and
as a function of the total kinetic energy of both
fission fragments, Eg.

The following discussion will be devoted mainly



2 NEUTRON EMISSION IN ALPHA-PARTICLE-... 1159

to the method with which ¥ was obtained on the
basis of the four correlated experimental quanti-
ties E,, E,, T, and E , which denote, respectively,
the energies of both fission fragments, the time

of flight of the neutron, and the energy of the «
particle. However, in order to obtain ¥ the values
of both A and E ;. had to be determined.

A. Determination of the Energy and Mass of the Fission
Fragment

The energy calibration of the fission-fragment
detectors was carried out by assuming a simple
linear dependence of the energy E on the pulse
height x, i.e., E =ax+b. The more accurate cali-
bration method of Schmitt, Kiker, and Williams®
was not used here since the high rate of fission
fragments incident on the counters (of about 107
fragments per day) caused appreciable radiation
damage, which increased with time. In this case,
the behavior of the calibration parameters given
by Schmitt, Kiker, and Williams® are unknown, and
for lack of better information we assumed the
simple linear dependence.

The calibration constants a and b were obtained
from the positions of the light and heavy peaks of
the single-fragment kinetic-energy spectrum of
the fission fragments in binary fission. The posi-
tions of the peaks were determined by fitting each
peak to a Gaussian, using a least-squares method.
The calibration energies were taken from the
time-of-flight data of Whetstone” corrected for
neutron emission, The energies of the heavy and
light peaks thus obtained were 79.55 and 104.3
MeV, respectively.

The method used here in obtaining the pre-neu-
tron-emission mass distribution from the mea-
sured fission-fragment kinetic energies when the
values of the average number of neutrons as a
function of fragment mass are known is due to
Schmitt, Neiler, and Walter.® However, in LRA
fission the situation is somewhat complicated as
a result of the emission of the a particle. In for-
mulating the equation of conservation of momen-
tum of the fission fragments, we must also account
for the recoil of the fission fragments as a result
of @ emission. This problem has been dealt with
by Fraenkel® who derived the relation between the
energy ratio and mass ratio. If 6, denotes the
measured angle of the a particle with respect to
the direction of the light fragment, this relation
is given by

E’ m’ moEq \ /2 2
ZLe~"TH |y (e 0
B,y [1 <m;,E;,) cos L] . (1)

The subscripts H and L denote the heavy and light

fragments, respectively, and m, and E , the
mass and energy of the a particle. The values of
E;, E;, my, and mj are pre-neutron-emission
quantities which were obtained using the method
of Schmitt, Neiler, and Walter.®

B. Analysis of the Neutron Data

The first step in analyzing the neutron data was
to obtain from the experimental TAC event the
time of flight T of the neutron, and the kinetic en-
ergy of the neutron in the lab system. The posi-
tion of the y peak was found to shift in an essential-
ly linear manner as a function of the mass of the
fission fragment which triggered the start signal.
The maximum shift from lightest to heaviest frag-
ment was 0.5 nsec, and this effect was corrected
for.

The sources of uncertainty in obtaining T are
discussed in the Appendix. They are mainly due
to the large uncertainty in the length of the neutron
flight path as a result of the relatively large depth
of the scintillator, and are also due to the experi-
mental resolution in determining the time-of-
flight value. The latter quantity is given by the
standard deviation of the prompt y peak of the time-
of-flight spectrum, which was equal to 1.5 nsec.
We denote the standard deviation of the error in
the measurement of 7 by AT (see Appendix), and
the standard deviation of the neutron time-of-
flight spectrum by 05. A dispersion correction® for
each experimental time-of-flight value was car-
ried out by shifting each experimental point by
[AT?/(0 2+ AT?)]'2 in the direction of the average
time-of-flight value.

The properties of the neutrons were studied by
observing the neutrons emitted in the direction of
motion of the fission fragments. The analysis of
the neutron data was based on the hypothesis that
the neutrvons ave emitted isotvopically in the c.m.
system from fully accelevated fission fragments.
The experimental results obtained for the binary
fission of ?*°Cf by Bowman e? al.® indicate that ap-
proximately 90% of the neutrons can be accounted
for on the basis of this hypothesis. In a previous
publication® it was seen that the results of this ex-
periment indicate that the properties of the neu-
trons in LRA fission closely resemble those of bi-
nary fission. In addition, Piekartz ef al.'® observed
that the angular distribution of the neutrons in the
LRA fission of ?°2Cf is essentially equal to that in
binary fission. Hence we can conclude that the
isotropic-evaporation hypothesis is also valid in
LRA fission. On the basis of this hypothesis it
can be shown that the neutrons emitted from frag-
ments incident on detector F1 (Fig. 1) are almost
exclusively detected by the photomultiplier PM1,
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while those emitted from fragments striking F2
are detected only by PM2.

To each detected event we attached a weight w
equal to the reciprocal of the detection efficiency
of the event. The detection efficiency of the event
was assumed to be equal to €g€;, where €g is the
probability that the neutron emitted isotropically
in the c.m, system is emitted in the direction of
the scintillator, and €; is the probability that this
neutron is detected by the scintillator,

As a result of the large angular aperture of the
fission and neutron detectors, the determination
of both E . ,, , the neutron energy in the c.m. sys-
tem, and of €, are not straightforward. For the
purpose of obtaining these quantities, a Monte
Carlo simulation of the experiment was carried
out. In this simulation the average value of the
kinetic energy of the neutron in the lab system,
E..,, and €5 were obtained for sets of values of
E. . and E ; /A ~ the kinetic energy of the fission
fragment divided by its mass, By carrying out
this procedure we solved the inverse problem to
the one encountered in the experiment, i.e., in
the experiment E;,, and E /A are measured,
while in the calculations E ., and E /A are given
and Eq,; is derived.

The effective detection efficiency €; as a function
of the time-of-flight channel was obtained here by
comparing the binary-fission neutron spectrum of
Bowman et al.'* (adjusted to our experimental ge-
ometry) with our results for neutron emission in
binary fission. We define by N, the number of neu-
trons per fission event in the time-of-flight chan-
nel 7 of the adjusted binary-fission neutron spec-
trum of Bowman et al.'* Let C; denote the experi-
mentally determined number of neutrons in chan-
nel 7 per binary-fission event in our experiment.
It follows that

€,=C,/N;. (2)
The values of €; thus determined are presented in
Fig. 2. The detection efficiency is at first ob-
served to decrease as the energy of the neutron in-
creases and then increases rapidly. The proximity
of the scattering chamber to the scintillator in the
present experiment enhances the effect of the scat-
tered radiation which appears in both the high- and
low-energy regions. At the high-energy end of the
spectrum this is mainly due to y rays emitted in
(n,n’y) and (n, v) reactions, whereas at the low-
energy end the scattering is mainly due to (z,%n’)
reactions. The sharp increase in the effective ef-
ficiency at high velocities is probably also due to
the insufficient separation of ¥ rays and high-en-
ergy neutrons. Similar behavior of the effective
efficiency curve in the high~velocity region was
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FIG. 2. The effective neutron detection efficiency €;
of the scintillator, as a function of neutron energy and
channel number in the TAC spectrum.

observed by Milton and Fraser'?, It should be
pointed out that because of the effect of the scat-
tered radiation on the effective detection efficiency,
the value of €; is dependent on the nature of the
prompt radiation of the mode of fission being
studied. Hence the actual value of €; may be some-
what different for different mass values of the fis-
sion fragments.

IV. RESULTS

A. Properties of the Neutrons

The average number of neutrons emitted per fis-
sion event in LRA fission was obtained separately
for each neutron counter. The result averaged
over both counters is given by

Dypa =3.11£0.05.

The error quoted is the statistical error only.
Let 7y denote the average number of neutrons in
binary fission. We assume here that 75 =3.71.'3

Vp—Tppa=0.60£0.05,

Piekartz et al.'® obtained recently Vg~ Vppa
=0.69+0.06 for the spontaneous fission of 52Cf,
which agrees within experimental error with our
results. Apalin et al.'* obtained Uy ~ Dz, =0.68
+0,09 for the thermal fission of 23U, while
Ivanov et al.'® obtained 0.69 +0.06 for 235U thermal
fission. Hence in both 2°2Cf and 2*°U the absolute
decrease in the average number of neutrons in
LRA as compared with binary fission is the same
within the experimental error. However, Adamov
et al.'® obtained for ?**Cm Vg~V g =1.2£0.2,
which does not agree with the above quoted results.
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The average number of neutrons as a function
of fragment mass obtained by us in LRA fission
was shown in Ref. 5 together with our result for
binary fission. In addition, the values of 37/3E,
as a function of fragment mass in both binary and
LRA fission were also given in Ref. 5.

The values of E ., (A) in LRA fission are plot-
ted for comparison with those of binary fission in
Fig. 3. The errors in the data are the statistical
errors only. In this case, as in the case of the
other properties of the neutrons studied in this ex-
periment, the great similarity in the properties of
LRA in comparison with binary fission is evident.

The difference in the value of the weighted aver-
age of E ., over all the fission fragment masses
for LRA and binary fission is

(Ecm.)ira = Ec.m. 5=0.05+0.02 MeV.

The error quoted here is the statistical error,
since the error in the neutron flight path length
cancels. This result does not agree with the em-
pirical relation between E .,  and ¥ derived by
Terrell! on the basis of the results of a large num-
ber of fissioning nuclei. This relation is given by
E. . =0.65 Vv+1 MeV, and according to this for-
mula we should have obtained (E . ) ra = (Ecm.)s
=~0.09 MeV.

B. Properties of the Fission Fragments

In Sec. III, it was pointed out that in order to ob-
tain the pre-neutron-emission mass and kinetic
energy distributions of the fission fragments, the
values of 7(A), the average number of emitted
neutrons as a function of fragment mass, must be
known. Using the 7(4) values for LRA fission ob-
tained in this experiment, we obtained the mass
and energy distributions in LRA fission prior to
neutron emission. The total kinetic energy distri-

T T T T T T T T
o LRA FISSION
20F < BINARY FISSION T

of } ]
i

Z e i fﬁ % i .
g '. [ ] I
- i E'} t : §§ .%-" i }_
lw . . .
L2 } I%!. .
108586 100 Ti0 120 T30 140 150 160

A(amu)

FIG. 3. The average kinetic energy of the neutrons in
the c.m. system in binary and LRA fission.

bution and the mass distribution of the heavy~- and
light-fragment groups were fitted to Gaussian dis~
tributions. The most probable values and standard
deviations of the fits for binary and LRA fission
are given in Table I. The directly calculated av-
erage total kinetic energies are also given in the
table. All results in the table are pre-neutron-
emission values.

The difference between binary and LRA fission
in the most probable values of the kinetic energies
obtained from the Gaussian fit is

Eypy =Eg1ra=12.8+0.1 MeV.

The directly calculated average values of E
give the same result. A difference of 12,1+0.1
MeV was obtained by Fraenkel® for the post-neu-
tron-emission values of E . Since the fragments
lose on the average 0.6 more neutrons in binary
fission than in LRA fission, the post-neutron-
emission value of Ey =E, s Will be lower by
about 0.5 MeV than in the pre-neutron-emission
value. Hence, the value of Egy —Ey g, Obtained
by Fraenkel corrected to pre-neutron-emission
fission is 12.6+0.1 MeV in comparison with 12.8
+0.1 MeV obtained here.

The distributions of the total kinetic energy and
of the mass groups are observed to be narrower
in LRA fission than in binary fission. This has
also been pointed out previously by Fraenkel.®

The LRA and binary-fission pre-neutron-emis-
sion mass distributions are seen in Fig, 4. The
curves are normalized to each other at their peak
values. A distinct feature of Fig. 4 is the almost
complete overlap of the mass distributions for
fragments in the region 130 4 £ 140. For 942 A
£ 109 a shift of about half an amu towards lower
masses is seen in the LRA curve as compared to

TABLE I. Properties of the fission fragments in LRA
and binary fission prior to neutron emission. E, and
0gy are the most probable values and standard deviation
of the total fragment kinetic energy prior to neutron
emission. M; and My are the heavy- and light-fragment
masses before neutron emission. All values, with the
exception of (EK) , were obtained from Gaussian fits;
(Ey is the average value of E.

Experimental

values Binary fission LRA fission
EK 187.5 +0.1 (MeV) 174.6 0.1 (MeV)
Ogy 10.8 +0.1 (MeV) 9.8 +0.06 (MeV)
M, 108.7 +0.1 (amu) 105.9 +0.1 (amu)
Oyy 6.91+0.12 (amu) 6.08 +0.08 (amu)
My 143.3 +0.1 (amu) 142.1 +0.1 (amu)
oy 6.91+0.12 (amu) 6.08 +0.08 (amu)
<E,f 187.3 (MeV) 174.5 (MeV)
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FIG. 4. Pre-neutron-emission fragment mass distri-
bution for binary and LRA fission. The curves were nor-
malized to each other at their peak values.

the binary-fission curve. Schmitt ef al.,'” obtained
the mass distributions in the LRA and binary fis-
sion of 2%U* and plotted their results as in Fig. 4.
However, the mass distributions were derived by
these authors without taking into account prompt-
neutron emission. Their results indicated that in
addition to the mass region 130= A< 140, the mass
distribution curves overlap in the region 80 A
£90. The latter region corresponds to 94 A £ 104
in the 252Cf experiment. In this region we obtained
the result that the LRA curve is shifted by about
half a mass unit with respect to the binary-fission
curve.

It is of interest to note that the binary-fission
mass distribution curve obtained here has the
same peak structure as the fairly recent time-of~
flight results of Bennett and Stein.'®

C. Number of Neutrons as a Function of a-Particle Energy

The average number of neutrons emitted per
fission event as a function of a-particle energy,
is plotted in Fig. 5. The errors in the graph in-
dicate the statistical errors only. A weighted
least-squares fit to a straight line of ¥V as a func-
tion of E , was carried out and is also plotted in
Fig. 5. The slope of this line is given by dV/dE
=-0.026+0.015 MeV "', Piekartz et al.'° obtained
a value of ~0.045+0.010 MeV ~! for this slope.
Although this result is larger than ours, both val-
ues agree within their errors. Apalin ef al.'* mea-
sured the average number of neutrons per fission

for « particles of energy greater than 22 MeV in
the thermal-neutron fission of ?**U and obtained a
value of 7=1.79+0.13. This is to be compared
with the value of 7=1.77+0.09 obtained by these
authors for all a particles. Our result, which in-
dicates a weak dependence of ¥, 4, on E ,, also
agrees within experimental error with the results
of Apalin et al.'* Adamov et al.'® obtained for 2**Cm
a slope of 0.08 MeV ~! which is substantially larg-
er than the above quoted results.

It is of interest to obtain the correlation of the
average excitation energy E* of the fission frag-
ments and the a-particle energy. This correla-
tion may be expressed in the form of dE*/dE .

It may be obtained from the expression

R
Q,
t!LE"
QUK
=
L
)

The average values in the above equation are
averages over both E, and E . dE /dV and
dE*/dE , are also weighted averages over all mass
ratios. (dE*/dE , and dV/dE , are assumed to be
independent of the mass ratio.) The value of
dv/dE y was found to be —0.092+0.011 MeV ~* for
LRA fission.® dE*/dE, has not been measured,
but clearly |dE*/dE ,|<1. We thus obtain for
dE*/dE ,,

dE*| _
}dEal (=0.026 +0.015)(-10.9+1.3)

=0.28+0.19.

The above value is to be compared with the re-
sult obtained by Fraenkel® for the correlation be-



2 NEUTRON EMISSION IN ALPHA-PARTICLE-... 1163

tween the average fragment kinetic energy and the
a-particle energy |dE , /dE 4| ~0.45. We see that
within experimental error the two quantities are
of similar magnitude. Yet there is an indication
that |dE, /dE o |> |dE*/dE ,|. Qualitatively this
may indicate that a-particle emission in fission
occurs to a larger extent at the “expense” of the
fragment kinetic energy rather than at the “ex-
pense” of the fragment excitation energy. More-
over, it has been shown above that the difference
in the total kinetic energy of the fragments (12.8
MeV) is equal to twice the difference in the ex-
citation energy of binary and LRA fission (5.9
MeV).

The values of v 5(A) for E,<20 MeV and for E,
>20 MeV are plotted for comparison in Fig. 6.
The curve for E, < 20 MeV looks somewhat flat-
ter than that for E,< 20 MeV, especially in the re-
gion of the light masses. However, this may be
the result of the larger mass dispersion in the E
>20-MeV curve.

V. DISCUSSION

A. Similarity Between Binary and LRA Fission

The similarity of the scission configuration of
binary and LRA fission was pointed out previously
in Ref. 5. The curves %(A) and (37/3E ), for bi-
nary and LRA fission [Figs. 2(a), 2(b) of Ref. 5]in-
dicated that the behavior of the deformation energy
of the fission fragment as a function of fragment
mass and fragment kinetic energy is very nearly
the same for binary and LRA fission, Hence we
concluded that the properties of the scission con-
figuration in both these processes are very similar,

It may be added here that in addition to 7(4) and
(89/8E ) ,, the average value, E. . (A), of the
kinetic energy of the neutrons in the c.m. system
as a function of A is nearly equal in binary and
I_JRA fission. This result is not surprising, since

E . (A) depends mostly on ¥(A) and on the level
T 1 T T T
—— } Eg>20MeV
4 == § Ey<20Mev {-
3 ) /-
,/ §
n 20 /y—{ / }/f/ |
5 A
e el 2
v
l ! | | | ! I

84 94 104 114 124 134 144 154 |64

A (amu)
FIG. 6. The average number of neutrons as a function
of fragment mass for E, <20 MeV and for Ey >20 MeV.

density of fission fragments.

The experiments of Piekartz et al.'® with 252Cf
and of Ivanov et ¢l.® with 2%°U are additional
proof that the properties of neutrons in LRA and
binary fission are very similar. In these experi-
ments the angular distributions of the neutrons
were found to be essentially the same in binary
and LRA fission. We should also mention the
similarity in the properties of the fission frag-
ments in binary and LRA fission® (i.e., the mass
distribution and fragment kinetic energy distribu-
tion).

It is of interest to compare the average total
prompt energy release, E rorar Of binary and LRA
fission. The difference of ETOTAL between binary
and LRA fission is assumed to be given by

-E_TOTAL(BINARY) - ETOTAL(LRA)
= A, + AE, + AF, - B,
(4)

AE, is the difference in the average total kinet-
ic energy of the fission fragments in binary and
LRA fission. According to the table, the mea-
sured value of AE, was found to be 12.9+0.1 MeV
for a particles of energy greater than 11.5 MeV.
Owing to the negative correlation between the
average fragment kinetic energy and a-particle
energy, the exclusion of the low-energy « par-
ticles causes the measured value of the average
fragment kinetic energy to be lower than this val-
ue for all the o particles. Fraenkel,® as pointed
out above, obtained dE, /dE, =-0.45. We assume
this result to be correct throughout the entire en-
ergy region of the a-particle energy spectrum.
We also assume that the o spectrum has a Gaus-
sian shape with the values of the most probable
energy and standard deviation obtained by Cosper,
Cerny, and Gatti.'® On the basis of these assump-
tions, the value of E; in LRA fission for all o
particles is higher by 0.4 MeV than that measured
in this experiment, and we obtain AEK =12.5+0.1
MeV.

AE,, denotes the average energy difference as--
sociated with neutron emission. This value is as-
sumed to be given by the equation

AE, =(dv/dEQ) (Vg —V1rA). (5)

We assume that the (dv/dEy) ™" is equal to. its
average value between binary and LRA fission,®
i.e., 9.9 MeV. Therefore, AE, =5.9+0.6 MeV.
Owing to the weak dependence of Uz on E,, the
exclusion of the low-energy « particles has a
negligible effect on AE,,; hence AE, is as quoted
above.
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AE , denotes the average energy change associ-
ated with y-ray emission. No experimental infor-
mation is available at this stage on AE 5 We as-
sume here that AE, =0, Eis the average o energy
and was obtained from the experimental data of
Cosper, Cerny, and Gatti.’ These authors ob-
tained E,=16.0+0,2 MeV. Therefore,

E 107, (BINARY) = E roraL(LRA) =2.4 £0.5 MeV.

We obtain a slightly higher total prompt energy
release in binary fission than in LRA fission.

B. o-Particle Emission as a Function of the Mass Ratio

The problem of a-particle emission as a func-
tion of the mass ratio has previously been dis-
cussed by Schmitt and Feather? and by Halpern.?
The behavior of the a-particle-emission probabil-
ity P,(A5 /A, ) as a function of the mass ratio de-
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pends critically on the assumption made with re-
gard to the number x(A4) of nucleons given up by
each fragment in the process of o emission. This
statement is supported by the different P (A,/A;)
values obtained by Schmitt and Feather?® and by
Halpern? who made different assumptions with re-
gard to the value of x(A).

In order to obtain P,(4,/A,), we assumed that
x(A) satisfies the equation

x(A) =C[Vg (A)= Vg alA =2)], (6)

i.e., the reduction in the number of neutrons emit-
ted from a fragment of mass A is proportional to
x(A). The normalization constant C is equal to
C=4(Tg -V pa)"1=(0.15)"t, The same assumption
was made by Pick-Pichak.?! In order to solve the
above equation for x(4) we assume in Fig. 7 four
different functional relationships for x(4)and deter-
mine which of them best satisfies the equation. In

T T T T T T T T
— 0.I15 x(A)

o o o
N » [
T T

Vg(A)-V ga (A=x)

L

o
T

{—{‘H—‘

-0.4 1 1 1 | | | 1 |
80 90 100 IO 120 130 140 150 160

A (amu)
T T T T T T T
— 0.I5 x (A)

0.8+ (d)
0.6

-0.2

-0.4 1
80 90

! | 1 1 ] ] 1
100 110 120 130 140 150 160

A(amu)

FIG. 7. Vg (4) —7ppa (A =x) for different assumptions regarding the value x. In Fig. 7(a) x=0 for A<126 and x =4 for
A>126; in Fig. 7(b) x=4 for A<126 and x =0 for A>126; in Fig. 7(c) x=2 for all 4; and in Fig. 7(d) x=4v, /@ +V3s55-4),
where v, is the average number of neutrons emitted by the fragment A.
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(a), we assume x =4 for A>126 and x =0 for A <126;
i.e., the aparticle is emitted atthe “expense” of the
heavy fragment only. In (b), we make the opposite
assumption, namely, that a-particle emission oc-
curs at the expense of the light fragment only,
i.e., x=4 for A<126 and x =0 for A >126. In (c),
we assume x to be independent of A, namely, x=2
for all A. Finally in (d), we assume that for a
given mass ratio A, /A; we have x(A4,)/x(A;)
=9(A,)/V(A,), i.e., x is proportional to the rela-
tive amount of (original) excitation energy of each
fragment of the pair (A4,A;). This may also be
written in the form x(4) =4 9(4)/[ %(4) + 7(252 - A)].
In Fig. 7, we compare each of the four assump-
tions for C~'x(A) with the curve ¥ (A) = T g a4 = x).
It is seen that assumption (d) gives the best agree-
ment with the equation C™'x(4) =[ V5 (4) - V(4
~x)]. Hence we may conclude that x(A) =47(4)/[7(A)
-7(252-A)]. We denote by Y (4) and Y z4(A)
the fragment mass yields in binary and LRA fis-
sion. We have

YLRA(AH —xH) - YLRA(AL—xL)
Y5(4,) Yy(4,) 7’

(7)

P (Ay,AL)=

where x, is the number of nucleons given up by
the heavy fragment. We show in Fig. 8 the func-
tion P ,(A,,A;), using relationship (d) above for
x(4). Py (Ay,,A,) is normalized to 1 for A, =145.
It is observed that P, is almost independent of the
mass ratio. Our results differ from those of both
Schmitt and Feather?® and Halpern? who both

found a strong dependence of P, on the mass ratio.

Pq (A4, AL)

| 1 | 1 I | I
130 135 140 145 150 155 160 Ay
122 117 112 107 102 97 92 A_

FIG. 8. The relative emission probability of the «
particle as a function of the mass value of the fission
fragments.

APPENDIX. EVALUATION OF ERRORS IN THE TIME
OF FLIGHT OF THE NEUTRONS AND IN THE
NEUTRON ENERGY IN THE LABORATORY

AND CENTER-OF-MASS SYSTEMS

One source of error in the evaluation of the
time of flight of the neutron is the relatively large
depth of the scintillator compared to the total
flight path, For a neutron incident on the scintil-
lator at a given angle the standard deviation 0,
of the time of flight 7 was calculated using the
method of Bowman et al.’* (The interaction was
assumed to be with the protons of the scintillator
only.) It was found that o,/7 0,08 for 2-MeV
neutrons and is only weakly dependent on Eq,4,.

Because of the relatively large angular aperture
of the neutron counter in the present experiment,
the angle 6 between the direction of the neutron
and the axis of the detector could assume values
between 0 and 12°. The Monte Carlo calculations
show that for the different pairs of Ez/A and E .
the mean value of the angle 6 is relatively con-
stant and is close to 7°. For a given set of E /A
and E . ,,., the value of 04 is of the order of not
more than 2.5°. Thus the large angular aperture
does not affect the uncertainty in the flight path by
more than 1%, and is negligible compared with the
dispersion due to the large scintillator depth.

Another source of uncertainty in the time-of-
flight value is the experimental time resolution,
the standard deviation of which was equal to 1.5
nsec. AT, the total standard deviation in the mea-
surement of 7, is given by

AT/T=[0,2/T?+(1.5)2/T?]/> . (A1)

For a 2.0-MeV neutron, AT/T =0.11. The experi-
mental error in the determination of £, is given
by 2AT/T. As was discussed above, the relation
between E,, and E /A and E . ,,, was obtained by
means of the Monte Carlo calculation. E ., Wwas
then obtained from this calculated relation and the
experimental values of E;,;, and E,/A. However,
the Monte Carlo calculation does not yield a unique
value of E,, for a given set of Ez/A and E
but rather a distribution. The standard deviation
of this distribution is denoted by 6E,,,. The
standard deviation AE ., of E , is thus due to
both the uncertainty 6E,,, in E,,, and to the ex~
perimental error in E;, resulting from the error
in the time-of-flight value T [see Eq. (A1)]. It
was found for the various E /A and E ., values
that AE . . /E . . =0.23.

The neutron spectrum in the c.m. system ex-
pressed as a function of the energy over the aver-
age c.m. energy can be described by a standard
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function® for the different fragment masses. The
standard deviation of this spectrum is denoted by
Opem andog . /E . =0.82.° Hence the dis-
persion due to the experimental error in the mea-

Do

surement of E_ ;,, is less than the width of the
spectrum. The effect of the experimental disper-
sion in the determination of E , (A4) is therefore
small.
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