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Abstract. Since the discovery of nuclear ﬁssion in the year 1939, both physical and radiochemical
techniques have been adopted for the study of various aspects of the phenomenon. Due to the ability
to separate individual elements from a complex reaction mixture with a high degree of sensitivity and
selectivity, a chemist plays a signiﬁcant role in the measurements of mass, charge, kinetic energy,
angular momentum and angular distribution of ﬁssion products in various ﬁssioning systems. At
Trombay, a small group of radiochemists initiated the work on radiochemical studies of mass distribution in the early sixties. Since then, radiochemical investigations on various ﬁssion observables
have been carried out at Trombay in n, p, α and heavy-ion-induced ﬁssions. An attempt has been
made to highlight the important ﬁndings of such studies in this paper, with an emphasis on medium
energy and heavy-ion-induced ﬁssion.
Keywords. Fission; mass distribution; charge distribution; angular momentum distribution; angular
distribution; neutron; proton; alpha; heavy ion; accelerator; reactor.
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1. Introduction
Fission was discovered in the year 1939 by the celebrated German radiochemists Hahn
and Strassman [1]. The ability of radiochemists to separate elements from a complex
mixture with very high speciﬁcity and sensitivity led to the discovery of nuclear ﬁssion.
Fission is usually considered to be the property of heavy nuclei (actinides) with the mass
number greater than 230. According to the liquid drop model (LDM) proposed by Bohr
and Wheeler [2], the stability of a nucleus against ﬁssion is governed by the balance of
surface and Coulomb energies. All nuclei in their ground state are spherical because this
is the condition of minimum surface energy. For a nucleus to undergo ﬁssion, it has to
deform from its spherical shape. Fission process is thus considered as a series of changes
in shape from the spherical ground state to deformed scission conﬁguration. Potential energy change associated with the change in shape calculated using LDM, passes
through a maximum, called the saddle point. Energy of the saddle point relative to the
ground state is called the ﬁssion barrier. According to LDM, the ﬁssion barrier decreases
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systematically with the increase in atomic number and nearly vanishes around Z = 120.
This is supported by the systematic decrease in spontaneous ﬁssion (SF) half-lives with
an increase in atomic number of the actinide elements. Thus 238 U (Z = 92) has a SF
half-life of about 1016 years while 258 Fm (Z = 100) has an SF half-life of about ∼1 ms.
Both collective and intrinsic degrees of freedom play important roles in the ﬁssion
process. Over the years, extensive research has been carried out on various ﬁssion
observables such as mass, charge, kinetic energy and angular distribution of the ﬁssion
fragments/products in low as well as medium energy ﬁssion to understand the mechanism of the ﬁssion process [3,4]. While the low-energy ﬁssion is dominated by the
nuclear structure effect, medium energy ﬁssion provides information on the dilution of
shell effect with increasing excitation energy which is reﬂected in the nature of change
in mass, charge and angular distributions. With the advent of heavy-ion accelerators
providing heavy-ion beams over a wide range of mass and energy, it has become possible to study the ﬁssion of nuclei under extreme conditions of excitation energy, angular
momentum and entrance channel mass asymmetry.
In this paper, an effort will be made to give a brief description of the radiochemical
studies carried out in the Radiochemistry Division, BARC on low energy, medium energy
as well as heavy-ion-induced ﬁssion, highlighting the important ﬁndings. The main objective of these studies is to understand the systematics of low-energy ﬁssion, particularly
distribution of mass, charge, kinetic energy and angular momentum covering a wide range
of actinide targets. The results are interpreted in terms of the spherical and deformed
shells and the nucleon pairing effect. The effect of excitation energy on these distributions
was studied by α-particle-induced ﬁssion. In heavy-ion-induced ﬁssion, mass, charge and
angular distribution were studied to understand the role of excitation energy and angular momentum in governing the distributions. Neutron-induced ﬁssion experiments were
performed at APSARA, CIRUS and DHRUVA reactors. Charged particle-induced ﬁssion
experiments were carried out at Variable Energy Cyclotron Centre, Kolkata, and BARCTIFR Pelletron-Linac Facilities. Electron beam accelerator at Khargar, Navi Mumbai was
used for photon-induced ﬁssion study. The subject was reviewed in earlier articles [5–8].
In this paper the emphasis will be on the heavy-ion-induced ﬁssion.

2. Mass distribution
Mass yield distributions in neutron-induced ﬁssion of several actinides ranging from
Ac to 245 Cm were determined by radiochemical methods which involved separation
of the ﬁssion products, followed by their estimation by β or γ counting. Absolute, relative and comparative methods [9] were used to obtain the mass distributions. Recoil
catcher technique involving the collection of the recoiling ﬁssion products in a catcher
foil, followed by direct γ counting using high resolution Ge(Li) detector was also used to
determine the yields without chemical separation of the ﬁssion products.
The constancy of the most probable mass of the heavy wing at A ∼ 140 and systematic
increase in the most probable mass of the light wing of the mass distribution with increase
in mass of the ﬁssioning nucleus was the general trend observed [5]. The results have
been attributed to the effect of N = 82 spherical and N = 88 deformed neutron shells
in the heavy fragment which minimizes the potential at scission conﬁguration [10]. Also,
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the appearance of a third peak in the mass distribution of 228 Ac, 229,233 Th and 232 U was
observed [11–13]. This has been attributed to the change in the nature of potential energy
surface around the ﬁssioning nucleus mass of about 230. It was thus concluded that the
symmetric and asymmetric modes of ﬁssion are governed by the potential energy of the
ﬁssioning nucleus at the saddle point [14–16].
New experimental data were obtained on the yields of several ﬁssion products in highly
asymmetric mass region in the reactor neutron-induced ﬁssion of 238 U. Stringent radiochemical separations were needed as the yields of the products were very low. The yields
showed a shoulder in the very asymmetric region indicating the effect of 28 proton shells
in the distribution [17]. Measurement of absolute ﬁssion yields in the fast neutron-induced
ﬁssion of actinides, 238 U, 237 Np, 238 Pu, 240 Pu, 243 Am and 244 Cm, by track-etch-cumgamma spectrometry were carried out [18]. The results provided new data on mass yields
of several ﬁssion products. Mass distribution measurements were carried out in α-particle
and proton-induced ﬁssion on 232 Th [19–21] to study the effect of excitation energy on
mass distribution. In general, peak-to-valley (P/V) ratio has been found to decrease with
increase in excitation energy of the ﬁssioning nucleus. Also a third peak has been found to
appear at symmetry. This is shown in ﬁgure 1 for 232 Th(p, f ). The peak at the symmetry
may be an indication of the effect of LDM as the shell effect tends to disappear at higher
excitation energies [22].
Mass distribution studies for the 19 F +197 Au, 20 Ne +181 Ta, 20 Ne +208 Pb, 7 Li +232 Th,
19
F +232 Th, 20 Ne +232 Th systems were carried out using the recoil catcher technique followed by the γ -ray spectrometry [23–29]. The objective of such studies is to understand
the effect of entrance channel parameters, viz., mass asymmetry, projectile energy and
angular momentum on mass distribution. The mass distributions in the 7 Li +232 Th system
[25] are shown in ﬁgure 2. The asymmetric mass distributions in the beam energy range

Figure 1. Yields of ﬁssion products (%) as a function of mass number in 19.5, 32.21,
and 44.76 MeV proton-induced ﬁssion of 232 Th. Fission yields for each energy is
multiplied by the number shown in brackets [21].
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Figure 2. Mass distributions in 7 Li-induced ﬁssion of 232 Th at three beam energies.
Solid lines represent the ﬁtted curves [25].

studied indicate that the shell effect persists at these excitation energies of the compound
nucleus. No signiﬁcant effect of transfer-induced ﬁssion was observed in the distribution.
The mass distributions for other systems studied showed broad, symmetric mass distribution indicating the disappearance of shell effect. Figure 3 shows the symmetric mass
distributions in the 20 Ne +181 Ta system producing 201 Bi compound nucleus at Elab = 150
and 180 MeV [28]. An attempt was made to reproduce the observed mass distributions
using the random neck rapture model (RNRM) of Brosa [30] for the 19 F +197 Au system
producing the compound nucleus 216 Ra [27]. Figure 4 shows the pre-scission shape of
216
Ra obtained using RNRM. Analysis of the width of the symmetric mass distributions
was carried out to understand the dependence of the stiffness to mass asymmetric distortion on the ﬁssility parameter (Z 2 /A) [26]. Figure 5 shows the variation. It is seen that
the reduced width passes through a minimum at around the lead region, indicating that
the stiffness to mass asymmetric distortion decreases on either side of lead. Also, it
is seen from ﬁgure 5b that there is considerable reduction of scatter in the plot if the
angular momentum-corrected ﬁssility parameter (Z 2 /A)eff is used. This shows that the
angular momentum of the ﬁssioning nucleus increases the width of the mass distribution.
Transfer-induced ﬁssion contributes signiﬁcantly to the ﬁssion cross-section for the
heavy ﬁssioning systems. Deciphering the contribution of transfer-induced ﬁssion in
mass distribution was carried out for 19 F +232 Th, 11 B+232 Th and 20 Ne +232 Th systems
[23,24,29]. Mass distributions of ﬁssion product obtained on using parameters appropriate
214
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Figure 3. Mass distribution of the ﬁssion products formed in 20 Ne+181 Ta reaction at
(a) Elab = 150 and (b) 180 MeV [28].

for charge distribution correction for complete fusion ﬁssion (CFF) and transfer-induced
ﬁssion (TF) are shown in ﬁgure 6 for 20 Ne +232 Th system at Elab = 142.5 MeV [29]. As
expected, mass distribution is symmetric for CFF indicating the absence of shell effects
due to higher excitation energy of the ﬁssioning nucleus. Mass distribution for TF has
been observed to be asymmetric due to the lower excitation energy of the ﬁssioning system. An estimate of the transfer ﬁssion cross-section has been obtained which is ∼15%
of the total ﬁssion cross-section at this beam energy.
Mass distribution studies have been carried out in the bremsstrahlung photon-induced
ﬁssion of 232 Th, 238 U, 240 Pu [31]. From this mass yield distribution, P/V ratios were

Figure 4. Pre-scission shape of 216 Ra [27].
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Figure 5. Plot of relative variance (a) (σM /A)2 vs. Z 2 /A and (b) (σM /A)2 vs.
(Z 2 /A)eff [26].

Figure 6. Mass yields for 20 Ne+232 Th reaction at Elab = 142.5 MeV. (•) experimental CFF mass yields, (△) extracted TF mass yields, (◦) reﬂected complementary
yields, (—) the Gaussian ﬁt to the yields for CFF, (· · · · ·) the RNRM calculations
and (- - - - -) the Gaussian ﬁt to TF mass yields [29].
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obtained. The results along with the data of neutron-induced ﬁssion were used to obtain
the excitation energy dependence of P/V ratio.
3. Charge distribution studies in fission
The charge distribution study provides information on the distribution of nuclear charge
between two complementary fragments of ﬁxed masses. The study involves the measurement of independent yields of members of isobaric chain or isotopes of an element.
The charge distribution in ﬁssion is assumed to be Gaussian characterized by two parameters: mean or the most probable charge Zp and the variance σz2 . The corresponding
parameters for isotopic yield distribution are Ap and σA2 . Nuclear structure as well as
excitation energy govern these parameters for different ﬁssioning systems. The charge
distribution parameters also provide information on N/Z equilibration and dynamics of
descent from saddle to scission. Radiochemical method involves the separation of the
individual members of the isobaric chain and determination of their yields. A detailed
compilation of the independent yields and the charge distribution parameters for neutroninduced ﬁssion and SF are available in ref. [32]. In Radiochemistry Division, independent
and cumulative yields of several ﬁssion products in neutron-induced ﬁssion of several
actinide targets ranging from 229 Th to 245 Cm and SF of 252 Cf were carried out to obtain
information of nuclear shell and pairing effects on the distribution. In one of the experiments a 6 μg 252 Cf source was used for charge distribution studies. The values of
Zp were obtained for several mass chains and the corresponding charge polarization
parameters Zp − ZUCD (Z) were calculated where ZUCD corresponds to the unchanged
charge distribution [7]. It was seen that the charge polarization increases with mass
asymmetry.
Charge distribution studies were also carried out with other ﬁssioning systems to obtain
Zp and σz2 for different fragment masses [33]. These data along with the literature-reported
values were analysed to obtain information on nuclear shell and pairing effect on charge
distributions in 233 Th, 233 U, 234 U, 236 U, 239 Pu, 240 Pu and 246 Cm. The odd–even effect
was found to decrease with the increase in mass of ﬁssioning nucleus and the results
were consistent with the data in [32]. Similar to isobaric yield distribution, isotopic yield
distributions have also been determined for different ﬁssioning systems in low and heavyion-induced ﬁssion. The values of Ap , σA and charge yield can be extracted from such distributions. The comparison of charge yield of Tc in 233 U(n, f ), 239 Pu(n, f ) and 252 Cf(SF)
showed the effect of 82 spherical and deformed 88 neutron shells in the complementary
heavy ﬁssion fragment, in enhancing the charge yield of Tc from 233 U(n, f ) to 252 Cf(SF)
[34].
Both isotopic and isobaric charge yield distributions were studied in heavy-ion-induced
ﬁssion [26,28,29] to obtain information about the charge distribution parameters at higher
excitation energy. Broadening of the charge distribution compared to low-energy ﬁssion
and absence of shell effect are the two characteristics of medium energy and heavy-ioninduced ﬁssion [35–38]. Figure 7 shows the Gaussian isotopic yield distribution of Sb
isotopes in the 20 Ne +232 Th ﬁssioning system [29]. In heavy-ion-induced ﬁssion of
actinide targets, as stated earlier, TF can constitute a signiﬁcant fraction of the ﬁssion
cross-section. Charge distribution studies provide information on the TF in heavy-ioninduced ﬁssion. A plot of independent or nearly independent (ﬁssion products at the lower
Pramana – J. Phys., Vol. 85, No. 2, August 2015
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Figure 7. Plot of yields of Sb isotopes in the forward catcher foil at Elab = 142.5
MeV for 20 Ne + 232 Th reaction. Solid line is Gaussian ﬁt to the data. Variance and
most probable mass obtained from the ﬁt are also shown in the ﬁgure. The quoted
uncertainty is the ﬁtting error [29].

end of the isobaric yield distribution) yields of ﬁssion products as a function of their A/Z
show two separate groups of ﬁssion products arising from the CFF (centred at lower A/Z)
and TF (centred at higher A/Z) which differ in their most probable charge-to-mass ratio
[23,29]. This has been used to obtain information about the contribution of TF in reactions
involving actinide targets.
4. Angular momentum distribution of fission fragments
The ﬁssion fragments in low-energy ﬁssion possess angular momentum which far exceeds
the value expected from the spin of the compound nucleus. The mechanism of generation of angular momentum in the ﬁssion fragment is an interesting topic of research. It is
believed to arise from the nonlinear scission conﬁguration and post-scission Coulomb
torque [39–41]. Both physical [42] and radiochemical methods were used to obtain
information about the fragment angular momentum.
Isomeric yield ratios (IYR) of the ﬁssion products having low and high spin isomers
provide information about the corresponding fragment angular momentum. A statistical
model is used to calculate the fragment de-excitation by neutron and γ emission, leading
to the population of high and low spin states of the ﬁssion product. The IYR of isotopes of
Nb, Pd, Cd, Sb, Te and I were determined radiochemically for several ﬁssioning systems,
both in neutron- and α-induced ﬁssion [43–49]. The results were interpreted in terms
of fragment shell and pairing effect, input excitation energy and angular momentum. It
was shown that the odd-Z fragments have higher angular momentum compared to the
even-Z fragment and was shown to have inverse correlation with the yields of odd-Z and
even-Z ﬁssion products in 252 Cf(SF). Figure 8 shows the odd–even ﬂuctuation in charge
yields and fragment angular momentum [45]. It was shown that the angular momenta
decrease as the neutron number in the fragments approaches 82 spherical neutron shell
[45,48]. The results show that the fragment angular momenta increase with deformation.
218
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Figure 8. Correlation of the elemental yield and angular momentum in
[45].

252 Cf(SF)

The effect of initial excitation energy and angular momentum on the fragment angular
momentum was studied in α-particle-induced ﬁssion of 232 Th and 238 U [44,46–48].
Figure 9 shows the variation of fragment angular momentum of the 126,128,130 Sb isotopes with the initial excitation energy of the ﬁssioning nucleus in 238 U(α, f ) [48]. With
the increase in excitation energy of the ﬁssioning nucleus, the excitation energy of the
fragment also increases, allowing thermal accessibility of higher angular momentum
states. Thus, the fragment angular momentum increases. Also, the values are lowest for
the isotope 130 which is in close proximity with the spherical 82 neutron shell which shows
fragment deformation and plays an important role in governing the fragment angular
momentum.

5. Mass-resolved angular distribution of fission fragments
Angular distribution of ﬁssion fragments reﬂects the saddle point states (J, K) through
which the ﬁssioning nucleus passes during its motion towards scission [50]. For ﬁssion
at an excitation energy well above the barrier, the statistical saddle point model is used
to explain the angular distribution of ﬁssion fragments [51]. According to this model,
angular distribution is governed by the angular momentum of the entrance channel, excitation energy and the shape of the ﬁssioning nucleus at saddle. Angular distribution of
ﬁssion fragments were extensively studied for both neutron and charged particle-induced
ﬁssion using physical methods [3,52–54].
Pramana – J. Phys., Vol. 85, No. 2, August 2015
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Figure 9. Variation of fragment angular momentum (J ) with excitation energy of
the ﬁssioning nucleus [48].

In order to investigate the correlation between mass and angular distributions, massresolved angular distribution was studied in Radiochemistry Division using recoil catcher
technique for several ﬁssioning systems in both α-particle and heavy-ion-induced ﬁssion. The fragments were collected at different angles using a cylindrical irradiation
chamber. From the end of irradiation activity (Ai ) in different strips, the laboratory angular distribution of a given ﬁssion product was obtained. In general, angular anisotropy
(W (0◦ )/W (90◦ )) is found to increase with mass asymmetry for proton and α-induced
ﬁssion of Th–Pu targets [3,55,57]. Figure 10 shows the plot of angular distribution of
some ﬁssion products, representing symmetric and asymmetric ﬁssion in the 4 He +232 Th
system [57]. The values of angular anisotropies can be seen within the ﬁgure. The asymmetric ﬁssion products show higher anisotropy compared to the symmetric ﬁssion products. Though the results indicate that angular anisotropies are related to mass asymmetry,
the interpretation is not unambiguous as multichance ﬁssion can inﬂuence the results. In
order to see the effect of the entrance channel mass asymmetry, mass-resolved angular distribution was determined in 4 He +240 Pu and p+243 Am systems, both producing the same
compound nucleus 244 Cm at about the same excitation energy. Figure 11 shows the plot of
angular anisotropies vs. mass number of different ﬁssion products in the two systems. It
is seen that the angular anisotropy is independent of mass asymmetry in both the systems.
However, the effect of the entrance channel is visible on the average anisotropy which
is higher in the 4 He +240 Pu system. This is due to the higher angular momentum of the
entrance channel brought in by helium ion compared to the proton. Also, due to the odd
mass number of p and 243 Am, the entrance channel spin is not zero in this system which
results in reduced anisotropy.
220
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Figure 10. Experimental angular distributions for symmetric and asymmetric products in helium ion-induced ﬁssion of 232 Th [57].

In heavy-ion induced ﬁssion, 12 C+232 Th, 11 B+232 Th systems do not show any mass
dependence of angular anisotropy while 16 O+232 Th systems shows higher anisotropies for
the symmetric ﬁssion products [58]. The trend is thus reversed compared to the light ioninduced ﬁssion. Mass-resolved angular distribution studies were also carried out in the
20
Ne+181 Ta [28], 20 Ne+208 Pb [26] and 20 Ne+232 Th [59] systems. It is observed that the
angular anisotropy is not correlated with the mass asymmetry in the 20 Ne+181 Ta and

Figure 11. Angular anisotropy vs. mass number for
different entrance channels (Goswami et al [56]).
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Figure 12. Angular anisotropies of various ﬁssion products formed in 20 Ne+232 Th
reaction at (a) Elab = 125.6 MeV and (b) Elab = 142.5 MeV. Filled and open circles
represent the ﬁssion products with A/Z ≤ 2.47 and A/Z > 2.47, respectively. Solid
lines are ﬁt to experimental anisotropies using pre-equilibrium ﬁssion [59].

20

Ne+208 Pb systems. At higher excitation energies and angular momentum of the compound nucleus, many deviations from the statistical theory are reported [60,61]. The
20
Ne+232 Th system also shows higher anisotropy for symmetric ﬁssion products like
16
O+232 Th, as shown in ﬁgure 12. The increase in angular anisotropy indicates the contribution from pre-equilibrium ﬁssion, in which ﬁssion occurs before the complete equilibration of K-degree of freedom. The experimental trend of anisotropies can be explained
qualitatively after including the contribution from pre-equilibrium ﬁssion as shown by the
solid lines in ﬁgure 12. Such a mass dependence of angular anisotropy may be a feature
speciﬁc to pre-equilibrium ﬁssion and, therefore, may be used to distinguish from quasiﬁssion, in which, ﬁssioning systems escape into the exit channel without being captured
inside the saddle point.

6. Conclusion
Radiochemical studies on charge, mass and angular distributions of ﬁssion products
have been used to gain insight into low energy and heavy-ion-induced ﬁssion process.
The data on the variance of mass distribution provide information about the stiffness
222
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of the potential energy surface to mass asymmetric deformations. Substantial contribution from transfer-induced ﬁssion has been observed in highly ﬁssile system which was
distinguished based on the A/Z of the ﬁssion products. Mass-resolved angular distributions of ﬁssion products gave information about the saddle-to-scission dynamics as well as
about the contribution from non-equilibrium ﬁssion processes owing to the entrance channel dynamics. Mass-resolved angular distribution of ﬁssion products provides a possibility
to distinguish between pre-equilibrium ﬁssion and fusion–ﬁssion process. More studies
on this aspect will help one to understand the contributions from various non-compound
nucleus ﬁssion processes in the heavy actinide and transactinide regions.
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