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Abstract. The emission of light charged particles in the fission process is of interest as they
are believed to emerge from the neck region of the deformed fissioning nucleus at a time
close to the scission point and may thus prove a useful probe to investigate the last stages
of fission close to the rupture point. Experimental results on light charged particle emission
and the efforts made to obtain information about the scission point parameters therefrom
are reviewed.
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1. Introduction
Nuclear fission is a process in which the many-body system goes through severe
collective deformation and slJlits. Normally the deformed nucleus splits into two
fragments which is the binary fission. Once in about 500 fission events, a light-charged
particle (LCP) is emitted along with the two heavy fragments. This process is known
as ternary fission or light-charged particle-accompanied fission (LCPF). It was first
reported by Green and Livesey (1946) and Tsien et al (1946). In about 90% of these
cases the charged particle is a long range alpha particle (LRA), so called because of
its high kinetic energy of about 15-16 MeV. In addition to these LRA's, it has been
established that other light nuclei such as IH, 2H, 3H, 6He, SHe and isotopes of Li,
Be, B, C etc are also emitted in LCP-accompanied fission process.
In the low energy fission process the nucleus is thermodynamically in a cold state
when it reaches the "saddle point" since most of the excitation energy gets stored in
the deformation energy. The dynamics of the process between the saddle to the scission
point has been the subject of investigation for more than 30 years. It is believed that
rapid collective motion leads to a possible memory of saddle point properties, whereas
slow motion gives rise to a statistical equilibrium. Depending on what assumptions
are made the deformation process may be adiabatic which makes the potential energy
difference between the saddle and the scission point transform into pre-scission kinetic
energy of the nascent fragments, or at the other extreme the process may be dissipative
and the energy is transformed into nuclear excitation energy. The problem of
dissipation in the large-scale nuclear shape change is of central importance. The fission
process from saddle to scission has the clues to the above questions but no clear
picture has emerged so far. LCP emission in the fission process is of considerable
interest because it is believed that these particles emerge in the neck region at a time
4
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close to the scission point. Thus these LCPs provide a probe of the many-body system
going through large deformations with ultimate split of the neck.
Yields, energy and angular distribution of the LCPs emitted in spontaneous and
neutron-induced fission have been investigated extensively but there are considerable
gaps in the information available. This is mainly due to experimental difficulties
encountered because of very low counting rates involved. These experimental results
on LCP emission are reviewed.
LCP emission along the direction of the fission axis, known as polar emission, has
evoked considerable interest because of the lack of understanding of the emission
mechanism of the LCPs. One would like to know whether these so-called polar
particles have distinctly different emission mechanisms from that of the particles
emitted normal to the fission axis (equatorial LCPs).
Efforts made to derive information on the dynamical conditions at the scission
point by comparing the experimental results from LCP-accompanied fission and the
asymptotic solutions of the trajectory calculations are reviewed.
In this review, we will mostly deal with those aspects for which enough information
was not available at the time of previous reviews (Halpern 1971; Vandenbosch and
Huizenga 1973) on the subject. Further, we will focus on some of the recent detailed
measurements on the subject.

2. LCP yields and energy distributions

LRAs constitute about 90% of the LCPs. Alphas have the emission probability of
~ 2 x 10 -a per fission. Protons, tritons and deuterons are other LCPs which have
significant probability of emission in ternary fission. Emission probabilities of these
particles per fission event for 235U(nth,f) are given in table 1.
Yields and energy distributions of various types of LCPs emitted in spontaneous
and neutron-induced fission have been widely investigated. Measurements have been
performed by different techniques such as radiochemical methods, plastic track
detector, particle detector telescopes, magnetic spectrometers etc. They involve very
low counting rates and encounter difficulties due to the background associated with
fast neutrons emitted in the fission. Considerable efforts have been made to identify
different types of particles emitted and to measure their energies. Measured yields
relative to g-particle yield for isotopes of He and Li have been summarized in
table 2, along with the first two moments of their energy distributions. The results
for the spontaneous fission of 252Cf are of Bayers et al (1980). The last column in this
table lists the results of Vorobiev e t a l (1969) on thermal neutron-induced fission of
23~U. The emission probabilities of the light-charged particles normalized to g-particle
Table 1. Emissionprobability per fissionfor z35U(n~,f)

LCP
Alpha
Triton
Proton
Deuteron

Yield per fission

Reference

(1.70 + 0'03) x 10-3
(I.08 +0.04) x 10-4
(0'16 + 0-01) x l0 -4
(0-12 + 0"01)x 10-~

Wagemansetal (1986)
Wagemansetal (1986)
D'Hondtet al (1980)
Vorobievet al (1969)
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Table2. Measured relative yields of various light-charged particles
emitted in spontaneous fission of 252Cf and 235U(Btth ; f )
Spontaneous fission of
(Bayers etal 1980)

2s2Cf

235U(nth, f )
(Vorobiev etal 1969)

Yield
relative to 100
a-particles

Type of
particle
emitted

Yield
relative to
100 ~-particles

Energy
(most
probable)
(MeV)

FWHM
(MeV)

SHe
*He
6He
SHe
1°He
6Li
7Li
SLi
9Li

<7-5 x 10 -3
100
2.21 +0"09
0-042 + 0-006
<0-5 x 10 - 4
0.006 _+0.002
0"062+0"006
0"019+0"005
0"008 + 0-002

-15.8___0-1
12"1 +0-2
10.0
--19"0+1"0
17"5
--

-10'3+0-1
9.2+0.2
8.0
--9"6+1"1
8"7+0"6
--

< 5 x 10 -3
100
1.4
0.033
< 5 x 10 - a
0"036
0"014
04)11

Table3. Yields (normalized to 100 ~t particles) and energy
distributions of LCPs in the range 4 ~< Z ~< 10 measured by Doan
etal (1986) for 23sU (nth,f)

LCP

Yield
normalized to
100ct particles

Energy
(most probable)
MeV

FWHM
MeV

9Be
I°Be
t2Be
12B
tSB
15C
taC
1so
2tO
21Ne

0.0167 -t-0.008
0.320+0.0007
0.007+0.001
0.0022+0.0002
<0.0001
0-0128-t-0.001
0"00057+0"00015
0'0027_+0'0055
<0.0012
0.13 -+0'02

12.5 + 0.7
17-2+0.1
14-9-t-0-9
18.8+0'8
-21.5+0-4
19"0_+1'0
19"0_+1'0
-19-0_.+ I'0

9'0 + 3"0
7.8+0.3
11-0+2-0
13'0+2.0
-12-8+0.8
144)-1-2"0
11"0_+ 1"0
-16"0+ 1-0

emission are more or less the same as for spontaneous fission of 2szcf and for the
thermal neutron-induced fission of 23sU, i.e. 236U with an excitation energy of
6"4 MeV.
The yield of SHe is very low. Although 5He is not directly identified, preferential
emission of neutrons in the direction of LRA has been interpreted as due to emission
of neutrons from 5He. Detectable yields of SHe have been observed both in 252Cf
fission and in 2 3 5 U ( n t h , f ) . Attempts to search for the double magic t°He have yielded
upper limits as indicated in the table.
Doan etal (1986) analysed a variety of charged particles in the range 4 ~<Z ~< 10
by a counter telescope placed in the focal plane of the Lohengrin mass spectrometer.
The yield normalized to the *He yield and the energy spectra information given by
Doan et al (1986) are reproduced in table 3. It is apparent from tables 2 and 3 that
the mean kinetic energy does not change appreciably with increasing Z.
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Table 4. Yield and energy distributions of long-range ~t particles.

Fissioning
system

E (MeV)

252Cf(S'F)
233U+thh
235U + nth
239pu + ~h
24~pu + nth
23°Th(y,f)
z33U (~,,f)
235U (~,,f)
~'3su (y,f)
237NP (y,f)
z't2Pu (y,f)

16.0+0"5
15.8+0.1
15'8+0"1
15"9+0"1
15'9+0"1
16-0+0-2
15-74-0-2
15.7+0.2
15"6+0"2
15'9+0"2
15-94-0'1

FWHM (MeV)
11"5+0-5
9-7+0.1
9"5+0"1
10"04-0"1
9"84-0'1
9'1 +0"2
9"5+0-3
9"0+0.2
9'74-0'3
9"6+0'1
9"5±0"2

LRA yield
relative to
Binary
Fission
x 103

Reference

3"27+0"1 Whetstone and Thomas (1969)
2.17+0-07 Wagemans etal(1986)
1.70+0.03 Wagemans etal (1986)
2"22+0"07 Wagemans etal (1986)
1'86+0.05 Wagemans etal (1986)
1.254-0"08 Vorboven etal (1986)
1"93+0"08 Jacobs etal (1988)
1-57+0"08 Jacobs etal (1988)
1"284-0"06Jacobs etal (1988)
1'64+0"13 Jacobs etal (1988)
1'884-0"06 Jacobs etal(1988)

We now concern ourselves with a particles and tritons which have reasonable
emission probabilities allowing the study of the characteristics of the emission process.
The energy distributions and emission probabilities have been measured in several
experiments. Table 4 summarizes the situation. Results of thermal neutron-induced
fission are from the paper of Wagemans et al (1986), which gives references of earlier
studies. Verboven et al (1986) and Jacobs et al (1988) have studied ternary photofission
of several actinidies. These results for 15 MeV bremsstrahlung energy are included in
table 4. The average LRA energy E~ is practically constant over the whole range of
nuclei and is rather insensitive to the excitation energy.
The main feature of the energy spectra of LRA is that it is near-Gaussian from
about 6 MeV to about 30MeV with a most probable value around 15-16 MeV and
a full width at half maximum (FWHM) of about 9-10 MeV. The a-particle energy
distributions have a non-Gaussian low energy tail (Wagemans et al 1986) right down
to 2 MeV energy. These measurements were performed without any Al-foil in front
of the particle telescope to stop fission fragments as is normally done in all such
experiments to protect the detectors from the radiations from the target. This deviation
of LRA energy distribution from a Gaussian shape at lower energies is puzzling,
particularly because the energy distributions of other LCPs (p, d, t) do not indicate
such a deviation. Carjan (1976) interpreted this result in terms of LRA emission
mechanism being an a decay of the compound nucleus in the last stage of the fission
process. However, one would expect that the emission mechanism would be the same
for all LCPs. h appears (Cheifetz etal 1972; Graevski and Solyakin 1974) that the
low energy tail in LRA spectrum is due to decay of excited 6He and SHe into alphas
and neutrons.
The width of the energy distributions (FWHM) does not vary significantly
over the whole range of fissioning systems studied. The average value for the
FWHM is found to increase (Verboven etal 1986) from 9"5 _+0.2MeV for fissioninduced by 15 MeV bremsstrahlung to 10-1 + 0-2 MeV for fissions induced by 20 MeV
bremsstrahlung.
The energy spectrum of tritons and their emission probabilities for the thermal
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Table 5. Emissionprobabilities and energy distribution of tritons emitted in
252Cf spontaneous fission and thermal neutron-induced fission of some
actinides.

252Cf
23~U + nth
235U -1- Ilth

239pu-~-nth
241pu+ nth

Triton yield
F W H M relativeto binary
MeV
fission( x 104)

Yield (~)

Mean energy
MeV

6"4+0-2
5"59+0'15

8"0_+0"3
8'3+0"I

6"2+0'3
7"I+0"2

2"09+0"07
1"14+0'05

6-73+0'15
6"79-1-0.2
8"07-t-0'2

8"3+0'1
8-5+ffl
8"4--+0"1

6-8+0`2
7"2+0"2
6"9-+0"2

1"08-t-0"04
1'42+0"07
1'41-+0"06

neutron-induced fission of 233U, 235U, 239pu and 241pu were also measured by
Wagemans etal (1986). The results are presented in table 5 a l o n g w i t h the 252Cf
(spontaneous fission) result for comparison. The energy spectrum of tritons is
near-Gaussian with a mean energy of 8-0 _ 0.5 MeV and F W H M of 6"7 + 0.5 MeV
which is nearly the same for the different fissioning systems. The non-Gaussian shape
at the lower energy obserbed for LRA is not seen (Wagemans etal 1986) for tritons.
The similarity observed in the LCP spectra for different fissioning systems and in
particular the near-constancy of the most probable values of the energies of the LCPs
implies similarity of scission point configuration in different nuclei.
Tables 3 and 4 also have the values for LRA and triton yields for various fissioning
systems which vary significantly. Nobles (1962) had first observed an increase in L C P
yield with the fissility parameter Z2/A, which is found to be consistent with all the
results as analysed by Verboven et al (1986). It is believed that the emission probability
of the LCP's is correlated with the deformation energy at the moment of scission.
The liquid drop model calculations show an increase in the deformation energy at
scission with increasing Z2/A, thus LCP yield increases with Z2/A.

3. L R A emission in fission with resonance neutrons

The characteristics of ternary fission with or-particle emission have been studied as a
function of neutron energy in the resonance region (En < 60 eV). Motivation for this
work was the search for a method of determining J values of S-wave resonances. All
nuclei having non-zero spin (I), can form, with the addition of S-wave neutron,
compound nuclei with two possible values of angular momentum, denoted by
J = I + 1/2. For example, 23~U, with a nuclear spin of 7/2- can form a compound
nucleus with J = 3- or 4-. It was proposed by Bohr (1956) that the nucleus at the
saddle point being in thermodynamically cold state should have well-defined nuclear
states similar to the low-lying states of nuclei at their equilibrium deformation. These
transition states may strongly influence the characteristics of the fission process. This
was followed by a suggestion (Wheeler 1956; Strutinsky 1957; Halpern and Strutinsky
1958) that the ratio of asymmetric to symmetric fission yield may depend on the J
value of the resonance, giving rise to channel effects. In terms of the transition state
concept the lowest 3- saddle point state in 236U corresponds to the rotational band
associated with the lowest odd parity vibrational mode with K = 0 and the 4 - state
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belongs to more complicated configurations allowing symmetric fission. The asymmetry of the 3- vibrational state in terms of the Bohr model implies a lower probability
for symmetric fission compared to that for the 4- state. Differences in the ratio of
asymmetric to symmetric fission were first observed in radiochemical measurements
(Regier et al 1960) and later, confirmed with back-to-back fission chamber measurement (Walter et al 1963). Cowan et al (1963) provided extensive information on mass
asymmetry for neutron-induced fission of 235U from a spinning wheel experiment
utilizing a nuclear bomb explosion as an intense neutron source. A rotating wheel
having a layer of 235U was exposed to the neutrons from the explosion 290-5 meters
away and later analysed radiochemically. In this work a number of resonances were
assigned to two groups, one having smaller and the other having larger asymmetric
to symmetric fission ratio. The variations in the (mass symmetric/asymmetric yield)
can also be an artifact of the experimentally-known dip in the total kinetic energy of
fission fragments near the symmetric division. Possible J dependence in the kinetic
energy distribution of fission fragments was studied (Melkonian and Mehta 1965)
using a large array of solid state detectors in a neutron time-of-flight experiment.
Variations observed in this experiment could also be classified into two groups in
reasonable agreement with Cowan et al (1963). It was believed that such variations
from resonance to resonance should also reflect in ~t-emission process, as Muga et al
(1961) had observed that the or-yield is higher for the symmetric fission than for the
asymmetric fission.
LRA yield was measured for 235U (n,f) and 239pu (n,f) for several resolved
resonances. Both ~t-particle and binary fission yields were measured simultaneously
by having two sets of detectors and foils in the neutron beam with a 8 m flight path
in a neutron time-of-flight experiment (Melkonian and Mehta 1965). Ratios of the
areas in the resonances observed in ternary and binary fission (T/B) as a function of
resonance energy for 235U (n,f) are shown in figure 1, which shows significant
variations from resonance to resonance statistically compatible with two values of
the ratio (the horizontal lines in figure 1) suggesting a grouping corresponding to the
two possible J-values of the resonances. Spin assignments to several resonances have
since been made by polarization and other experiments. Table 6 compares spin
assignments made for the resonances observed in 2aSU(n,f) by several methods. Only
the region where the resonances are well-resolved and spin assignments from different
types of experiments are available for comparison is included in the table. The values
of the ternary-to-binary (T/B) fission yields along with grouping as H (high) and L
(low) are given. Spin classification from T/B ratio indicates 10% more ternary fission
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Table 6. Spin assignments of resonances in 23sU (n,f) using ternary to binary
fission yields and comparison with direct measurement of spin.
Classification

Spin
assignments

No.

Energy
eV

T/B
values

Rcf. 1

Rcf. 1

Ref. 2

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

3-16
3"60
6-18
6"39
7.09
8'79
9-28
11"67
12"39
15-45
16"10
16.67
18-05
19"30
21"10
32"13

0.82+0.04
0'81 +0"03
0-95+0-08
0.68+0"04
0-79 -i-0"05
0"75 + 0.01
0"71 ±0-04
0'70 + 0"04
0.74+0'01
0.66+0"07
0'68+0-07
0.66+0'06
0"80+0"08
0.73+0"02
0.72+0'04
0"73+0-04

H
H
H
L
H
L
L
L
L
L
L
L
H
L
L
L

3
3
3
4
3
4

3
4

4

4
4
4
4
4
3
4
4
4

4
4
4
4
4
3
4
4
3
4
4
3

Ref 3

Ref. 4

4
3
3

4
3

3

4

3
4

4

4

3

Ref. 1. Melkonian and Mehta (1965); Ref. 2. Moore (1978); Ref. 3. Michaudon

etal (1965); Ref. 4. Wagemans and I~ruytter (1972)

for the 3- levels than for 4- levels. Spin assignments of Moore (1978) from polarization
experiments agree with these in 10 out of 14 resonances. Disagreement arises for the
resonances at 3.6, 7"09, 12.39 and 32.12eV. From the table one can see that the spin
assignments from different methods do not always agree with each other, which make
definite conclusions rather difficult. But it appears that there is a correlation between
T/B values and the resonance spins J. Michaudon et al (1965) and Wagemans and
Deruytter (1972) also found such correlation but the results from the three experiments
do not agree well.
For 239pu (n,f) two resonances (49.4 and 64-8 eV) showed (Melkonian and Mehta
1965) a significantly higher T/B values which was taken as an indication that these
resonances correspond to J = 0 + state. Wagemans and Deruytter et al (1973) observed
significantly higher T/B value only for the 15.5 eV resonance and assigned J = 0 + to
this resonance. Direct spin assignments (Simpson et al 1971) to the resonances indicate
(Wagemans and Deruytter 1973) that all large and resolved resonances (7.85, 10.95,
11"917.7, 22"2, 26.2) have J = 1 +, except for the 15.5 eV resonance for which spin was
not determined. T/B values seem to be correlated with the resonance spin, but the
number of resonances with known spin values is not enough.
Wagemans and Deruytter (1974) also measured alpha-to-binary fission cross-section
ratio for 24~pu with resonance neutrons and again observed significant variations
from resonance to resonance allowing classification into two groups. The difference
between the two groups was found to be about 7~o which is of the same order of
magnitude as observed in 235U and 239pu. The spin correlation could not be checked
because of lack of data on direct determination of the spin of the resonances for
24Xpu (n,f).
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It can be concluded that there are variations in T/B values from resonance to
resonance but their correlation with the spin of the resonance is not clear. The observed
experimental variations in ~t-yield could arise from two possibilities: ternary fission
probability may vary from resonance to resonance and/or ~t-particle energy spectra
may differ from one resonance to the other. It has not been possible to determine
whether one of these two or both the effects are responsible for the observed vailations.

4. LCP emission for keV neutron-induced fission
The aim of these measurements has been to ascertain whether structures in the yield
and average energy of LCPs are present on account of the characteristics of the
transition states accessible at the saddle point, in particular due to the change in
parity of the available states. At neutron energies between 100keV and 1 MeV the
p-wave contribution to the fission cross-section is significant and for the neutroninduced fission of 235U the states with spin-parity 2 +, 3 +, 4 + and 5 + are accessible
as compared to thermal (s-wave) neutron-induced fission when the fissioning nucleus
has states with spin-parity 3- and 4-. Krishnarajulu et al (1975, 1977, 1979) studied
energy distributions and yields of the LCPs at several neutron energies in this region
for 2 3 5 U ( n , f ) and 239pu(n, f ) . For 2 3 5 U ( n , f ) , the a-particle yield (for E~ > 12 MeV)
showed an increase around 200 keV neutron energy compared to its value in thermal
neutron fission. A subsequent study (Sharma et al 198 l) of the yield of LCP's employing
AE - E semiconductor telescope for particle identifications confirmed the finding of
Krishnarajulu et ai (1977, 1979) that the yield of LRAs increases by 20% around
200keV neutron energy above its value of 2 x l0 -3 per fission for thermal neutron
fission, but at higher energies it reduces again and comes back to the thermal value
(table 7). It is plausible to associate this increase in yield with the increase in the
relative number of fissions proceeding via the even parity states populated because
of the predominance of the p-wave interaction. At higher neutron energies higher
partial waves also contribute to the fission cross-section and states of both parities
become accessible to the compound nucleus. This can result in averaging out of
channel effects resulting in the decrease of ~t emission at higher neutron energy.
Neutron-induced fission of 2a9pu (J = ½+) provides a case where the compound
nucleus states have even parity for s-wave neutrons and odd-parity for p-wave neutrons
opposite to that in the case of ~3~U. Measurements (Krishnarajulu et al 1979) on
zagPu fission indicated variations consistent with the above interpretation but much

Table 7. Normalized yield of IRA particles, tritons and protons
(Sharma et al 1981).

Neutron energy

~, particle
yield

Thermal
150+40
217_+40
230+ 180
550+ 180

1.00 + 0-03
1"33 +0"03
1-13+0"03
1'29+0-08
0-97_+0-04

Triton yield
1.00 -+ 0-08
1.51 +0-15
1.65_+0-13
2-13_+0.40
3.44+0.28

Proton yield
1.00 + 0-15
1.60-]-0.30
i-60+0.23
3.90_+0-50
9.60_+1.20
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Table 8. Averageenergiesof LCP'sin keY neutronfissionof 23sU
(Sharma etal 1981).

Neutron energy
(keV)

~ particle
(MeV)

Thermal
150+40
217+40
230-t- 180
550+ 180

15"8-t-0.1
15-5+0-2
15-8+0"2
16'1 -I-0'4
15.8+0-3

Triton
(MeV)
8-4:1:0'1
8.6+0-3
7"9+0-3
9"i ___0'5
8-8 +0.3

Proton
(MeV)
6-7-1-0.2
6-8+0-4
6-9+0"2
6"7+0"2
6.7 +0-2

less pronounced. The a-yield dropped between 250 keV and 300 keV which can be
attributed to the fact that the negative parity state lies higher in excitation energy
than the 0 ÷ ground state (Lynn 1968). The drop in the yield can be due to the
reduction in the available energy for a-particle emission.
The structure in a-particle yield seems to be connected with the influence of the
transition states at the saddle. The increase in yield is not due to the increase in the
excitation as the yield drops again at higher energy (table 7). Interestingly, in this
energy range some variations in average fragment kinetic energy (Blyumkina et ai
1964; Nadkarni 1969; Boldeman 1976), in fragment anisotropy (Nesterov et al 1967;
Nadkarni 1969) and in fragment mass distributions (Cuninghame 1961; Mehta etal
1967) have also been observed.
4.1 Tritons and protons

Emission probabilities of these hydrogen isotopes are found to behave differently
than the a particles. Triton yield increases monotonically with increasing neutron
energy. Normalized yields (Sharma etal 1981) of the three LCP's for 235U(n,f) in
keV neutron energy region are summarized in table 7. Triton yield increases three-fold
over that of the thermal neutron value at neutron energy around 550 keV. Fluss et al
(1972) had reported an abrupt increase above En = 150 keV which was not observed
in these measurements. Proton yield also increases (Sharma et al 1981) monotonically
with neutron energy and the increase is steeper than the triton yield. The large increase
in the emission probability of tritons and protons cannot be explained by the models
proposed (Haipern 1971) for the LCP fission.
Energy distributions of the LCPs do not change with neutron energy in this range.
Average energies for a-particles, tritons and protons are summarized (Sharma et al
1981) in table 8. No significant variations are observed. Widths of the distribution
also do not indicate (Sharma etal 1981) statistically significant variations.

5. LCP emission at high excitation energy

Considerable efforts have been directed towards studying the probability of
LCP-emission for various fissioning systems at high excitation energy (E*). Some of
these measurements have also measured the LCP-angular distributions. These data
have the inherent limitation if E* exceeds the second chance fission threshold giving
rise to contributions from more than one fissioning system. Several studies have also
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been made to identify a component of the a-particles emitted in heavy ion-induced
fission reactions with the near scission-emission mechanism normally attributed to
the low energy LCPF. The experiments performed so far extend over a reasonably
large range of excitation energy (from E* of 1 MeV above the fission barrier till
---300 MeV).
Experiments below the second chance fission threshold by Nadkarni and Kapoor
(1970) for 235U(n, LCPF) showed the probability of LRA emission (PLRA)to be almost
constant within + 10%. Experiments (Nobles 1962; Perfilov et al 1963; Coleman et al
1964) with higher excitation energy showed initially some significant variation of PLRA
( ~ 50%) with E*. However later experiments (Drapchinski et al 1964; Loveland et al
1967; Adamov et al 1968, Nagy et al 1969) did not confirm these findings and indicated
PLRAto be constant within + 15%. Some experiments (Thomas and Whetstone 1966,
Rajagopalan and Thomas 1972) did show a small rise of 20%. The conclusion seems
to be that the PLaA, show at the most very little variation with the excitation energy
over the studied range extending up to ~40 MeV.
During this decade a large number of studies of at-particle emission in heavy
ion-induced reactions on relatively heavy target nuclei have been carried out, where
fission is a dominant mode of reaction. In some of these reactions where the a-particle
emission is observed in the backward hemisphere in coincidence with fission-like
fragments, the main contributions to ct emission have been attributed to evaporation
from the compound nucleus, from the two fission fragments or, in some cases, from
the deep inelastic reaction products. Among these contributions to a-particle emission,
a small component of a-particles which are emitted perpendicular to the fission axis
has been attributed (Wilcke etal 1983, Sowinski et al 1986) to a process analogous
to that in ternary fission of heavy nuclei in spontaneous and thermal neutron-induced
fission. In the reaction 165Ho + 56Fe at 465 MeV, Wilcke et al (1983) observed that
although about 90% of the a-particles detected in coincidence with fission fragments
could be attributed to evaporation from the fully-accelerated fission fragments, the
remaining fraction of a-particles showed a tendency to be emitted in a direction
perpendicular to the fission axis and were attributed to a emission from the neck
region of the highly-deformed fissioning nucleus. The magnitude of multiplicity of
these LRA's (P~) has been reported (Wiicke etal 1983) to be an order of magnitude
larger than that observed in low energy fission.
There are reports (Kildir etal 1982; Duck et al 1984) of observation of prescission
emission of a particles in heavy ion-induced fission reactions. However, the excess
high energy a particles in these cases which could not be accounted for, as evaporation
from fission fragments have been attributed (Kaplan etal 1983) to an isotropic
evaporation of a-particles from the composite system prior to scission. Kaplan et al
(1983) suggested, after a reanalysis, that the latter mechanism of prescission emission
of at-particles from the composite system could also explain the experimental data of
Wilcke etal (1983). However, in the reaction of 35C1+ Ag at 350MeV, Schad etal
(1984) measured a-particles in coincidence with fission-like fragments and observed,
in addition to the major contribution of a emission from the composite system and
the fragments, a minor contribution of excess a-particles at angles perpendicular to
the fission axis. The latter contribution had a mean emission angle which showed a
strong dependence on fragment mass thereby indicating an emission time closer to
scission such as the LRA emission in low energy ternary fission.
More recently Sowinski et al (1986) and Schad et al (1984) confirmed the presence
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Table 9. a-particleemissionin heavyion-inducedfission.
Reaction

P~

Reference

165Ho+ 56Fo(465MeV)
0.05+0"03 Wilckeet al (1983)
35C1+ Ag (350MeV)
0-010_+0-002 Schadetal (1984)
4°Ar+ 23sU (334MeV)
0.04_+0-02 Schadetal (1984)
12C--1-197Au(108MeV) 0'006-1-0"003 Sowinskietal (1986)
160 + 232Th(144MeV) 0.005_+0.002 Sowinskietal (1986)
252Cf(S.f)
0.0031+0.0002 Meanvalue
23sU +n,h
0"0017--+0"0003 Meanvalue
of a component of ~-particles emitted mainly perpendicular to the fission axis, in
some heavy ion reactions and observed these ~t-particles to be similar to LRA emission
in ternary fission at low excitation energy. The shape and the mean value of the
energy spectrum of these ~-particles were observed to be similar to those in
spontaneous fission of 2~2Cf but the width of the angular correlation was slightly
narrower than that reported by Thomas and Whetstone (1966). The multiplicity of
these or-particles (P~) was somewhat lower than that reported by Schad etal (1984)
and considerably smaller than that reported by Wilcke et al (1983).
The data on these prescission ~t-particle emission in heavy ion-induced fission
reactions are shown in table 9, where we also include low energy fission data. It is
seen that P~ increases appreciably (Sowinski et al 1986) with excitation energy in the
compound nucleus excitation energy region of 100-200 MeV.

6. Correlations between LCP energy, LCP, angle fragment
energy and fragment mass
In the early studies (Titterton 1951; Perfilov and Soloveva 1960), it was observed that
the distribution of LRA emission angle ( 0 J with respect to the light fission fragment
is sharply peaked at about 82 ° with a FWHM of about 25 °. The LRA-fragment
angular correlation subsequently measured by several groups (Caries et al 1969; Gazit
etal 1971; Piasecki and Blocki 1973; Guet etal 1979; Choudhury etal 1980) showed
that the distribution is mainly Gaussian though the yield does not fall off as sharply
for angles far from the peak. The results of various experiments (Fraenkel 1964;
Raisbeck and Thomas 1968; Rajagopalan and Thomas 1972; Fluss et al 1973; Suji
etal 1973) now converge to a value of 82-84 ° for the 0~. and ~ 18° for the FWHM.
This characteristic LRA-fragment angular correlation is preserved in fast neutron
(2.5-14 MeV) fission of uranium (Titterton 1951; Soloveva 1961; Perfilov et al 1963)
and in 11:-21 MeV proton-induced fission (Thomas and Whetstone 1966; Atneosen
et al 1965) and 13-5 MeV deuteron-induced fission of 23sU (Kotte et al 1987). These
results may indicate that the dynamical aspects of scission point configuration are
not affected significantly by a relatively large change in the initial excitation energy.
The angular correlations of other LCPs and fission fragments have not been studied
as extensively as for the ~t-particles. In the spontaneous fission of 252Cf (Raisbeck
and Thomas 1968) all the other LCPs also (except possibly protons) were observed
to have angular distribution sharply peaked around normal to the fission axis just
as for the LRA. This suggests that these LCPs are basically emitted by a mechanism
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similar to that of LRA. The angular correlation of 3H, 6He has nearly the same width
as that of LRAs whereas protons have an unusually large width. In 235U (nth,f) a
monotonous increase of the width of the angular correlation with LRA energy was
earlier obserbed but subsequently a shallow minimum of the width at ELRA~" 17 MeV
was reported (Guet et al 1979; Choudhury et al 1980; Cumpstey and Vass 1981).
A correlation related with the above observation is the reported (Nadkarni et al
1972) significant increase in the average LRA energy at near forward angles with
respect to the fragment direction compared to that around 90 ° in 2aSU(nth,f). In both
2aSU(nth,f) and spontaneous fission of 252Cf the average LRA energy was observed
(Caries et al 1969; Gazit et al 1971; Mehta et al 1973; Fluss et al 1973; Tsuji et al 1973,
Schmitt et al 1962; Choudhury et al 1976; Guet et al 1979) to be minimum at the most
probable angle ( 0 J but the width of the LRA energy spectrum did not vary
significantly with angle.
For LCPs other than ~-particle some studies of energy-angle correlations of the
LCP-fragment have been made. In triton-accompanied spontaneous fission of 252Cf
an increasingly isotropic angular correlation with increasing E, and also a variation
in the triton energy spectrum with 0re have been obserbed (Cumstey and Vass 1979).
From this similarity between the energy-angle correlations observed in ~t- and
triton-accompanied fission, it has been suggested that the configuration of the
fissioning nucleus at the instant of emission of ~-particle and triton may be more or
less identical.
In recent years several multi-parameter correlation studies have been carried out
in U(nth, f ) and 252Cf(sf) (Schmitt et al 1962; Fraenkel 1964; Caries et al 1969; Gazit
etal 1971; Piasacki and Blocki 1973; Mehta et al 1973; Choudhury etal 1976; Guet
etal 1979; Cumpstey and Vass 1979; Choudhury etal 1980; Aleksandrov etal 1982;
Theobold 1985). The important measurable parameters in LCP-accompanied fission
are the LCP-energy (ELcP), the angle between the LCP and fragment (0LCP),fragment
kinetic energy (EK) and the fragment mass (M:). The primary motivation behind these
detailed studies is to provide a body of data which can be used to throw light on the
scission point configuration and the emission mechanism.
The mean angle and the width of the angular distribution of LRA as a function
of E~ have been plotted in figure 3. It is seen that 0,L remains nearly constant while
tro, increases with E~. Similarly O~L seems to be independent of E~ but ~r0 falls for
higher EK as shown in figure 2. The observed decrease in the angular width with
increasing fragment energy has been interpreted to indicate that the experimentally
observed spread in the total fragment kinetic energy originates preferentially due to
a fluctuation in the inter-fragment separation rather than due to the pre-scission
kinetic energy of the fragments (Guet et al 1979; Choudhury et a11980). With increasing
mass ratio (MH/ML), it is now confirmed by latest measurements (Gazit et al I971;
Guet et al 1979; Theabald 1985) that 0~L falls nearly linearly as shown in figure 4. The
anti-correlation of/~r with E~ has been used as an important input in some of the
trajectory calculations in clarifying the dynamical situation prevailing at the scission
point. A value of -0.44 instead of a full anti-correlation of - 1 seems to contain
important clue to the possible initial correlations and effects due to dynamical
evolution of the three-body system. When the fragment mass distribution in
LRA-accompanied fission was compared with that in binary fission in 23SU(nth,f) it
was observed (Choudhury et al 1980; Theobald 1985) that whereas the heavy fragment
peak remains unaltered, the light fragment peak of LRA fission shifts towards the
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lower side by ~ 3 - 4 mass units. This result differs from the results of earlier studies
(Schmitt et a11962; Mehta et a11973, Choudhury et al 1976) where the recoil correction
due to ~-particle emission was not made.
A wealth of data accumulated on various angle-energy-mass correlations have been
sought to be reproduced by the method of trajectory calculations in order to
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reconstruct the dynamical configuration of the scission point of the fissioning nucleus.
We refer to original references for details on these correlations.

7. P o l a r light-charged

particles in low e n e r g y fission

Earlier studies on the angular distribution of LRA showed a shallow minimum around
90 ° with respect to the fragment direction (Frankel 1964). Some studies (Atncosen
etal 1965; Nadkarni and Ramarao 1968) indicated a small peaking of the angular
distribution along the fragment direction. An extensive study by Piasecki et al (1970)
confirmed enhanced emission of the LCPs along the fragment directions. On the basis
of the conventional picture of LCP-emission from the neck of the fissioning nucleus
close to the scission point, it was rather unexpected to see particles emitted along
fission axis due to the presence of shadow cones caused by the coulomb repulsion
from the fragments. They were termed as polar LCPs and aroused a series of studies
(Piasecki et al 1979; Nowicki et al 1982; Sharma 1985; Kordyasz et al 1985) towards
clarifying the picture of their emission mechanism. These studies were faced with the
problem of dealing with the extremely rare emission probability of polar LCP emission
(< 10-s per fission). A recent review by Piasecki et al (1979) has covered details on
the yields and energy distribution data etc of the polar LCPs (~t,p, t, d) and discussed
possible emission mechanisms. We concentrate on some recent studies devoted
towards understanding the process of emission of polar LCPs.
Angular distribution of polar proton is more sharply peaked around the fragment
direction than those of polar tritons and ~t-particles. A measurement using double
ionization geometry (Sinha etal 1982; Sharma 1985) employing different size
collimators and a broad area source indicates the proton angular width (13°+ 5°) to
be about half of that for or-particles and tritons (,~28°). Similar results have been
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indicated by other measurements (Kordyasz et al 1985). Among the equatorial LCPs
emitted preferentially around normal to fission axis, the protons showed unique
behaviour of having a very broad angular distribution. This exclusive behaviour of
protons may be consistent with proton emission being relatively strongly enhanced
at tips of the fissioning nucleus and around the neck of it as they correspond to highly
deformed regions and supplemented by the kinematic focusing due to coulomb forces
of the fragments.
The characteristics of polar LCPs for different fissioning nuclei 234'236U, 252Cf
have been reported. Results ofAndreev et al (1974) for thermal neutron-induced fission
of 233U and 235U indicate, for example, the equatorial yield to be significantly different
while the polar yield relative to the equatorial yield was nearly constant. A similar
picture may be taken to be approximately valid for other cases. In the studies
employing double ionization chamber which is well suited to study the rare process
of polar LCP-emission, results of polar LCP yields (Sinha et al 1982, Sharma 1985)
have been reported for neutron-induced fision of 235U for thermal, 200, 600 and
1000keV neutrons. These measurements included simultaneous measurement of
equatorial and polar LCPs. The measured yields showed nearly identical behaviour
of polar and equatorial LCPs (p, t and ~t) in fast neutron fission as compared to the
thermal neutron-induced fission. Earlier results (Sinha et al 1982) have been improved
in statistical quality in the later work (Sharma 1985). This study is so far the only
one of its type and further experiments on these lines from other laboratories can
provide important clues to understand the polar LCP-emission.
Out of various emission mechanisms discussed by Piasecki et al (1979), the nuclear
orbiting model and the quantum-mechanical diffraction model consider the LCPs to
be emitted from the neck region only. As a result of the dynamical evolution of the
system, some LCPs are emitted along the fragment directions apart from the dominant
equatorial emission. These models are consistent with the experimental observations
(Guet et al 1979) indicating similar behaviour for polar and equatorial emissions.
Some theoretical calculations based on these models have met with reasonable success
in reproducing results on polar emission (Piasecki et al 1979; Sinha and Mehta 1983).
A model like Halpern's sudden snap model (Halpern 1963), though not worked out
in detail, can also be mentioned as it should also predict nearly similar behaviour
for the polar and equatorial emissions and provide a physical basis for the ejection
of LCP from the fissioning nucleus. Other models like evaporation model treat the
polar and equatorial emissions on quite different footing and it seems difficult to
accommodate the above mentioned experimental data. In addition, the evaporation
model has been worked out in detail but has not met with success in satisfactorily
reproducing the experimental data (Piasecki et al 1979).

8. Trajectory calculations
One of the most attractive aspects of long-range 0t-accompanied fission (LRAF) has
been the possibility of extracting information about the scission point configuration
(SPC) of a fissioning nucleus. The LRAs carry a direct signature about the scission
point as their energy and angle are sensitively affected by the scission point parameters
viz., inter-fragment distance and the initial fragment kinetic energies (figure 3). An
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Figure 5.

Schematic representation of the parameters used in trajectory calculations.

effective utilization of this sensitive probe of the scission dynamics has been the target
of the trajectory calculations.
Trajectory calculations attempt to find a set of values of the dynamical coordinates
(positive-momentum) characterizing the scission point configuration which when
time-developed results in an asymptotic distribution of the dynamical variables in
agreement with the experimental results. Most of these essentially assume a point
charge model (PCM) for the scission point configuration. The typical parameters
used in this model are shown in figure 5. By following the time development of the
three-particle system within the framework of classical mechanics, the relevant
experimental data are used to extract the probability distributions over the phase
space of the three particles at the scission point.
In some trajectory calculations (Geilikman and Khlebnikov 1965; Fong 1970, 1971),
the initial probability distributions were taken from the prediction of a fission model
and some of the experimental results were verified to lend support to the model. In
contrast to this approach most other trajectory calculations attempted to derive the
probability distribution over the phase space at the scission point. As we see in
table 10, a large variation exists over the derived distributions among various attempts
made so far. Initial calculations indicated a more stretched configuration for the SPC.
Several precise and extensive experimental efforts made in the last decade (Tsuji et al
1973; Guet et al 1979; Choudhury et al 1980) gave a renewed interest to the trajectory
calculations. The need for eliminating any inbuiit bias while specifying the initial
scission point phase space distribution was felt. This led to the efforts made in the
works by Fosatti and Pinelli (1975) and Krishnarajulu and Mehta (1980). Initial
kinetic energies and inter-fragment distances were found to have very broad
distributions, indicating bumps at values approximately corresponding to the
predictions of statistical and adiabatic models. In figure 6, we plot the mean initial
fragment kinetic energy against the inverse of the mean inter-fragment distance as
derived by various trajectory calculations (respective references are shown).
The plotted points fall quite reasonably on a straight line which has the slope
corresponding to the condition of constancy of the sum of E F and monopole
electrostatic potential energy. This behaviour of the predictions of the various
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Table 10. Summary of various trajectory calculations.

Reference
Tsien (1948)
Haipern (1963)
Geilikman and
Khlebnikov (1965)
Boneh
et al (1967)
Katase (1968)

Raisbeck and
Thomas (1968)
Nardi
et al (1969)

Krogulski
et al (1970)

Musgrove (1971)
Fong (1970, 1971)
Vitta (1971)
Gazit
etal (1971)
Rajgopalan and
Thomas (1972)
Tsuji
etal (1973)
Pik-Pichak (1974)
Gavron (1975)

Fossatti and Pinelli
(1975) Sinha and
Mehta (1983)
Krishnarajulu (1980)
Chaudhary
et al (1978)

Radi et al
(1982)
Guet et al
(1979)

Comments
Assumes E~ = E ° = 0 and 00 = 90 °. Varies D and X to
reproduce the velocity distribution.
Assumes fixed D-value and a fixed point of emission. Varies
the initialmomentum coordinates.
Worked under the framework of the droplet model. Predicted
angular distribution was too narrow.
Performed extensive trajectory calculations. However used the
then incorrectly known angular distribution data.
Obtained parametric equations relating some initialand
final dynamical variables and employed method of least
squares. Used certain functional form of the initial
parameter distributions.
Assumed ,,-emission to occur at a time interval t~ffi0'4x I0-22s
after the scission point. Extended their calculations to other
LCPs. Protons required a much extended interfragment distance.
Performed trajectory calculations for various LCPaccompanied fissionon lines similar to Vandenbosch and
Huizcnga (1973). Assumed a Maxwellian form for the initial
kinetic energies. Predicted D for protons was high 34-38 fm.
Performed calculations for various LCPs: An extremely
elongated configuration was needed for protons.
Permitted variations in the position momentum coordinate
in accordance with the uncertainty principle.
The initialconditions taken directly from the statistical
model. Reproduced some of the characteristics of LRAF.
Method.similar to that in Boneh et al (1967). Performed
trajectory calculations for 23~U (n~, LRAF)
Method similar to that in Raisbeck and Thomas 0968).

Complemented their elaborate experiment on the energy
angle correlations in the spontaneous LRAF of 2s2Cf
The initial parameters were given gaussian
distributions taking account of the uncertainty principle. Data
on SHe emission (Cheifetz et al 1972) were employed. Protons
required an unusual SPC.
These calculations are different from others as they attempt
to find out the initial distributions of the parameters by
directly using the experimental data thus avoiding any "a priori"
bias for any part of the initial phase space.
Extensive trajectory calculations by using the method of
multivariate analysis. E ° equated to zero to correspond to the
"earliest" set of the scission point parameters. Calculations
indicate that LRA emission probability need not be peaked
around the Coulomb potential minima between the two
fragments.
Performed extensive Monte Carlo calculations. Fixed E~F
to 13 MeV using value as predicted for the binary fission by
Negele et al (1978)
Performed trajectory calculations to reproduce their
extensive measurement on thermal neutron-induced LRAF
238U. Concluded that experimental correlations such as
dependence of FWHM of angular distribution on total
fragment kinetic energy required a compact scission point
configuration.

Mean inter
fragment
separation
(in fin)
20
27
19
26
27

21.5

24-26.5

26
23'7
18-20
24-3
24
21"5
22
28"2
21-3-22

20

22

21
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Figure 6. Plot of the mean initial fragment kinetic energy E~ against inverse mean
inter-fragment distance as derived by various trajectory calculations whose reference numbers
are mentioned near the points.

trajectory calculations and the observed (Fosatti and Pinelli 1975; Krishnarajulu and
Mehta 1980) broad distributions actually originate from an ambiguity associated with
the trajectory calculations. Trajectory calculations (Nardi et al 1969) which attempted
to fit the data on LCPs other than the LRAs indicate a unique behaviour of the
protons. The interfragment separation required to reproduce their broad angular
distribution turns out to be unusually large. It is suggested that proton emission may
not be predominantly occurring from the neck region but extending to the other
parts of the nuclear surface. This example illustrates a case in which trajectory
calculations provide valuable insight into one physical process (p-accompanied fission)
through an intercomparison of it with other process viz, LRAF. Here it may be
mentioned that it is through an inter-comparative study such as this that the trajectory
calculations may turn out to be of maximum advantage. To illustrate this point
further, we propose an LRAF experiment which may provide important clues towards
understanding of the odd-even effect observed in the nuclear charge distribution and
kinetic energy distribution in low energy fission. It is suggested that the energy
necessary for the pair-breaking (assumed to occur at the scission point) may come
from the collapsing neck. This could result in a change of the initial fragment kinetic
energy at the scission point. With the experience of the trajectory calculations one
can predict that a direct confirmation of the anticipated change in the scission point
configuration is possible if one studies the relevant aspects of the LRAF (for example,
angular distribution) as a function of odd-even split of nuclear charge.
Importance of the correlations of the energy-angle variables of the three particles
is clear from the summary given in table 10. They provide critical experimental
information which can be used to get a clearer picture of the situation at the scission
point. The minimum observed in (/~, 0=) correlation at most probable angle of emission
provides a convincing argument for the common belief that LRA is emitted at the
scission point near the neck. Correlations between (/ie, E=) and (ae, Er) have been
extensively used for some definite estimation of SPC. Boneh etal (1967) concluded
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that EF, E~ correlation requires large value of E °. They fixed all other SPC parameters
except E ° to reproduce the anticorrelation condition ~EF/OE~ = - 0.4. This approach
implies a condition E, + E F = constant + E°; which may lead to erroneous conclusions. Guet et al (1976) have used the (~0~,EF) correlating to indicate a small value
for E °. Later calculations (Sinha and Mehta 1983) found that if D is restricted around
20.5 + 0"5 fm all three correlations (/~, 0~) (/~F,E~) and (g0., EF) are reproduced along
with their dependences on mass ratio of fission fragments.
The physical understanding (Guet etal 1979; Choudhury etal 1980) of the
correlation (~0., EF) in which ao. decreases as EF increases, is that high EF LRAF
events correspond to smaller D-values (rather than large E ° values) giving a better
focussing of the ~-particles. This provides an important guidance to the trajectory
calculations. Let us suppose Qr is the Q-value for LRAF for a given mass and charge
split, and if in PCM we assume QT = QK + Qx; where Q~ = Vc(D, XL) + E ° + E ° with
Vc being the Coulomb interaction energy of LRA and fragments and Qx = E° + Ed.f
with Ex being the initial excitation energy of the fragments and Ed.f being the
deformation energy of the fragments. We can write for the final asymptotic values:
0
E~ + E~ = QK = Vc + E~0 + EF,

and
Ex = Qx = E° + Ed©f-

If we take an average of the above equation for fixed values of E~ and O,L, we get
E~ + EF = (~x = Qr - (~x = QT - (E° -t- Edd).
Now if we imagine D to be constant and assume that Eaef depends only on D then
QKis a constant giving ~EF/OE, = - 1 which is in disagreement with the experimental
value. This observation actually indicates that the observed fluctuations in E r etc
must involve (atleast) a fluctuation of D.
The time-zero problem: A large number of trajectory calculations performed till now
have been faced with ambiguity associated with the identification of the time-zero
with the actual moment of scission. A set of scission point parameters and any
time-evolved set derived from this set are indistinguishable. It seems clear that the
different initial SPC obtained by various groups may actually be related simply by a
time evolution. This is also demonstrated in figure 6. This problem has been considered
in earlier studies and later discussed in the context of the broad initial distribution
by Fong (1970, 1971). Several suggestions have been made by various groups to
circumvent this ambiguity. They are summarized below:
(i) Arguments based on the physical limitations invoke the Heisenberg's uncertainty
relation (Boneh et al 1967; Piasecki et al 1979) and a consideration of the maximum
neck size (Sinha and Mehta 1983). They both need theoretical input to estimate the
extent of the neck formed before the scission occurs.
(ii) Arguments based on the correlations of dynamical variables have been
employed by various groups (Krishnarajulu and Mehta 1980; Sinha and Mehta
1983). A full and "a priori" unbiased coverage of the initial phase space has been
used to explore various possible configurations starting from compct ones with small
interfragment separation to stretched configurations with large interfragment separa-

104

A K Sinha, D M Nadkarni, G K Mehta

tions. Onlyby employing the experimental energy distributions to ascertain the relative
probability of various initial phase space points, they found that the correlations/~F,
E~ and a0, EF can be reproduced for various mass ratios only if the D-value is
restricted to smaller values. One may say that a time evolution of the so obtained
scission configuration with larger D-values must also reproduce the above mentioned
correlations; however the evolved configuration may not be physically viable due to
the limits expected on the basis of neck radius etc.
(iii) The experimental results of Cbeifetz et al (1972) on the emission of 5He in fission
have been used (Gavron 1975; Sinha and Mehta 1983) to fix the time origin of the
trajectory calculations. The particle unstable 5He decays into 4He and a neutron with
half-life of 7"1/2 = 8 x 10 -22 s, which is small compared to the time needed for the
fully accelerated particles. From the neutron energy, the energy of the 5He at the
instant of its decay was deduced. This provides an independent means to put a
constraint on the deduced SPC as it demands that the light particle should have an
energy of 6.3 + 0.8 MeV after an average time of Tt/2 from the scission point. This
condiition has been reproduced in the trajectory calculations of Gavron (1975) and
Sinha and Mehta (1983) and Cheifetz et al (1972). The calculations of Sinha and Mehta
(1983) were of generalized nature performing a full and uniform coverage of the phase
space of the three particles without any a priori assumption about the shape of the
initial probability distributions. In addition they considered the fragment deformation
and the nuclear proximity potential among the three particles. The 5He data were
used along with the experimental E~ and Er distributions to calculate the probability
weights for the initial phase space points. A given final neutron energy coming off a
5He emission may either be an early emission from an initially fast emission of 5He
or a late emission from an initially slow 5He. To take care of this exponential time
decay of ~He the SHe weight factor was assigned by simulating the 5He decay along
the 5He trajectory at several instants to obtain a mean neutron energy and therefrom
the probability weight factor was obtained.
The results obtained in the generalized calculations of Sinha and Mehta (1983)
indicate that the initial distribution of D-value peaks at 24 fm with F W H M ~ 4 fm.
The correlation between (Er, E~) and (o0, E~,) were not reproducible; the 5He data
could also not achieve a reproduction of these correlations (perhaps it reflects relatively
lesser sensitivity of n-energy from SHe decay to fragment motion). Again these
experimental results were correctly predicted once the D-value was restricted to vary
in a narrow range around 24 fm.
As suggested by the studies of various trajectory calculations (Ford 1960; Gavron
1975; Dakowski etai 1979; Sinha and Mehta 1983) the derived scission point
configuration gets quite significantly altered once PCM is made more realistic by
including nuclear interaction etc. With the help of 5He data and various correlations
and by utilizing a proper scission point model for dynamical evolution of the system
making a priori unbiased search of the available phase space at the scission point
through a proper procedure, one may be able to draw a conclusive description of the
scission point configuration by the method of trajectory calculations. Here, one may,
to highlight the point, consider the result of one of the approximation made in the
work of Sinha and Mehta (1983) concerning the fragment deformations at the scission
point. They took the initial deformations to be time-independent with the value same
as for the ground states. In their coverage of initial phase space, this approximation
about the deformation resulted in a bias for larger D-values. The larger D-values
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provided more space between the fragments available to LRA-emission, which caused
their initial E °, E ° distributions to have high energy tails. This bias could be avoided
by incorporating proper time-dependent deformations. Thus, apart from a proper
procedure with a priori unbiased coverage of the phase-space, a realistic model for
calculating the dynamical evolution of the system is needed to avoid unphysical bias
to parts of the initial phase space.

9. Conclusions
The yields of the equatorial LCPs show very little variation with the excitation energy
of the fissioning system over a reasonably large range. It increases for the heavier
system following nearly the fissility parameter. Results on the resonance neutroninduced LCP-fission indicate some correlation with the spin of the resonance but the
picture is not conclusive. The data on keV neutron-induced LCP-fission show
interesting behaviour with the neutron energy which can be related to the saddle
states. Behaviour similar to the LCP-data is also seen in total kinetic energy variations
in the keV neutron-induced fission. The experimental data on the equatorial LCPs
seem to be quite exhaustive but some more data are required regarding the mass-charge
distributions of the fragments in LCPF along withmore data on heavier LCPs. More
experimental work is certainly needed for the polar LCPs. Further efforts are required
to understand the emission mechanism of the LCPs. A more concerted effort is
necessary for the extraction of the scission point configuration by trajectory
calculations.
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