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INTRODUCTION

Nuclear fission was discovered more than half a century
ago. Since then, an enormous amount of experimental data
has been accumulated. The analysis of the data has led to the
discovery and understanding of fundamental regularities of
nuclear fission.! There is a deep connection among the val-
ues of the total kinetic energy (TKE), the mass asymmetry,
and the excitation energy of fragments from spontaneous and
low-energy nuclear fission. These parameters are mainly de-
termined by the scission configuration of the nucleus. After
the nucleus splits, the Coulomb interaction energy is trans-
formed into the Kkinetic energy of the produced fragments,
while the deformation energy becomes the excitation energy.

In the multidimensional deformation space the potential
energy of the cold nucleus has a complicated structure deter-
mined by shell effects in the deformed nucleus. For various
fissile systems the potential-energy surface has a clearly ex-
pressed valley running from the saddle points to the points of
the most probable nuclear scission.?® The fission process
evolves along these valleys. The various fission paths of the
nucleus in deformation space are called the fission channels
or modes. Each fission mode is characterized by the average
mass of the fragments, the mass variance, the average TKE,
and the variance of the TKE.”"? The model of multiplicative
fission based on analysis of the potential-energy surface of
the deformed nucleus allows the successful prediction of the
average values of the fragment masses and average TKE for
various fission channels. Explanation of the variances in the
mass and energy distributions of the fission fragments re-
quires study of not only the nuclear potential energy, but also
the dynamics of the fission process. A combination of the
multichannel fission model and the model of random break-
ing of the nuclear neck based on the assumption that a dy-
namical instability arises in this breaking allows the mass
and energy distributions of the fragments of spontaneous and
low-energy fission to be interpreted successfully.'
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As the nuclear shape evolves from the saddle point to the
scission point, the energy released AV is partially trans-
formed into kinetic energy, the so-called prefission kinetic
energy of the fragments. Another part of the energy AV goes
into the excitation of the collective degrees of freedom of the
nucleus (dipole oscillations and oscillations in the direction
perpendicular to the fission axis) and, when nuclear viscosity
is present, part of AV will go into the internal energy of the
fissioning nucleus. At present there are few experimental
data which can be used to estimate the distribution of the
energy release AV and to extract information about the dy-
namics of nuclear fission. The experimental data are clearly
insufficient for constructing a systematic model of the fission
dynamics, and the existing models which succeed in explain-
ing various specific features of the dynamics give contradic-
tory results.

Detailed studies of the isobar distributions of fragments
(the yields of fragments with various charges Z at fixed mass
A) have led to a new understanding of several aspects of the
fission process associated with the dynamics. Study of the
variances of the isobar distributions (07 ; Ref. 11) has led to
the establishment of a connection between the formation of
the fragment charge distributions and the zero-point dipole
oscillations of a harmonic oscillator.'? According to this
model, before the nuclear scission, when the neck radius be-
comes small the process becomes nonadiabatic, and the
charge variance of the fragments is determined by the rate at
which the neck breaks.!* The experimental values of o for
various fissile systems are reproduced by this model when
the neck-breaking rate is =2 F/ 102! sec. However, the be-
havior of the average charges of the isobar distributions of
fission fragments (polarization of the fragment charges) as a
function of the fragment mass, which has been observed in
the fission of actinide nuclei from Th to Cf, is still not un-
derstood.

Study of the properties of the proton even—odd effect,
i.e., the excess in the yield of fragments with even charge
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over the yield of fragments with odd charge, for various
fissile systems'"1415 has given some information about the
nuclear excitation energy as scission is approached. On the
basis of calculations of the magnitude of the even—odd effect
by combinatorial analysis of the number of broken proton
pairs,'® it has been estimated that the dissipation energy is
about 30% of AV (Ref. 17). However, this estimate is usu-
ally viewed as an upper limit on the dissipation energy, be-
cause pair scission during the rapid nonadiabatic breaking of
the nuclear neck was neglected in the calculations. 8

An interesting manifestation of the nuclear fission dy-
namics is the fact that some of the fragments of spontaneous
and low-energy fission have angular momenta considerably
larger than the spin of the fissioning nucleus. The fragment
angular momentum has been attributed to the excitation of
transverse oscillations in the fissioning nucleus as it moves
from the saddle point to the scission point. Starting from the
assumption of statistical equilibrium at the scission point,
theoretical studies'>?° have shown that the fragment angular
momentum must increase as the fragment deformation in-
creases at the scission point. However, the fragment angular
momenta and their relation to other characteristics of spon-
taneous and low-energy nuclear fission are poorly studied.

Thus, in fission physics there are several problems asso-
ciated with the dynamics of the fission process whose solu-
tion requires new, more detailed experimental studies of the
fission characteristics. Such new data can be obtained both
by improving the experimental techniques and existing meth-
ods of study, and by new approaches to studying fission. In
this review we shall discuss the experimental techniques for
studying low-energy and spontaneous nuclear fission. In Sec.
1 we briefly review the existing methods used to determine
the various characteristics of nuclear fission. Special atten-
tion is paid to the description of a new, original method of
studying fission, which is the subject of Sec. 2. This method
has been proposed and realized in our studies on the sponta-
neous fission of 252Cf,2!-%

1. PHYSICAL METHODS OF DETERMINING THE
CHARACTERISTICS OF NUCLEAR FISSION

Every fission event is characterized by the mass, charge,
kinetic energy, excitation energy, and spin of the two frag-
ments. A special feature of the fission process is the broad
spectrum of states of the produced fragments. The character-
istics of the distributions of the observed fission properties
and the correlations between them contain information about
the features and regularities of the fission process, and also
about the properties of nuclear matter which are manifested
in large-amplitude collective motion.

1.1. The fragment masses

Most of the data on the mass distributions of the frag-
ments of low-energy and spontaneous fission have been ob-
tained by measuring the kinetic energy of the fragment pairs
in so-called (2E) experiments. The fragment mass distribu-
tions in fission are determined by using the relation between
the fragment kinetic energy and mass following from the
conservation laws in binary low-energy nuclear fission. For

544 Phys. Part. Nucl. 28 (6), November-December 1997

primary fragments (before nucleon evaporation) the sum of
the fragment masses A; is equal to the mass of the fissioning
nucleus Ap:

A1+A2=AF.

This relation is valid for the overwhelming majority of
spontanecous and low-energy fission events, because cases
where neutrons are emitted from the nucleus before fission
are very rare. For example, in the spontaneous fission of
252Cf, as shown in Ref. 31, neutrons are emitted from fully
accelerated fragments.

In spontaneous fission and also in fission induced by
thermal neutrons, when the transferred momentum is negli-
gible compared with the fragment momenta, we have

A =Ay0,. (1)

This leads to an expression for the fragment kinetic en-
ergies:

E1/E2=A2/A1, (2)

where E; is the kinetic energy of a primary fragment. Know-
ing the fragment energies, it is possible to find the mass of
each fragment:

A\=Ap-E,/(E\+E,). 3)

However, it should be remembered that Eqs. (1)—(3) are
valid for primary fragments, when neutrons are not evapo-
rated from the fragments. This occurs only in about 1% of
cases of nuclear fission. In the other cases neutrons are emit-
ted from the moving fragments. Therefore, a fragment reach-
ing the detector has mass A; and kinetic energy E; different
from the initial values:

Al=A,—7;, 4

where v; is the average number of neutrons emitted from a
fragment of mass A;. Assuming that the neutrons are evapo-
rated with zero velocity relative to the fragment, it is easy to
obtain the following relation between the energies of the
primary and secondary fragments:

E[=E{(A;—v)/A;. &)

To determine the kinetic energy and mass of the primary
fragments it is necessary to introduce corrections associated
with neutron evaporation. The average number of evaporated
neutrons is a function of the fragment mass. These functions
are known for several thermal-neutron induced fission reac-
tions and for nuclei which undergo spontaneous fission. The
fragment masses and energies are calculated by the standard
procedure.32

The kinetic energy of a fragment E’ after neutron evapo-
ration will not only be shifted relative to the initial fragment
energy [see Eq. (5)], but will also be smeared about the av-
erage energy (E') with width o(E’), owing to the variation
of the number of evaporated neutrons and the momentum
carried off by them. Therefore, the fragment masses obtained
in (2E) experiments can be determined with an error which
is due to the fission process itself. The author of Ref. 33
made a careful analysis of the mass resolution which can be
obtained for fragments in (2E) experiments. For the stan-

Ter-Akop’yan et al. 544



dard reaction 2U(ny,,f ) and the spontaneous fission of
252Cf, the calculated mass resolutions are, respectively,
8A=3 amu for 2°U and 64 =4 amu for *?Cf. The method
of determining the fragment mass using the kinetic-energy
ratio of the secondary fragments does not in principle allow
the determination of the fragment masses with an accuracy
better than this.

The energies of fragment pairs are usually measured by
using two types of detector: pulse ionization chambers (ICs)
and silicon detectors (SDs). Most of the available data on
nuclear fission have been obtained by using SDs, because
these detectors are compact and do not require a high-voltage
power supply and thus are simple and convenient to use. To
transform the pulse height given by the detector when it
records a fragment into the fragment energy it is necessary to
take into account the amplitude defect. In an SD this is
mainly determined by the ionization defect and incomplete
collection of charge carriers. It has been established experi-
mentally that the pulse height depends linearly on the energy
of fixed-mass fragments. The calibration function relating
the pulse height N to the energy E of a fragment of mass A
is written as

E=(a+b-A)-N+c+d-A,

where a, b, ¢, and d are constant coefficients determined
individually for each detector from the energy spectra of the
best-studied fission reactions 2°U(n,f ) and %?Cf(s.f.), us-
ing the parametrization of the fragment energy spectra pro-
posed in Ref. 34.

The fragment energy resolution which can be obtained
using an SD is 1-2 MeV (Ref. 35). The mass resolution
obtained in (E2) experiments is usually 4—5 mass units.>®

Gas-filled ionization chambers have been used success-
fully in recent years to study fission. Such chambers are in-
teresting, owing to the flexibility in the chamber construc-
tion, the absence of radiation damage, and the significantly
better energy resolution than for silicon detectors. Double
ionization chambers with planar electrodes separated by a
common cathode are most convenient for studying spontane-
ous fission or neutron-induced fission.3”-*8

The amplitude defect of ICs is mainly determined by the
ionization defect and energy loss in the backing (or in the
entrance window, if an external source is used). The angle at
which the fragment enters the IC is measured in order to
correctly take into account the energy loss in the backing.
The entrance angle is determined by the ionization chamber
itself, for example, from the ratio of the anode and cathode
signals.

The fragment energy resolution obtained in an IC is 0.4
and 0.5 MeV, respectively, for light and heavy fragments.*
The mass resolution for (2E) experiments using ICs is usu-
ally 3—4 mass units. A double ionization chamber has been
used for a careful study of the phenomenon of cold nuclear
fission.*~*2 In cold fission the fragments do not emit neu-
trons, and almost all the fission energy is transformed into
kinetic energy of the fragments. The mass distribution mea-
sured in cold fission is determined only by the energy reso-
lution of the chamber, according to Eq. (3).

545 Phys. Part. Nucl. 28 (6), November—December 1997

The fragment mass distribution can also be obtained by
measuring the velocities of fragment pairs in (2V) experi-
ments. Knowing the mass of the fissioning nucleus Az, it is
possible to find the fragment masses and energies:

A1=AFr-03/(v1+vy), \ (6)
Ei=A,"U?/2. (7)

Equations (6) and (7) can be used to calculate the total
kinetic energy of the primary fragments: TKE=Ar-v - v,/2.
The fragment energies obtained by measuring the velocities
do not require energy calibration. This method gives the ab-
solute values of the kinetic energy.

Since neutron emission is isotropic in the fragment rest
frame, the value of the average fragment velocity after neu-
tron evaporation does not change. The velocities measured
experimentally and the values of the mass and energy ob-
tained using Eqgs. (6) and (7) pertain to the primary frag-
ments. The velocity spread due to neutron emission leads to
a spread in the calculated fragment masses. As shown in Ref.
33, the mass spread in (2V) experiments is smaller than the
mass spread in (2E) experiments. In (2V) experiments the
mass spread is dA=1.4 amu for the reaction 2’U(ny,,f )
and A= 1.9 amu for the spontaneous fission of 221, Thus,
the two methods of determining the fragment mass in (2E)
and (2V) experiments in principle do not allow the unique
determination of the fragment mass numbers.

The fragment velocity is determined by measuring the
time T to travel a given distance d. Detectors which mark
the time at the beginning and end of the passage of a frag-
ment over a baseline d must have good time resolution.
Since the fragment velocity is of order 10° cn/sec, for a
baseline of 1 m it is necessary to have a time resolution of at
least 1077 sec in order to obtain a mass resolution of
O6A/A=1%. In addition, the first detector must be thin
enough that the fragment speed changes only insignificantly
in passing through it.

The best time resolution is obtained by using detectors
which record emission electrons, and so such detectors are
used most often in experiments. Thin (10-20 ug/cm?) car-
bon or alundum films are used for electron emission. The
electron yield is determined by the specific ionization energy
losses, and for fission fragments it reaches several hundred.
To obtain good time resolution, it is important to ensure that
the electron motion from the production region to the detec-
tor is isochronous. This is achieved, first, by increasing the
electron velocity. The average energy of the emission elec-
trons is several eV. Before detection the electrons are accel-
erated in an electric field to an energy of several keV. Sec-
ond, migration of the electrons toward the detector is ensured
by a uniform magnetic field or an electrostatic mirror so as to
obtain trajectories of identical lengths. Microchannel plates
are used as the electron detector. This method ensures 100%
efficiency in recording fission fragments. A time resolution
better than 67'= 100 psec is obtained for a system consisting
of two such detectors which measures the fragment time of
flight.* Thin plastic scintillators with a time resolution of
8T=200 psec are also used for time marking.*
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The fragment time of flight is also measured by using
parallel-plate avalanche counters (PPACs).*  Avalanche
counters have good time resolution (100-200 psec) and
record fission fragments with 100% efficiency. PPACs can
also be used as AE detectors. The minimum matter thickness
traversed by fragments in a PPAC is 200-300 pg/cm’
(scaled to carbon), which makes it difficult to use these
counters to obtain a start signal. PPACs of large area are
used as detectors of stop signals in order to increase the
geometrical efficiency of fragment detection. These PPACs
are made to be position-sensitive in order to take into ac-
count change of the baseline. The particle point of passage
can be determined with an error of about 0.5 mm.

The technique of determining the fragment mass by si-
multaneously measuring the fragment velocity (or momen-
tum) and energy [the (E,V) method] provides a mass reso-
lution as good as that of radiochemical methods. It should be
stressed that when the energy and velocity of a single frag-
ment are measured it is possible to obtain the mass of only
secondary fragments. The energy and momentum of a
charged particle can be determined very accurately from the
deflection of the particle trajectory in electric and magnetic
fields. Electromagnetic spectrometers are used successfully
to study fission fragments. For example, the Lohengrin spec-
trometer with double focusing developed at the high-flux re-
actor in Grenoble permits the mass separation of both heavy
and light fragments with a resolution of better than
S5A/A=2X1073. The energy resolution is SE/E=2X10"3.

Modern detectors can be used to obtain the same mass
resolution as with mass spectrometers. In fact, since
A=2E/v? and v=d/T, where d is the baseline and T is the
corresponding time, the mass resolution of the (E,V) method
is given by

SAIA=[(SOE/E)*+(S8T/T)*]"2.

We see from this expression that a resolution of one
mass unit cannot be obtained in measuring the fragment en-
ergy by a silicon detector, because the energy resolution of
these detectors is no better than 2%. The energy resolution of
ionization chambers allows fragments with adjacent mass
numbers to be distinguished. A mass resolution of
8A=0.6 amu was obtained in Ref. 43 for light fragments. In
these experiments the fragment energy was measured by a
gas-filled ionization chamber, and the velocity was measured
by a time-of-flight detector.

1.2. The nuclear charge of the fragments

To identify a fission fragment, it is important to know
not only the fragment mass, but also its nuclear charge. For a
long time, radiochemical methods were not viewed as a prac-
tical way of measuring the charge. However, recently the
experimental technique has developed to the point where a
great deal of important experimental information has been
obtained about the fragment charge distributions.

Let us consider the possibilities offered by various meth-
ods of determining the nuclear charge. The simplest is mea-
surement of the fragment charge using K x rays.* In fact,
high-resolution vy detectors allow the fragment charge to be
determined using K x rays without mass separation of the
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fragments. The difficulty is that the x-ray yield depends on
the nuclear structure of the fragments. Since this dependence
is not well understood, this method is not widely used. Nev-
ertheless, the element yield of fragments from the spontane-
ous fission of 252Cf found using x rays agrees well with the
element yield measured by the AE— E method.”

In recent years, new possibilities have arisen for the
identification of fragments according to their characteristic y
radiation. Owing to the development of v spectroscopy and
47 systems of germanium detectors which record multiple y
rays with high efficiency, a large amount of information has
been obtained about the structure of the rotational and qua-
sirotational levels which are populated in the deexcitation of
the fission fragments.?>23%-5% High-resolution 7y spectros-
copy allows the fragment mass and charge to be determined
uniquely from the y-ray energy. In addition, the fragment
yield can be determined from the intensity of the vy radiation.
It is known that the intensity of the 2" — 0" transition for an
even—even fragment accurately corresponds to the indepen-
dent yield of this fragment.®* The technique of 7y spectros-
copy has been used to determine the independent yields of
fragments from the spontaneous fission of 22Cf (Ref. 60),
and also of fragments from the thermal-neutron-induced fis-
sion of 2%U (Ref. 61) and 2*°Pu (Ref. 62). The possibilities
offered by the spectroscopy of multiple prompt fission y rays
for studying nuclear fission and obtaining new characteristics
of the fission process will be discussed in the next section.

Various approaches based on analysis of the ionization
density produced by fragments in the detector material are
used to determine the fragment nuclear charge (Z). The frag-
ments of spontaneous and low-energy nuclear fission have
extremely small velocities and so do not give a Bragg peak
in the ionization curve. However, the ionization curve con-
tains information about the nuclear charge. The energy lost
to ionization dE/dx for fragments stopped in a medium can
be written as

dEldx~f(Z)-v, (®
and the fragment range in a medium is
R~M-v/f(Z), ©

where v is the fragment velocity and f(Z) is a function of
the fragment charge, which for a light stopping medium
(Z>Zeq) can be written as f(Z)~Z"C.

Several approaches have been developed for extracting
information about the fragment charge from the ionization-
loss curve. All these approaches can distinguish fragments
with adjacent charges only for light fragments with charge
Z <45, owing to the features of the fragment ionization loss.

The fragment charge can be found by the well known
AE—E ., method. The residual energy E . is measured by
high-resolution ionization chambers or time-of-flight detec-
tors. Several variants of the method have been realized.
Some use a passive absorber of the energy AE, and others
use an active absorber, where the energy loss is measured by
the absorber itself. For example, fragments separated in en-
ergy by the Lohengrin spectrometer have lost a part of their
energy AE in the entrance window of the ionization cham-
ber, and the residual energy E,. is measured by an ionization
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chamber.®® A nuclear-charge resolution of AZ/Z=0.02 was
obtained in these experiments for fragments with Z=39. A
slightly different version of the AE—E ., method was used
for fragments of given mass and energy separated by the
Lohengrin spectrometer. The fragments also lost part of their
energy in a passive absorber, but the residual energy was
measured by a time-of-flight detector.* Thin semiconductor
detectors and thin scintillators were used as the AE
detector.%

The total and specific energy losses can be measured
with a single ionization chamber. For this purpose, the anode
is split into two parts in an ionization chamber with electric
field lines perpendicular to the fragment trajectories. Some of
the electrons from the track produced by the fragment are
collected by the first section of the anode, and the rest are
collected by the second. The value of AE is measured in the
first part of the anode, and E,. is measured in the second
part. For light fragments with Z=30 a charge resolution of
AZ/Z=0.03 was obtained with this ionization chamber.%

In an ionization chamber with electric field lines parallel
to the fragment trajectories the shape of the Bragg ionization
curve produced by a particle in the space between the cath-
ode and the Frisch grid is reproduced by the shape of the
anode signal as a function of time. The spectrometry of the
Bragg curve of a gas-filled ionization chamber provides a
good experimental tool for determining the charges of fission
fragments. Extraction of information about the fragment
charge does not require digitization of the entire Bragg
curve; instead, it is sufficient to choose a suitable parameter.
It follows from Eq. (9) that this can be the track length of a
fragment with given mass and velocity. The track length can
be determined from the time delay for the appearance of the
anode signal relative to the particle time of arrival. The
charge distribution obtained in this manner for fragments
separated by the Lohengrin spectrometer was AZ/Z=0.025
in the case of fragments with Z=40 (Ref. 39). The same
method of determining the charge is used in the double time-
of-flight spectrometer Cosi Fan Tutte,'* located at a reactor
with a high neutron flux. It also gave beautiful results in the
study of cold fission, using a double ionization chamber.®’ A
somewhat different approach for determining the fragment
charge was realized in the double ionization chamber.%” The
center of gravity of the ionization arising in the stopping of a
fragment in the gas of the ionization chamber was found.

1.3. The excitation energy of fission fragments

In spontaneous and low-energy nuclear fission, the frag-
ment excitation energy is mainly determined by the deforma-
tion of the fragments at the instant when the nucleus splits.
In addition, the fragments can acquire an excitation energy
as a result of the heating of the fissioning nucleus as it moves
from the saddle point to the scission point. The fragments
produced are characterized by a significant deformation. The
ratio of the fragment axes at the scission point is of order 1:2
(the deformation parameter is 8,=0.65). The dissipation of
the deformation energy into internal excitation energy of the
fragments occurs simultaneously with the acceleration of the
fragments by the Coulomb field over a time of order
10~2 sec. The fragment excitation energy makes up about
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15% of the entire fission energy. For example, for 22Cf the
average excitation energy of the two fragments is
~30 MeV. The fragment deexcitation is described well by
the statistical theory. First, the excited fragment evaporates
neutrons. Neutron emission occurs over a time from 1073 to
10713 sec after breakup of the nucleus. When the fragment
excitation energy becomes lower than the neutron binding
energy, the further deexcitation proceeds via y emission.
Most of the <y rays are emitted by fragments
10™12— 10710 gec after their formation.®®

Neutron emission removes about 80% of the fragment
excitation energy, and so study of the multiplicity of prompt
fission neutrons is the main source of information about the
fragment excitation energy. Most of the experiments in
which prompt fission neutrons were studied have been based
on direct detection of the neutrons. The neutron multiplicity
has been obtained in experiments of varying degree of com-
plexity. The most integral characteristic is v, the average
number of neutrons emitted per fission event. For 2’Cf,

Vt=3.7676+0.0047 (Ref. 69). More differential informa-
tion is extracted from experiments in which the kinetic en-
ergy and/or velocity of the fragments is measured at the same
time as the neutrons are detected. The multiplicity of prompt
neutrons has been studied most thoroughly for the thermal-
neutron-induced fission of 233U (Refs. 70-73) and the spon-
taneous fission of 22Cf (Refs. 75-81). The dependence of
the average number of prompt neutrons on the fragment
mass number has also been obtained for the reactions
B3U(ng.f ) (Refs. 73 and 82) and **Pu(ny,,f ) (Ref. 73).
To reconstruct the neutron multiplicity distributions from the
experimental data, it is necessary to perform calculations tak-
ing into account the resolution time and efficiency of neutron
detection by the detector using a priori information about the
shape of the reconstructed distributions.

Organic scintillators (solid or liquid) and counters using
3He are used to record neutrons. In scintillation detectors the
pulses produced by prompt neutrons are separated from the
pulses produced by vy rays according to the particle time of
arrival in the detector using the time-of-flight technique. Lig-
uid scintillators with the addition of gadolinium are widely
used for recording fission neutrons. The isotopes *Gd and
157Gd have the largest cross sections for thermal-neutron
capture: 6.1X10* and 2.5X10° b, respectively. A neutron
hitting the detector is thermalized in the detector material
and captured by Gd. The gamma rays emitted in the reaction
Gd(n,y) activate the scintillator and induce luminescence,
which is recorded by photomultipliers. Thus, in such detec-
tors the neutron pulses are separated from the 7y pulses by the
detector itself according to the arrival time of the signals.

The neutron multiplicity can be measured accurately by
using 4w detectors with high neutron-detection efficiency.
The large 47 neutron detector in Melbourne measured neu-
trons with an efficiency of 85% (Ref. 83). This detector has a
diameter of one meter and contains 500 liters of liquid scin-
tillator based on toluene with a 0.4% admixture of Gd.

The large 44 setup in Heidelberg measures the energy
and multiplicity of prompt neutrons and v rays from fission.
The setup consists of 162 Nal crystals of thickness 20 cm.3*
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The dependence of the y-ray multiplicity from the fission of
2ICf on the fragment mass and the y-ray energy has been
studied at this setup.®

The multiplicity of fission neutrons has also been studied
in ‘‘indirect’’ experiments. For example, the dependence
v(A) for 22Cf was obtained in Ref. 86, using the measured
kinetic energies of two fragments and the velocity of one
fragment. Similar data have been obtained by measuring the
velocities of two fragments and the kinetic energy of one

fragment.87 The functions v(A) for the thermal-neutron-
induced fission of U and 2°U have been obtained in recent
experiments®® by measuring the velocities and kinetic ener-
gies of two fragments. The fragment masses before neutron
evaporation were found from the measured fragment veloci-
ties, and the fragment masses after neutron evaporation were
found from the kinetic energies. The average number of
evaporated neutrons was defined as the difference of the
fragment masses before and after neutron emission. It should
be noted that in several ranges of mass numbers, the depen-

dences v(A) obtained in that study differ significantly (by a
factor of 1.3-2) from the analogous data obtained in classi-
cal experiments’>#? with direct neutron detection.

The neutron multiplicity distributions for various charge
distributions of the fissioning nucleus can be obtained in ex-
periments studying prompt coincident fission 7y rays. We
shall say more about this in the next section.

The fragment excitation energy E,(A) can be estimated
from the expression

E(A)=(A)-[S,(A,Z)+ 7(A)]+E (A), (10)

where v(A) and 7(A) are the average number of neutrons
and the average neutron kinetic energy, and E ,(A) is the
total energy carried off by the emitted 7y rays. The quantity
S.(A,Z), the neutron separation energy for a fragment of
mass A and charge Z, can be obtained from mass tables® for
the most probable charge of fragments of mass A. The de-
pendences of the average neutron kinetic energy and the total
energy carried off by ¥ rays on the fragment mass for 252Cf
are given in the literature (Refs. 31 and 90). The energy
E ,(A) carried off by the emitted 7y rays can be taken into
account using the relation found in Ref. 90 between the total
v energy and the number of evaporated neutrons:
E (A)=v(A)-0.75+2 (MeV) for the spontancous fission
of *Cf and E,(A)=v(A)-1.1+1.75 (MeV) for the reac-
tion 2°U(n,f ). For a rough estimate of the fragment exci-
tation energy it is sufficient to know that
E (A)=v(A)-8 MeV.

1.4. The angular momenta of fission fragments

It is well known that the fragments produced in low-
energy and spontaneous nuclear fission have angular mo-
mentum considerably larger than that of the fissioning
nucleus. For example, in the case of the spontaneous fission
of 2Cf the average angular momentum of a single fragment
is (7-8)#. The fact that the fragments from low-energy and
spontaneous nuclear fission possess angular momentum is
related to the fission dynamics. As the nucleus moves from
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the saddle point to the scission point, part of the energy
released can be transformed into excitation of collective de-
grees of freedom. Some forms of nuclear-matter oscillations
in the direction perpendicular to the fission axis lead to an-
gular momenta of the produced fragments.'>?! After the
nuclear neck breaks, these oscillations cause the fragment
angular momentum to be perpendicular to the fission axis.
The distribution of the fragment angular momenta after
scission of the nucleus can be changed slightly owing to the
Coulomb interaction between the separating fragments.'*%2

Most of the fragment angular momentum is carried off
by v emission. Therefore, the study of prompt fission y rays
can give the most complete information about the fragment
angular momentum. Methods based on measurement of the
anisotropy®? and multiplicity® of prompt fission 7 rays have
been used to estimate the fragment angular momentum. An-
other well known method of determining the fragment angu-
lar momenta is that based on the isomeric ratios, which are
measured in experiments for different isomeric pairs pro-
duced in fission.®* This method has been used recently to
obtain a great deal of new information about the angular
momenta of fragments from low-energy nuclear fission.”>%
However, the angular momenta of primary fragments calcu-
lated from the isomeric ratios depend strongly on the model
used, and so it is difficult to compare the results of different
experiments. Usually it is not the absolute values of the an-
gular momenta obtained in this way which are compared, but
rather how they vary. Most calculations of the angular mo-
mentum of primary fragments have been performed accord-
ing to the statistical model of fragment deexcitation devel-
oped in Refs. 97 and 98.

The angular momentum of fission fragments can also be
estimated by a method based on determination of the transi-
tion intensity in the deexcitation of the 2%, 4%, and 6%
rotational bands of even—even fragments from the spontane-
ous fission of 22Cf (Ref. 99). By now, detailed and accurate
level schemes have been obtained for many fission frag-
ments, and also the spins and parities of these levels have
been determined. Therefore, new ways of reliably measuring
the fragment angular momenta have arisen. In fact, in experi-
ments in which 7y rays are detected with good energy reso-
lution, it is possible to find the probabilities of populating
levels of the fragment rotational bands and to find the aver-
age spin of these levels J SA’,Z) for secondary fragments
with charge Z and mass number A’=A— v(A). In fragment
deexcitation most of the angular momentum is removed as a
result of discrete 7y transitions between levels of the rota-
tional bands. When determining the initial angular momen-
tum of the fragments it is necessary also to take into account
the decrease of the angular momentum due to the emission
of neutrons, J ,(A,Z), and statistical 7y rays, J 4,(A,Z). The
angular momentum of the primary fragments can be repre-
sented as the sum of three components:

J(A,2)=T (A" Z)+ T (A, Z)+T (A, Z)=T (A

—V,Z2)+ WA, Z) ju+ Mo A,Z) - e, (11)
where j, is the average angular momentum carried off by an
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evaporated neutron, M, (A,Z) is the average multiplicity of
statistical <y rays, and j, is the average angular momentum
carried off by a statistical y ray.

Calculations using the statistical model of fragment de-
excitation show that on the average the evaporation of a
single neutron decreases the fragment spin by (0.5-0.6)%,
while the emission of a statistical y ray decreases the angular
momentum by 0.3%. For 22Cf the average multiplicity of
statistical y rays is <1 for the entire range of fragment mass
numbers.® Thus, if J. ,(A',Z) is determined experimentally,
the angular momentum of the primary fragments can be es-
timated from Eq. (11).

2. STUDY OF THE SPONTANEOUS FISSION OF 252Cf
USING MULTIPLE y RAYS

2.1. The spectroscopy of multiple y rays

The possibilities offered by modern, large-scale, highly
efficient 47 y spectrometers*® and knowledge of the schemes
of nuclear levels populated in fission for a large number of
fragments?2>*-> allow a new approach to the study of
nuclear fission based on the study of the multiple character-
istic y rays emitted by pairs of fission fragments. This ap-
proach has been used to obtain new characteristics of the
spontaneous fission of 22Cf: the independent yields of frag-
ment pairs and the angular momenta of the fragments mak-
ing up the various pairs.21-30

Measurements of the 7y rays from the spontaneous fission
of P2Cf have been performed at the Oak Ridge National
Laboratory with a setup consisting of 20 germanium
detectors,30 and at the Lawrence Berkeley National Labora-
tory using the initial version of the Gammasphere setup, in
which the vy spectrometer consisted of 36 germanium
detectors.”? The Z52Cf sources were hermetically sealed, and
the studied vy rays were emitted from stopped fragments. In
experiments performed with 47 y spectrometers, all events
with y multiplicity equal to two or more are accumulated
event by event.

The analysis of the experimental data begins with the
construction of the two-dimensional spectrum of coincident
v rays. The content of the spectrum is the number of events
with recorded energies of the coincident yrays E,; and E ;.
Two-dimensional y— y coincidence spectra can contain sev-
eral tens of thousands of peaks, which are formed by prompt
coincident 7y rays emitted by pairs of fragments or one frag-
ment of a pair, and also 7y rays emitted after fragment
decay. An example of a two-dimensional y— vy coincidence
spectrum for the spontaneous fission of 2*2Cf is shown in
Fig. 1. Here we see that in addition to the peaks formed by
the coincident vy rays when they are completely absorbed in
the detector, the spectrum contains two series of background
ridges parallel to the E,; and E,, axes. Each peak with
energies (E,;,E,;) is located at the intersection of two
background ridges. The ridges are formed for coincident mo-
menta of vy rays whose energy is completely absorbed in the
germanium detectors and of incompletely absorbed 7 rays or
of y rays of the quasicontinuous spectrum. The two-
dimensional spectrum also includes a smooth background
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FIG. 1. Part of the two-dimensional y— 7y coincidence spectrum (100X 100
channels). The arrows indicate the energies of the vy rays corresponding to
the 2*—0" transitions in various fragments.

produced by coincident y rays whose energy is not com-
pletely resolved in the germanium detectors and vy rays of the
quasicontinuous spectrum.

The background of any local region of the two-
dimensional spectrum depends on the intensity and energy of
< transitions of higher energies, and also on the geometry of
the detection system and the efficiency of the Compton
shielding. To obtain the desired information it is important to
correctly estimate the peak intensities in the two-dimensional
y— vy coincidence spectrum. This requires the correct inclu-
sion of both the smooth background and the ridge back-
ground.

Various methods of subtracting the background and es-
timating the peak intensities in coincidence 7y spectra have
been developed'?!%! to analyze the data obtained with 44
spectrometers and have been used successfully to construct
nuclear level schemes. However, the methods of determining
the peak intensity discussed in these studies are not accurate,
owing to incomplete and incorrect background subtraction,
as is noted by the authors themselves.

In this review we shall not give a detailed discussion of
the construction of the background functions suggested in
the studies mentioned above. Instead, we shall focus on one
of the methods of processing the data on two-dimensional
y— 7y coincidence spectra most frequently used in nuclear
spectroscopy. This is the analysis of the one-dimensional
spectra obtained by superimposing ‘‘windows’’ on one of
the energy axes of the two-dimensional spectrum (E ;). A
layer parallel to the second axis E,,, with width equal to the
energy window, is isolated from the two-dimensional spec-
trum. The one-dimensional spectrum is obtained as the pro-
jection of this layer on the E, axis. The complete projec-
tions of the two-dimensional spectrum on the coordinate
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axes are used as the background functions. The coefficient of
a background function is defined as the ratio of the back-
ground intensity in the energy window to the total count in
the projection of the two-dimensional spectrum. When this
method is used to determine the intensities of peaks formed
by coincident y rays emitted from the same nucleus, the
estimates obtained are not exact, but they do give reasonable
results for the ratios of the intensities of these peaks. When
the peaks in question are formed by 7y rays emitted from
different nuclei, the errors in estimating the intensities of
these peaks can be large, and give incorrect results when the
intensities of different peaks are compared.

It has been shown in Refs. 24, 25, and 102 that to obtain
an accurate estimate of the peak intensities it is necessary to
analyze the entire region of the two-dimensional spectrum
near each peak studied. The authors of Ref. 102 proposed a
method of background subtraction allowing accurate esti-
mates of the peak intensity. The background functions are
taken to be the projections of the spectrum in a small region
near the peak in question which does not contain other peaks
of comparable intensity. The peak intensity and coefficients
of the background functions are found by fitting the data in
this region of the spectrum. However, for the complicated
spectra of coincident y rays arising in the spontaneous fission
of 22Cf it is usually impossible to find a region free of peaks.
Therefore, in Refs. 24 and 25 a different method!®1%* was
used to correctly estimate the peak intensities. It amounts to
approximating small segments of the two-dimensional spec-
trum by an analytic function.

To construct the approximating function it is necessary
to find the coordinates of the maxima of all the possible
peaks on the segment of interest of the two-dimensional
spectrum. Accordingly, this segment of the two-dimensional
spectrum is projected onto the coordinate axes. The locations
of the maxima of all the peaks present are found in the one-
dimensional projection spectra. If the shape of the spectra
suggests that there are several superimposed lines in this re-
gion, these lines are separated and the coordinates of their
maxima are also found. The peak shape is described by a
Gaussian. We shall denote the peak centers and widths found
in the one-dimensional convolutions as c¢; and o; for
i=12,...,m for the x (E,) axis, and d; and o; for
j=12,...,n for the y (Ey) axis. The approximating func-
tion is the sum of three components, each corresponding to
different components of the two-dimensional spectrum. The
first component of this function describes the y— y coinci-
dence peaks:

i}m‘,A---ex _(JV—C‘.')2 (y—d,)?
by B B P 207 2or)2. )

The second component describes the background ridges:
< (x=¢)?\ < (y—d))’
2 B"“’""(“Ta,.f— 2 Hiree| =)

The third part of the function describes the smooth back-
ground:

kl-x+k2-y+k3-xy+k4.
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FIG. 2. (a) Part of the two-dimensional y— y coincidence spectrum; (b) the
spectrum after background subtraction; (c,d) the spectra of background
ridges. The arrows indicate the energies of the y rays corresponding to the
2* 0" transitions in '®Mo and '“°Ba.

The free parameters of the approximating function A;;, B;,
H;, and k; are determined by the least-squares method. In
Fig. 2 we show an example of the background subtraction on
a segment of the spectrum containing a peak formed by co-
incident y rays of energies 192.2 keV and 602.3 keV, which
correspond to 2t — 0" transitions in '“Mo and “Ba. The
program FIT-2S was designed to search automatically for
peaks and process the entire two-dimensional spectrum.?%
The program outputs a table of the coordinates and intensi-
ties of all the peaks found.

Various criteria can be used to establish the accuracy
and reliability of the estimated peak intensities. First, the
relative intensities of the v transitions for various fragments
can be compared with the analogous data in the literature, for
example, for '©Zr (Ref. 56), 18Ce (Ref. 54), 36Te (Ref. 59),
and '“Ba (Ref. 55).

Another criterion is to check the ratios of the intensities
of coincident transitions which follow from the general prop-
erties of the <y cascade produced in the deexcitation of the
fragment levels. It is known that for even—even fragments
the y cascade proceeds successively and corresponds to E2
transitions, the ground states of even—even nuclei have zero
spin, and all the states of the rotational band have even spin.
We shall use (2n)* to denote the state of a fragment level,
and (2n)*—(2n—2)" to denote an E2 transition. Then the
intensities of coincident transitions (with energies E,; and
E ;) of an even—even nucleus satisfy the relations

I(E(zk)+_,(2k_2)+,E(2n)+_,(2”_2)+)=COl’lSt (12)
for k=const and n=1,2,..., k—1, and
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TABLE 1. Independent yields of Ba—Mo fragment pairs in the spontaneous fission of 252Cf, The yields are given as percentages.

138Ba I4()Ba 141Ba l42Ba I41!Ba lMBa lASBa 146Ba lﬂBa 1488a
12Mo 0.048(9) 0.04(2) 0.05(1) 0.07(1) 0.17(5) 0.13(4) 0.10(4) 0.09(4)
%Mo 0.09(3) 0.14(8) 0.08(3) 0.12(8) 0.63(8) 1.3(3) 0.50(6) 0.36(5) 0.15(9)
%Mo 0.07(3) 0.13(4) 0.21(9) 0.32(4) 0.45(7) 1.00(8) 0.84(9) 0.33(3) 0.13(7) 0.05(2)
1%5Mo 0.103) 0.10(3) 0.58(7) 1.16(13) 1.2(1) 0.78(15) 0.12(5) 0.2(1)
106Mo 0.12(2) 0.35(7) 0.91(8) 1.0(1) 0.58(4) 0.15(6) 0.04(3)
197Mo 0.103) 0.14(3) 0.32(3) 0.37(5) 0.14(5) 0.10(5)
1%Mo 0.10(2) 0.11(3) 0.13(5) 0.16(4) 0.08(5)

I(E py* - (2-2)*E2+ 0t I(E2py* . (2k-2)*» E4+—.2+)( ;)
for k>2.

Yet another method of judging the accuracy of the esti-
mated peak intensities is to check that zero is obtained for
the intensities of peaks corresponding to y rays from frag-
ments for which the sum of the nuclear charges is not equal
to the charge of the fissioning nucleus (Z,+Z,# Zr) or for
which the sum of the mass numbers is larger (A]+A;>AF)
or significantly smaller (A]+A;<Ap—11) than the mass of
the fissioning nucleus. This check also allows evaluation of
the probability of observing triple fission.

The use of these criteria together with the method of
determining the peak intensities?*? results in good estimates
whose accuracy is mainly determined by the statistical error.

2.2. The fragment-pair yields

The study of coincident 7y rays emitted from the two
fission fragments allows a new type of data to be obtained:
the fragment-pair yields. In Refs. 24, 25, 29, and 30 the
yields of ~150 pairs of fragments were determined. They
correspond to five charge splits of Z32Cf:

Z,1Z,=46/52 (Pd-Te) 44/54 (Ru—Xe),
42/56 (Mo-Ba), 40/58 (Zr-Ce),
38/60 (Sr—Nd).

The relative yields of fragment pairs with even mass
numbers were determined from the intensity of y— vy coinci-
dences due to v transitions from the low-lying 27 level to
the 0* ground state in each nucleus. When one of the frag-
ments of the pair had odd mass number, the fragment-pair
yield was found from the sum of the intensities of y—y
coincidences produced by the 2*—0* 1 transition in the
A-even fragment and all the v transitions to the ground state
in the A-odd fragment. When the two fragments were both
A-odd, the sum of the intensities of y— vy coincidences over
all possible combinations of 7 transitions to the ground state
in each fragment was used. The intensity of y— 7y coinci-
dences was determined from the intensity of the correspond-
ing peaks in the two-dimensional spectrum after taking into
account the detector efficiency in recording 7y rays and the
probability of internal conversion of nuclear levels.

The relative yields of fragment pairs thus found were
converted into independent yields as a result of normaliza-
tion using the data in the literature on the independent yields
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of certain nuclei in the spontaneous fission of Z52Cf (Ref. 60).
As an example, in Table I we give the independent yields of
fragment pairs for the Ba—Mo division of 22Cf. Analogous
data on the fragment-pair yields were also obtained for the
Te-Pd, Xe—Ru, Ce—Zr, and Nd—Sr divisions of *Cf.

The tables of fragment-pair yields can be used to obtain
some integrated characteristics of nuclear fission. By adding
the yields of pairs containing fragments with mass number
A] and charge Z,, it is possible to determine the yield of a
given fragment Y(Z,,A]) in nuclear fission. The yields of
various isotopes of barium and molybdenum can be obtained
from Table I by adding the yields of fragment pairs in rows
and columns, respectively. The resulting isotopic distribu-
tions for ten elements are shown in Fig. 3. The independent
yields of various isotopes given in this figure agree fairly
well with the analogous calculated data.'®

Each observed fragment pair is formed after the evapo-
ration of a certain number of prompt neutrons from the pri-
mary fragments, v,,=Ar—A];—A;. Therefore, by summing
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FIG. 3. Isotopic distributions of fragments from the spontaneous fission of
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FIG. 4. Neutron multiplicity distributions for five charge splits of 252Cf. The
lines show the results of approximating the experimental points by Gauss-
ians. The neutron evaporation probabilities (P,) multiplied by the coeffi-
cients shown in the figure give the neutron yields in percent per fission.

the fragment-pair yields corresponding to the emission of 0,
1, 2, etc., neutrons it is possible to obtain the neutron multi-
plicity distributions for various values of the nuclear charges
of the fragments. In Fig. 4 we give the neutron multiplicity
distributions for five charge splits of 252Cf. For four of the
charge splits the experimental points are described well by
Gaussians. The Ba—Mo split differs from the others in hav-
ing a higher yield of fragment pairs formed after the evapo-
ration of seven or more neutrons. This feature of the Ba—Mo
split is manifested clearly in the neutron multiplicity distri-
bution. We see from Fig. 4 that in addition to the component
present in the neighboring splits, the Ba—Mo split contains a
second component with average neutron multiplicity equal
to 8.

The two components observed in the neutron multiplic-
ity distribution of the Ba—Mo division suggest the presence
of two fission modes for this charge asymmetry of the 2>2Cf
fission fragments. In fact, the different fission modes are dis-
tinguished by the nuclear configurations at the breakup point.
Each fission mode has a distribution of configurations about
the most probable nuclear shape, which is characterized by
the mass asymmetry and deformation (i.e., the distance be-
tween the fragment centers) of the produced fragments. Bi-
modal nuclear fission has been discovered and studied ex-
perimentally, and the mass distributions and total kinetic-
energy distributions of the fission fragments have been
measured.”'% The fragment mass distributions and kinetic-
energy spectra for each fission mode are described well by
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FIG. 5. Kinetic-energy distributions of fission fragments of 2'At for se-
lected mass ranges of the fragments (Ref. 9).

Gaussians. A sign of the presence of two (or more) fission
modes is the observation of two (or several) components in
the experimental mass and energy spectra, i.e., the possibility
of describing the experimental spectra by a superposition of
Gaussians. The best resolution of fission modes can be ob-
tained by observing the fragment mass spectra for various
fixed values of the kinetic energy or the kinetic-energy spec-
tra at fixed values of the fragment masses. The asymmetric
fission modes of preactinide nuclei have been observed in
this way.? In Fig. 5 we show the experimental kinetic-energy
spectra of fragments from the fission of 2!At for various
mass ranges, taken from Ref. 9. A special feature of the
method based on measurements of the fragment-pair yields
is the fact that bimodal fission has been observed in the neu-
tron multiplicity spectra for various values of the fragment
charges (see Fig. 4).

Pairs of secondary fragments are formed as a result of
the deexcitation of primary fragments, and therefore the
tables of pair yields obtained for secondary fragments con-
tain information about the mass and energy distributions of
the primary fragments. In Refs. 24, 25, and 30 the pair yields
of secondary fragments were used to reconstruct the param-
eters of the mass and energy distributions of the primary
fragments: Xe—Ru, Ba—Mo, and Ce-Zr. The analysis was
performed by assuming that the distributions of the primary
fragments in mass, excitation energy, and total kinetic en-
ergy for a fixed charge split are Gaussians for each fission
mode. The experimental data for the Xe—Ru and Ce-Zr
splits are described well by a single fission mode, while for
the Ba—Mo split two modes are needed. The first fission
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mode for the Ba—Mo split had an ordinary value of the total
fragment kinetic energy TKE,;=189 MeV. A considerably
smaller value of the total fragment kinetic energy was ob-
tained for the second mode: TKE,=154 MeV. The second
fission mode gives the dominant contribution to the produc-
tion of very light pairs of secondary Ba—Mo fragments.

Important characteristics of fission like the average value
of the total kinetic energy (TKE) and the spread of the total
kinetic-energy distribution (ogg) for the three charge splits
Xe-Ru, Ba—Mo, and Ce-Zr found in the analysis agree
fairly well with the analogous data obtained in direct mea-
surements of the fragment kinetic energies.***® The charac-
teristics of the mass distributions of primary fragments A (Z)
and o, obtained in Refs. 24, 25, and 30 agree well with the
results of calculations based on the analysis of completely
different experimental data: the cumulative, fractional, and
independent yields of fragments in the spontaneous fission of
2Cf (Ref. 105).

Thus, data on the fragment-pair yields allow study of the
characteristics of the primary fission fragments produced im-
mediately after the breakup of the nucleus.

2.3. The angular momenta of the fragments of
spontaneous fission of 252Cf

The observation of the coincident y rays emitted from
two simultaneously produced fission fragments makes it pos-
sible to obtain data characterizing the fragment angular mo-
menta in more detail than by the other methods of study used
earlier. It is possible to measure experimentally the intensi-
ties of 7y transitions between different excited states for a
fragment of charge Z, and mass A| when this fragment is
formed as part of a pair with another fragment having known
charge Z,=Z—Z, and mass Aj=Ap—A|— Vo, Where vy
is the total number of neutrons evaporated from the primary
fragments in the formation of the fragment pair in question.
That is, for a fragment with definite Z and A’ one measures
the intensities of 7 transitions when this fragment is formed
as a result of the evaporation of a certain number of neutrons
Vot -

The measured intensities of 7 transitions between differ-
ent excited states can be used to find the probabilities of
populating these states in fission. The population probability
of a state P; is found as the difference between the summed
intensities /;_,; of all transitions to this state and the summed
intensities /;_,; of all transitions from this state:

P;=R-AI;=R- (2 L= 2 Iiﬂl)’
7 1

where the normalization factor R is defined as R=1/Z;Al;.

The values found for the P; and the known spins of the
states J; can be used to find the average value of the angular
momentum for the fragment in question:

_ SP
JY=
2,P;

Even—even fragments were studied in Refs. 28 and 30,
because it is for them that the schemes of levels populated in
fission have been most thoroughly studied. For a given frag-
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FIG. 6. Dependence of the angular momenta of the fragments '*‘Ba, '*®Xe,
and '“Xe on the total number of neutrons v,y evaporated from the primary
fragments in the formation of these isotopes.

ment produced as part of a pair with another having even
mass number, the y-transition intensity was determined from
the intensity of coincidences due to the ‘y transition in the
nucleus in question and the 2*— 07 transition in the other
fragment. When the other fragment had odd mass number,
the sum of the intensities of coincidences due to the vy tran-
sition in the nucleus in question and all transitions to the
ground state in the other fragment was used.

The 7-transition intensities, the level population prob-
abilities, and the average angular momenta were found for
14484, 138¥e and '%Xe when these fragments are produced
in pairs with different isotopes, respectively, Mo and Ru, as
a result of the evaporation of different numbers of neutrons
(from 2 to 6 neutrons). The v, dependences of the average
angular momentum for 144p, 138Xe  and “°Xe are shown in

Fig. 6. For these heavy fragments the value of J , varies little
with varying number of evaporated neutrons. However, if the
angular momentum carried off by the evaporated neutrons is

taken into account, the values of J ,, obtained suggest that the
angular momentum of the primary fragments Xe and Ba
grows with increasing excitation energy, which is consistent
with  the conclusions of theoretical®®  and
experimental'%”1%® studies.

An unusual dependence of the angular momentum of the
primary fragments was obtained in studying pairs of frag-
ments produced by '“Mo and various isotopes of barium
after the evaporation of from 0 to 10 neutrons.?®3° The vy,
dependences of J ., for 1%Mo and even isotopes of barium
produced in pairs with %Mo are shown in Figs. 7a and 7b,
respectively. Here we see that the angular momenta of the
studied fragment pairs increase as the number of neutrons
varies from O to 5, and then they decrease as the number of
evaporated neutrons increases further. In Fig. 7c we give the
total angular momenta of primary Ba—Mo fragment pairs
obtained taking into account the angular momentum carried
off by the neutrons. The angular momentum of the primary
Ba—Mo fragment pairs grows as the neutron multiplicity in-
creases from O to 4, then as the number of evaporated neu-
trons increases further we observe anomalous behavior of the
fragment angular momentum: as the number of evaporated

Ter-Akop'yan et al. 553



0O 1 2 3 4 56 7 8 9 10 v

[ a Mo

-

tot

Y
N w » (L

T
l

e e 14 12 w0 18 | A,
Ba

J
" -
N

o4
2
?
o
[Y)

<
/
L

100}
. d
g
>l SOL 1
> 25¢
0. . A P e A
0 t 2 3 4 5 6 71 8 9 10
Viot

FIG. 7. Dependence on the total number of neutrons of (a) the angular
momenta of '“Mo fragments; (b) the angular momenta of Ba fragments
produced in pairs with '%Mo; (c) the total angular momenta of primary
Ba-Mo fragment pairs; (d) the relative contribution of the second fission
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neutrons, i.e., the fragment excitation energy, increases, the
fragment angular momentum does not grow. This behavior
of the angular momentum can be attributed to the presence
of two fission modes and to the differences between these
modes in the excitation of collective degrees of freedom in
the fissioning nucleus. In Fig. 7d we show the relative con-
tribution of the second fission mode to the production of the
Ba—Mo fragment pairs obtained by analyzing the yields of
pairs of secondary fragments.”*?* Here we see that the falloff
of the fragment angular momentum J ,y, and J g, and the
anomalous behavior of the angular momenta of the primary
fragments is correlated with the contribution of the second
mode in the production of the Ba—Mo pairs in question.

2.4. Conclusion

* The method of studying nuclear fission based on the
spectrometry of multiple fission vy rays allows the determina-
tion of new detailed characteristics of fission: the fragment-
pair yields and the population probabilities of the excited
levels of the fragments making up these pairs. These experi-
mental data lead directly to integral fission characteristics,
which have also been obtained for the first time. These are
the neutron multiplicity distributions for various charge splits
of the fissioning nucleus and the dependence of the angular
momenta of the individual fragments on the number of
evaporated neutrons. The experimental data contain informa-
tion about the charges, masses, excitation energies, and spins
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of pairs of fission fragments. Experiments in which the new
method of studying fission is combined with traditional
methods such as measurement of the velocities and/or kinetic
energies of the two fragments appear promising for the study
of nuclear fission, since they would provide data giving the
most complete characterization of nuclear fission. The new
method can also be used to study both spontaneous fission
and the low-energy fission of various nuclei.
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