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The experimental evidence supporting the double-humped character of the fission barrier in actinide
nuclei is reviewed and compared to theoretical predictions. The discussion covers the existence and
half-life systematics of spontaneously fissioning isomers, shape-isomeric gamma decay, rotational
transitions and the moment of inertia of isomers, fragment angular distributions in isomeric fission,
intermediate structure in fission cross sections, and finally the systematics of barrier heights as
deduced from fission probability measurements. The implications of a possible octupole deformation
at the second barrier for fragment mass distributions are also discussed, including the size of the
mass asymmetry and recent experiments on the competition between symmetric and asymmetric

fission as a function of excitation energy.
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1. INTRODUCTION

The process of nuclear fission contains such a richness of
different phenomena, that is barely possible to cover all of
them within the framework of this review. We shall there-
fore restrict ourselves to a discussion of only two topics:

(a) our present understanding of the double-humped
fission barrier with all its experimentally observable con-
sequences,

(b) the possible connection between the barrier shape
and fragment mass distributions, which might contain the
key to the clarification of this more than thirty year old
problem.

There are important reasons for this restriction. Most of
the revived interest and progress in nuclear fission over the
last few years has, in fact, centered around these topics.
Moreover, it is-in this area that fission had some effect on
the rest of nuclear physics, stimulating the discussion of the
general problem of binding energy of nuclei both as a func-
tion of nucleon number and nuclear shape, and leading to a
phenomenon such as shape isomerism or to the prediction
of the possible existence of elements beyond those known at
present.

The developments to be discussed were triggered, on the
experimental side, by the discovery of spontaneously fission-
ing isomers by Polikanov et al. (1962), on the theoretical
side by Strutinski’s attempts (1966, 1967, 1968) at a deeper
understanding of the “shell correction’” to the nuclear bind-
ing energy. As a short introduction and reminder of the
origin of the double-humped barrier, we have therefore
selected one of the first calculations of Strutinski (1966,
1967, 1968) (Fig. 1). The double-humped character of the
nuclear potential energy as a function of (essentially quad-
rupole) deformation (thick line) arises, within the frame-
work of the ‘“Strutinski shell correction method’’ (Strutinski,
1966, 1967, 1968; Brack ef al., 1972), from the superposition
of a macroscopic smooth liquid drop part (dashed line) and
a shell correction (lower part of Fig. 1, separately for
protons and neutrons), obtained from a microscopic single-
particle model. Oscillations in this shell correction as a
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function of deformation lead to two minima in the potential
energy, the normal ground state minimum at a deformation
of & = 0.6, located 2-3 MeV above the first (Sec. IT). More
recently, also on the basis of this macroscopic-microscopic
approach, a pronounced left-right asymmetry at the outer
of the two barriers has been predicted by several groups
(Sec. III).

Following Strutinski’s arguments (Strutinski, 1966, 1967,
1968; Brack et al., 1972), the remarkable oscillatory char-
acter of the shell corrections as a function of deformation—
in the same way as in function of nucleon number—is caused
by wvariations of the single-particle level density in the
vicinity of the Fermi energy. As illustrated in Fig. 2 (taken
from a recent review of Nix, 1972; also. Moller and Nix,
1973) for a pure harmonic-oscillator potential, single-
particle levels arrange themselves in. bunches or highly
degenerate ‘‘shells” at any deformation for which the major
to minor axis ratio ¢/a of the equipotential surfaces is equal
to the ratio of two small integers. Nuclei with a filled shell,
i.e., with a level density at the Fermi energy smaller than
the average have an increased binding energy compared to
the average, because the nucleons occupy deeper and more
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FIG. 2. Energy levels of a harmonic-oscillator potential for prolate

spheroidal deformations (Moller and Nix, 1973; Nix, 1972). The
particle numbers of the closed shells are indicated for a sphere and for
a spheroid whose major axis is twice its minor axis.

bound states; conversely, larger level density is associated
with a decreased binding energy. In an actual nucleus, the
spin—orbit interaction and other corrections only change the
particle numbers associated with the shells, but not their
position as a function of deformation (Nix, 1972; Mséller
and Nix, 1973; Wong, 1970). It is therefore precisely this
oscillatory behavior that is responsible for spherical or
deformed ground states, secondary minima in fission
barriers (¢/a = 2), and asymmetric barrier shapes.

We do not intend here at all to review progress in theory,
but refer instead to extensive recent publications (Brack
et al., 1972; Moller and Nix, 1973; Johansson et al., 1970;
Nix, 1972; Pauli, 1973). We will just list the headlines and
give examples of the principal developments:

(a) A deeper understanding and, in some sense, an
“a posteriori”’ justification of the Strutinski procedure, based
on Hartree-Fock results (Vautherin, 1973; Flocard et al.,
1973; Brack and Quentin, 1973).

(b) Extensive calculations of potential landscapes on the
basis of the Strutinski procedure by many groups (Strutin-
ski, 1966, 1967, 1968; Brack et al., 1972; Moller and Nix,
1973; Johansson ef al., 1970; Nix, 1972; Pauli, 1973; Méller,
1972; Mustafa ef al., 1973; Ldrsson and Leander, 1973),
demonstrating, among many other features, the stability
of the second minimum against asymmetric and y-deforma-
tions.

(c) Studies of the dependence of the shell correction
energy on nuclear temperature (Moretto, 1972; Jensen
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and Damgaard, 1973; Jensen and Déssing, 1973; ‘Schmitt
and Mustafa, 1973).

(d) Calculations of dynamical quantities such as mo-
ments of inertia (Sobiczewski et al., 1973; Pauli and Leder-
gerber, 1973), mass parameters and lifetimes for spontane-
ous and isomeric fission (Pauli and Ledergerber, 1973), and
fragment mass distributions (Maruhn ef al., 1973).

(e) Attempts to understand the coupling between the
collective and intrinsic degrees of freedom of the system
(“nuclear viscosity”) (Schiitte and Wilets, 1973 ; Wieczorek
et al., 1973).

Il. THE DOUBLE-HUMPED BARRIER

Our approach here will be to review recent experimental
progress and to present some quantitative comparisons
with available calculations. The observable consequences of
a double-humped fission barrier are listed in Fig. 3. Nuclei
caught in the second minimum can either tunnel through
the outer barrier (isomeric fission), or decay back to the
first minimum (isomeric v decay). There will be a spectrum
of low-lying excited states built on the ground state in the
second well, which can be studied, at least in principle, by
“conventional” spectroscopic methods. Moving higher up
in excitation energy to the barrier region, intermediate
structure occurs in fission cross sections. It consists of
mainly two types—a broad structure caused by ‘“‘trans-
mission resonances,” and a fine structure seen as a clustering
of neutron resonances. The detailed behavior of these cross
sections together with information on isomers is used to
extract barrier heights. We will discuss all these features in
order of increasing excitation energy. A more extensive
review of such “spectroscopy’ has been given by Bjgrnholm
(1972). :

Following any nuclear reaction exciting an actinide
nucleus to energies above the fission barrier, the probabili-
ties of prompt fission, of decay back into the first minimum
and of trapping in the region of the second minimum, are
of the order of 0.9, 0.1, and 1075-107*, respectively. A de-
tailed investigation of the properties of shape isomeric
states therefore meets tremendous experimental difficulties.
Our present knowledge is mostly restricted to identification
of isotopes, half-lives, and in some cases, excitation energies
of the states decaying by spontaneous fission. According to
the latest survey (Britt, 1973); the actinide region of the
chart of nuclei, seen in Fig. 4, shows 33 fission isomers be-
tween 2U and Bk with half-lives ranging from 10~ to
10~% sec. Those are faster by 20-30 orders of magnitude
than the fission half-lives of the ground states, because of
the increased tunneling probability. Several cases are known
of additional spin isomerism within shape isomers; these
will be discussed below. The occurrence of fission isomers
in this region of the chart of nuclei is in qualitative agree-
ment with the predicted (Brack et al., 1972; Moller and
Nix, 1973; Johansson et al., 1970; Nix, 1972; Pauli, 1973)
“switch-over” in the relative heights of the two barriers:
For Z > 97, the half-lives become too short to be observable
with current techniques, for Z < 92 shape isomeric v decay
rather than fission presumably becomes dominant. Quanti-
tatively, of course, the exact boundaries of this region
depend on the sensitivity of experimental techniques.
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Do the known half-lives exhibit any systematic behavior?
A plot due to Vandenbosch (1973b) of those half-lives
thought to be connected with the lowest state in the second
well versus neutron number is shown in Fig. 5. It includes
the newest subnanosecond values for the even—even Pu

isotopes, obtained in Copenhagen (Limkilde and Sletten,
1973; Metag et al., 1973) by an ingenious projection method,

for measuring the decay of recoiling nuclei in flight. Two

features in Fig. 5 are noteworthy—the striking similarity
in the variation of the half-lives with neutron number for
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FIG. 4. Actinide region of the chart of nuclei showing the half-lives of all fission isomers known at present. Two numbers in the same field

indicate the existence of spin isomers within shape isomers.
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FIG. 5. Fission isomer half-lives as a function of neutron num-
ber (Vandenbosch, 1973b; data from Britt, 1973; Metag et al.,
1973). Circles, triangles, and squares represent values for doubly
even, odd, and doubly odd nuclei. The dashed lines correspond to the
observed half-lives for spontaneous fission from the ground states
multiplied by 10%2.

doubly even, odd and doubly odd nuclei, and the very
regular odd—even effect in absolute magnitude (3-4 orders
per odd particle). The maximum in the variation, occurring
at the neutron number N = 146-148, is interpreted (Van-
denbosch, 1973b; Metag ef al., 1973) as a manifestation of
the magic néutron number (strongest negative shell correc-
tion) at the deformation ¢/a = 2 associated with the second
minimum, in good agreement with most of the calculations.
The nature of the odd—even retardation has not yet been
completely clarified. It could be caused by a change in
either the barrier thickness: barrier curvature and/or
effective mass, or in the barrier height, from a change in
pairing energy and/or the ‘‘specialization energy” of the
odd particle because of spin conservation under change of
deformation. A recent review by Vandenbosch (1973b) gives
an extensive discussion of the systematics in half-lives.
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FIG. 6. Experimental [ (a) (Metag et al., 1973), (b) (Hyde, 1964) ]
and theoretical (from Pauli and Ledergerber, 1973) half-lives for
spontaneous fission from the ground states and shape-isomeric states
of even Pu isotopes.

A comparison between the measured half-lives and those
obtained in the calculations by Pauli and Ledergerber
(1973) is shown in Fig. 6, both for spontaneous fission from
the ground states (Hyde, 1964) and the shape isomeric
states (Metag et al., 1973) of even Pu isotopes. These cal-
culations not only contain the static potential energy sur-
faces, but also—within the framework of the cranking
model—dynamical quantities such as the deformation-
dependent effective nuclear mass involved in the tunneling
through the fission barrier. The agreement over 22 orders of
magnitude without any readjustment of the liquid drop or
the shell correction parameters is truly remarkable. How-
ever, several problems remain. The magic neutron number
for the isomers (Pauli, 1973; Pauli and Ledergerber, 1973),
i.e., the neutron number associated with the largest negative
shell correction at the deformation ¢/a = 2 occurs somewhat
lower than obtained in other calculations (Mbller and Nix,
1973) and observed experimentally. More important, the
liquid drop parameters, obtained from a fit to the lifetimes
of Fig. 6, do not reproduce the measured barrier heights of
the Pu isotopes; nor is the agreement between theory and
experiment as good for the neighboring elements without a
readjustment of the parameters (Pauli and Ledergerber,
1973). Further refinements are definitely needed. As an
interesting side result of the calculated variable inertia, the
dynamical path in deformation space corresponding to the
smallest half-life; i.e., the least-action trajectory in the
WKB approximation employed, does not pass through the
static saddle points of the deformation energy. The nucleus
rather tunnels through the barrier at a deformation where
the potential energy is higher than the saddle point energy;
the corresponding points of highest energy are called
“dynamical barriers” (Pauli and Ledergerber, 1973).
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FIG. 7. Proposed decay scheme of the shape-isomeric gamma decay
in #8U (from Russo et al. 1973).

Up to very recently, the competing v decay of the shape-
isomeric states had escaped detection. Unfortunately, the
investigation of such delayed electromagnetic transitions
is even more difficult than that of the more “dramatic’ and
more efficiently measureable process of delayed fission, be-
cause of the nearly prohibitive background of delayed v rays
from fission fragments. In view of the hindrance factor of
10" (Nix and Walker, 1969) for the v branch relative to
fission, for equal tunnel probability through the two bar-
riers, the best candidates for such a search are isotopes for
which the penetration probability through the first barrier is
much higher than that through the second; this happens in
the lower Z actinides (see discussion of Fig. 4 and Fig. 14). A
long-term effort by the Seattle group (Russo et al., 1973)
has now been rewarded with the successful identification of
the y-branch of the 200 nsec #8U shape isomer. Delayed
coincidences were used with a pulsed beam; the background
was determined using beam energies below the threshold
for populating the shape isomer. The level scheme pro-
posed is shown in Fig. 7. Two lines were found with a
half-life in agreement with that observed for the fission
branch. These have been attributed to the decay of the
Ot shape-isomeric state to the lowest 2+ rotational and
1~ octupole levels in the first well of #8U. On the basis of
the observed yields, the branching ratio between vy decay
and fission is estimated to be of the order of 40, consistent
with the predictions for a more penetrable inner barrier
(Russo et al. 1973) in this nucleus.

The excitation energy of 2.56 MeV for the isomeric state
represents the first accurately known number for any
fission isomer. Usually, this quantity is obtained rather
indirectly by measuring excitation functions for isomer
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production, relying on uncertain and model-dependent
extrapolations of the threshold behavior. The systematics
of these excitation energies is also contained in the recent
review by Vandenbosch (1973b).

Most of the experimental evidence in support of the
double-humped barrier has only been indirect—in the sense
of being sensitive to the energies of the stationary points
of the potential energy surface, but not at all to their
deformation. Information about the size of the quadrupole
deformation associated with the second minimum can in
principle be obtained either by determining the intrinsic
quadrupole moment, or—not quite as directly—by identify-
ing the lowest rotational band built on the isomeric ground
state. Whereas no successful attempts of the former have
been reported yet, our group in Munich (Specht et al., 1972;
Heunemann, 1972) has recently succeeded in the latter,
with two further investigations being pursued in Seattle
(Heffner et al., 1973) and in Copenhagen (Christensen,
1973).

The principle of the experiment is briefly reviewed in
Fig. 8. Following a nuclear reaction, population of excited
states in the second minimum will lead to electromagnetic
transitions preceding isomeric fission. Specifically in an
even—even nucleus, the final decay will proceed via E2
transitions within the rotational band built on the isomeric
0* level. Such low-energy transitions should proceed almost
entirely by internal conversion with lifetimes of the order
of 5-20 psec, a time which is short compared to nearly all
the fission lifetimes shown in Fig. 4. The isomeric band can
therefore be identified by measuring delayed coincidences
between conversion electrons and fission fragments. The
results for the 4 nsec isomer in 2Pu obtained from the 233U
(@, 2m) *°Pu reaction which has the highest isomer produc-
tion cross section known are included in Fig. 8. The observed
transitions and the level scheme deduced from them are
shown on the left, a fit of the transition energies to the well

“known expansion of the rotational energies in powers of

the quantity J- (J + 1) on the right. Whereas the rotational
constant 4 = 3.33 keV found for the isomer band is less
than half that for the ground-state band 7.16 keV, the
“nonadiabaticity’ parameter B = —0.17 eV shows an even
stronger decrease compared to the value of —3.55 eV.

The unusually low value of the rotational constant 4 =
#2/20 corresponds to the largest moment of inertia ® ever
found in nuclei and presents the only direct evidence ob-
tained thus far that shape isomers are, in fact, connected
with a nuclear deformation larger than the equilibrium
ground-state deformation. In Fig. 9, the experimental
moments of inertia are compared to those calculated (as a
function of deformation) by Sobiczewski et al. (1973) on
the basis of the cranking model, including the limits of the
rigid rotor and the irrotational fluid. Taking a quadrupole
deformation of e, = 0.6 for the second minimum the agree-
ment with the values from the cranking model is excellent.
A similar agreement is found with the results calculated by
Pauli and Ledergerber, (1973). Further independent infor-
mation about the size of the quadrupole deformation would,
however, be needed to decide whether a pairing strength
proportional to the nuclear surface area, G ~ S, should be
preferred over a constant pairing strength, G = const. In
any case, the conclusion of a change in deformation appears
to be rather model-independent, since the large experimental
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FIG. 9. Measured moments of inertia associated with rotational

" bands in 0Py and the calculated dependence on deformation according
to the cranking model (central lines), the rigid rotor and the irrotational
fluid (Sobiczewski e al., 1973; Bjgrnholm, 1972). The significance of
G is explained in the text.

value for the moment of inertia associated with the fission
isomer (horizontal line) even exceeds the rigid body limit
at the ground-state deformation.

The interpretation of the strong decrease in the rotational
term B, showing the shape isomer to be a “better’” rotator
than the ground state, presents an interesting problem in
itself. It can be understood qualitatively by a decrease in
the rotation-vibration or rotation-particle interaction, due
to the smaller rotational energies. Alternatively, however,
the observed transition energies may also be fitted to an
expansion of the rotational energies in powers of the rota-
tional frequency w rather than angular momentum (Harris,
1965; Johnson and Szymanski, 1973), i.e., to £ = aw?® 4+ Bu*
[or, equivalently, to the two-parameter VMI model
(Mariscotti e al, 1969)7]. Interestingly, enough, the value
B [or C (Mariscotti et al., 1969) ] is then found to be the
same for the two bands, within the statistical accuracy
given.

The identification of further low-lying excitations by
similar techniques, measuring v rays preceding isomeric
fission, could provide information about other collective
degrees of freedom in the region of the second minimum,
for example about octupole or v vibrations. Unfortunately,
such measurements are even more difficult than those just
described; several (unsuccessful) attempts in this direction
have been reviewed elsewhere (Specht, 1973).

Could one somehow determine the quantum numbers of
the isomeric ground state or low-lying excited states in odd
A nuclei and thereby identify specific Nilson single-particle
states in the region of the second minimum? Clearly, such
information would provide a very crucial test of the param-
eters underlying the potential energy calculations. We have
recently (Specht et al., 1973) investigated projectile-frag-
ment angular correlations in fission from isomeric states
aligned by a preceding («,27) reaction. Such fragment angu-
lar distributions are uniquely determined by the spin 7 of the
fissioning state and the quantum number K of the relevant
band at the second barrier associated with the decay
(Fraser and Milton, 1966). However, a reliable extraction
of these quantitites from the measured data is complicated
because of the degradation of the initial alignment by
neutron and gamma emission prior to fission, and especially
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because of the possible perturba.ti‘on of the correlation due
to extranuclear fields (which, if turned around, might in the
future yield some information about the moments of shape
isomeric states).

In an attempt to circumvent this latter difficulty, we have
used an implantation technique, allowing the compound
nuclei to recoil into metallic Pb and identifying delayed frag-
ments by coincidences with a pulsed beam. A parallel study
with the recoiling nuclei decaying in vacuum has been per-
forrned in Dubna/Bucharest (Gangrsky et al., 1972;
Galeriu ef al., 1973). Our present angular correlation results
for isomeric states in 2"Pu, 8Pu, and *'Cm are briefly
reviewed in Fig. 10. In the interesting case of 27Pu, two
isomeric states are known to exist (Russo et al., 1971), with
the long-lived one (a K isomer) observed from excitation
function measurements to be 0.3 MeV above the shorter-
lived one (Vandenbosch e al., 1973). Our prelimin-
ary and very speculative conclusions (Specht et al., 1973)
based on the size and the opposite sign of the anisotropies
for the two states point to predominantly direct fission of
the upper state. This agrees with the suggestions made
earlier by Vandenbosch ef al. (1973), on the basis of yield
measurements of the two isomers as a function of angular
momentum deposition in the compound nucleus (Russo
et al., 1971). Their tentative decay scheme (Vandenbosch,
1973b) is shown in Fig. 11; the most likely Nilsson orbitals
are [6157] 11/2+ and [8627] 5/2+ which lie close to the
Fermi surface in a number of recent calculations (Maéller
and Nix, 1973; Pauli, 1973; Mosel and Schmitt, 1971).

As mentioned above (Fig. 4), several even Pu isotopes
also exhibit second longer-lived isomeric states above the
shape isomeric ground state (Limkilde and Sletten, 1973;
Metag et al., 1973). They are interpreted as two-quasi-
particle (neutron) excitations just above the pairing gap
(Sobiczewski et al., 1973; Bjgrnholm, 1972; Limkilde and
Sletten, 1973) with a spin 7 = K again sufficiently high
to hinder the v decay down to the ground level via the
K-selection rule. The bare existence of an anisotropy in the
case of #8Pu (Fig. 10) indeed supports the assumption
I = K 5 0 (probably >3). A comparison (Limkilde and
Sletten, 1973) of the measured energy difference (1.3 &= 0.3
MeV) between the two isomeric states in this nucleus and
that in similar cases in the first well shows the pairing gap

. at the two deformations to be approximately equal, al-

though again no conclusion regarding the surface depend-
ence of the pairing strength can be drawn yet (Sobiczewski
et al., 1973). The general retardation in the decay rates of
the higher-lying states (also in 2Pu) might correspond to
the odd—even effect discussed above (Fig. 5), assuming
conservation of the X quantum number.

Moving next to the much higher excitation energies in the
vicinity of the two barrier tops, we should first discuss the
status of intermediate structure in subthreshold neutron
fission cross sections. The appearance of such structure,
most convincingly demonstrated in the classical cases of
0Py (5, f) (Migneco and Theobald, 1968) and 2Np (7, f)
(Paya et al., 1967, 1968) , is ascribed to the coupling between
the compound states of normal density in the first well to
the much less dense states in the second. This picture
requires resonances of only one spin to appear within each
intermediate-structure group. In a very elaborate experi-
ment using polarized neutrons on a polarized #'Np target,
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FIG. 12. Intermediate structure in the subthreshold neutron fission

cross section of ®'Np (lower part), and differences in cross section
for beam and target polarization parallel and antiparallel (upper
part), indicating 7 = 3 in each case (Keyworth ef al., 1973).
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FIG. 11. Tentative decay scheme for the shape isomeric states in
%7Pu (Vandenbosch, 1973b).

Keyworth et al. at Los Alamos/Oak Ridge (1973) have
indeed found-all nine fine-structure resonances of the 40 eV
group shown in Fig. 12 to have the same spin 7 = 3*; in
the comparison between parallel and antiparallel polariza-
tion of target and neutron spin (Fig. 12, upper part), the
alternative capture spin 2+ would fall below zero. Thus, a
further beautiful piece of evidence in favor of the double-
humped barrier picture has been obtained.

The heights of the two barriers themselves are most
reliably determined by investigating the probability of in-
duced fission over a range of several MeV in the threshold
region. Direct reactions are the best tool for such studies:
all excitation energies are obtained simultaneously in the
same experiment from the kinetic energy of the outgoing
particle, and the fission probability is measured directly as
the ratio between the coincident fission-outgoing particle
cross section and the corresponding singles cross section.
Due to a long term systematic study by the Los Alamos
group (Back et al., 1973a and b) using (p, p’f), (d, pf),
(¢, pf), (4, af ), (*He, df) and (*He, of ) reactions, such prob-
ability distributions are now available for 43 isotopes from
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Th to Bk; below this region, 11 further isotopes including
Ra and Ac have been investigated in Munich (Konecny
et al., 1973 and unpublished data). An example for even
Th and U isotopes (Back et al., 1973b) is shown in Fig. 13,
demonstrating the rapid rise over several orders of magni-
tude in the threshold region. The structure visible in most
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of the data is caused by transmission resonances ((Bjgrn-
holm and Strutinsky, 1969) at the position of 8-vibrational
states in the second will, where the double-humped barrier
acts like a classical double-layer monochromator. Approxi-
mating the barrier shape by two one-dimensional inverted
parabolas, the heights and curvatures are extracted from a
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statistical model fit to the data, which includes competition
between fission, neutron, and gamma emission in the decay
of the compound nucleus and also allows for damping
(Bondorf, 1970; Back et al., 1971) of the resonances. The
fits are shown as full lines in Fig. 13; each of the bumps
corresponds to a transmission resonance with specific
quantum numbers.

The heights of the first (E4) and second (Egp) barrier
deduced from this analysis (Back et al., 1973a and b) and
independently from fission isomer data (Britt et al., 1973)
are shown in Fig. 14 for even and odd isotopes of Th, U, Pu,
and Cm as a function of neutron number. We have also
included the latest results from three potential energy
calculations, which differ mainly in the single-particle
potentials employed—the Woods—Saxon ((Pauli, 1973) only
the usual static barriers), the modified harmonic oscillator
(Nilsson, Méller, Larsson ef al. results for E4 from Moller
and Nix, private communication, 1973; results for Eg from
Moller and Nix, 1973 and Méller and Nix, private commu-
nication, 1973) and the folded Yukawa (Méoller and Nix,
1973). Other differences are due to the replacement of the
liquid drop by the droplet model in the latter two calcula-
tions (Moller and Nix, 1973; private communication, 1973),
for which we have also included the lowering of the first
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barrier E4 by axially asymmetric deformations as obtained
by Larsson and Leander (1973) (only approximately
included for Cm in Pauli, 1973). The quite significant lower-
ing of the second barrier Eg by mass-asymmetric deforma-
tions (see Sec. ITII) as well as a constant ground-state zero-
point energy of 0.5 MeV were taken into account in all three
calculations.

Comparing now these predictions with each other and
with experiment, the over-all bandwidth of agreement
appears to be of the order of 1-2 MeV. The observed system-
atic decrease of the second barrier with increasing Z
(responsible for the disappearance of fission isomers, Fig.
4) is reproduced—perhaps not too surprisingly, since it is
basically caused by the behavior of the liquid drop barrier.
Definite difficulties remain at the first barrier 4 for U and
especially Th, where the theoretical predictions tend to lie
low and also decrease too rapidly with decreasing Z. Several
suggestions have been made (Méller and Nix, 1973; Pauli
and Ledergerber, 1973) to solve this much cited ‘““Th-
anomaly”; it is an open problem. The discrepancy seems
to be not quite so severe for Nilsson’s modified harmonic
oscillator calculations—which, in fact, show the best over-
all agreement with experiment also with regard to the finer
details of the neutron number dependences. A more exten-



Hans J. Specht: Nuclear fission

N
213At / \>5
85 Y z=85
! \
2098, (. f) /I ‘\
(a) / \
/ \,
L L A
227
Ac '
89 88<Z = §1
2% Ra(* He.df)
(b)
236
92V
z>92
Ulng.f)
(a}
256
100FM
. Z=100
(st)
(c)
258
100Fm
Z=100
?S‘,Fm(n,h,ﬂ
(d

66 100 140 180
FISSION FRAGMENT MASS [amul]

FIG. 15. Representative fragment mass distributions in low-energy
fission (full lines) and their dependence on excitation energy above the
barrier (in MeV, dashed lines) and atomic number for first chance
fission [ (from (a) (Hyde, 1964), (b) (Konecny et al., 1973), (¢) (Unik
et al., 1973), and (d) (John et al., 1973; Ragaini et al., 1973) ].

sive comparison of all these results (including the height
of the second minimum) can be found in a review by Nix
(Moller and Nix, 1973).

i1l. THE MASS-ASYMMETRY OF THE BARRIER

Our next major topic is a discussion of the long-standing
puzzle of fragment mass distribution in nuclear fission and
the present status of their understanding. Fig. 15 reviews
the appearance of these distributions as a function of atomic
number and excitation energy; the representative nuclei are
listed on the left, the regions of occurrence on the right. The
full lines correspond to low-energy fission, i.e., either
spontaneous or induced fission with excitation energies <1
MeV above the barrier, the dashed lines signify the change
in the distributions at larger excitation energies. As has been
known for many years (Hyde, 1964), nuclei with Z < 83
fission symmetrically (reasonably well described by the
liquid drop model, Nix and Swiatecki, 1965), the heavier
actinides asymmetrically. The example of #*’Ac (Konecny
et al., 1973) illustrates the transition between these two
extremes. Measurements of such triple-humped mass dis-
tributions in the region from Z = 88 to at least 91 (Jensen
and Fairhall, 1958, 1960; Britt ef al., 1963; Konecny and
Schmitt, 1968; Perry and Fairhill, 1971; Konecny et al.,
1973), systematic differences in fragment total kinetic
energies and their variances (Britt e/ al., 1963; Konecny
and Schmitt, 1968; Perry and Fairhall, 1971; Konecny et al.,
1973), also found for Z > 91 (Hyde, 1964; Britt and
Whetstone, 1964; Ferguson ef al., 1973), and finally prompt
neutron emission (Konecny and Schmitt, 1968), appear to
indicate that the “two fission modes” (Niday, 1961) coexist
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in the same nucleus. The relative probability of the sym-
metrical component seems to decrease only gradually with
increasing mass number, but always increases exponentially
with excitation energy with a slope nearly independent of
Z. We shall return to this interesting competition later.
For very heavy nuclei, the smoothly decreasing mass asym-
metry finally causes the symmetrical valley to fill in again
even at low excitation energies, i.e., for the lighter Fm
isotopes (Balagna et al., 1971; John et al., 1971; Ragaini
et al., 1973; Unik et al., 1973), until at 28Fm (John ef al.,
1971; Ragaini ef al., 1973) a new and different type of sym-
metric fission occurs, characterized by a maximum in the
total fragment kinetic energy rather than a minimum as
before.

The well known (Hyde, 1964) constancy of the heavy
mass group and the very smooth shift of the light one with
increasing mass of the fissioning nucleus is shown more
quantitatively in Fig. 16. With the exception of the low-
energy points for Ac isotopes (Konecny ef al., 1973), only
new data from Unik et al. (1973) with a very high relative
precision (0.2 amu) have been plotted. Points on the
straight line for symmetric fission correspond to those
cases, where a central maximum in the mass distribution
at larger excitation energies (except for »8Fm) has clearly
been identified. The exact boundaries of the overlap region
of the two “modes” are not known yet, the lower limit at
present is ?Ra (Konecny et al., 1973), but it appears that
asymmetric fission sets in suddenly with a maximum degree
of asymmetry.
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FIG. 17. Schematic illustration of the nuclear potential energy
surface as a function of symmetric (e;) and asymmetric (e;) deforma-
tions (Tsang and Wilhelmy, 1972).

What then is the interpretation of this asymmetry? It is
now understood ‘as a preference of actinide nuclei to move
in regions of mass-asymmetric shell valleys, starting already
at the second barrier. Following old suggestions by Inglis
(1958) and Johansson (1961), the lowering of the second
barrier by such octupole (pearshape-like) distortions was
first demonstrated on the basis of Strutinski-type calcula-
tions by Mbller and Nilsson (1970; Méller, 1972), and later
confirmed by several other groups (Pashkevich, 1971; Pauli
et al., 1971; Bolsterli et al., 1972; Mustafa et al., 1973; Pauli
and Ledergerber, 1973). As illustrated by the schematic
€2/ €3 potential energy surface in Fig. 17 (Tsang and Wil-
helmy, 1972), this instability occurs only at the outer
saddle, not at the inner one or the two minima. The de-
pendence of the energy on the octupole deformation e;
(cut “Asym” along the dotted line) resembles that of the
familiar NH; molecule. The calculated energy gain is of the
order of 0-3 MeV. It originates from only a few strongly
interacting Nilsson orbitals of opposite parity in the vicinity
of the Fermi surface which move down in energy with in-
creasing asymmetric deformation, thus reducing the large
level density and with it the large positive shell correction
energy associated with the second barrier (Gustafson et al.,
1971; Moller, 1972); the symmetry-favoring liquid drop
energy increases sufficiently slowly not to destroy the effect.
As an example, Fig. 18 shows the potential energy surface
for #8U, calculated by Mosel et al. (Mustafa, Mosel, and
Schmitt, 1973) with the two-center harmonic oscillator
potential. Contours of constant energy (in MeV) are plotted
as a function of the mass asymmetry and the neck radius of
the fissioning system. The asymmetrically deformed outer
barrier (at D = 5 fm) is similar to what is obtained by all
the other calculations. The attractive result, however, of
an apparent shell valley extending from the saddle all the
way down to scission (at D = 0) with a nearly constant
mass asymmetry (see also Pauli, 1973; Pauli and Leder-
gerber, 1973) is a matter of some controversy. Other in-
vestigations (Moller and Nix, 1973) not minimizing the
energy with respect to elongation (as in Mustafa et al.,
1973) have shown fluctuations between different valleys in
the saddle to scission stage.

Direct experimental evidence supporting the asymmetric
shape of the second barrier is virtually nonexistent. The
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FIG. 18. Potential energy surface of 22U, calculated by Mustafa,

Mosel, and Schmitt (1973). Contours of constant energy (in MeV)
are shown as a function of the mass asymmetry and the neck radius
of the fissioning system.

agreement between the measured and predicted barrier
heights Ep (Fig. 14) is comfortable, but certainly no proof
in view of the difficulties at the inner saddle. Better evidence
stems from near-threshold photofission results, where the
ratio of the quadrupole to the dipole component increases
very rapidly from Th to Pu (see Vandenbosch, 1973a for
details).

If one accepts the point of view that the gross character
of the fragment mass split is already predetermined at the
outer barrier (Johansson, 1961; Méller and Nilsson, 1970;
Pashkevich, 1971; Pauli et al., 1971; Bolsterli et al., 1972;
Moller and Nix, 1973; Pauli, 1973; Moller, 1972; Pauli and
Ledergerber, 1973), essentially unchanged by either a
change in the static surface or by dynamics (Pauli and
Ledergerber, 1973; Maruhn et al., 1973), then there should
again be observable consequences. We will discuss two of
them—the correlation between the experimentally observed

_ fragment mass ratio and the calculated size of the octupole
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distortion at the second barrier,—and the possible existence
of different barriers for symmetric and asymmetric fission.

In a way slightly different from previous correlation dia-
grams (Moller and Nix, 1973; Moller, 1972; Pauli and
Ledergerber, 1973), we have plotted in Fig. 19 the experi-
mentally observed ratio of the mean primary masses in the
two fragment groups versus mass of the fissioning nucleus,
taken from the data of Fig. 16 (data points shown only for
doubly even nuclei). We have included the theoretical pre-
dictions for the closely related quantity x by Pauli e al.
at the static (1971; Pauli, 1973) and the dynamic (Pauli
and Ledergerber, 1973) outer barrier, and those for the
octupole deformation e; given by Méller (1972); the scale
factor for the latter was arbitrarily chosen such as to re-
semble the mass ratio on the average. The over-all trend
of this ratio decreasing rapidly from Th to Fm is definitely
reproduced by all the calculations, including the final tran-
sition to symmetry for very heavy elements (see also
Moller and Nix, 1973; Mustafa et al., 1973). However, there
is no detailed agreement and one is probably not to be
expected from such a simple static picture. Neither the
exact location of this transition, nor the rather constant
ratio in the Cm/Cf region, nor the extremely smooth experi-
mental trend is found. The neutron number dependence for
the lighter actinides obtained from the modified harmonic
oscillator calculations (Mbller, 1972) is, in fact, opposite
to observation (slightly improved in the newest version)
(Moller and Nix, private communication, 1973). Such diffi-
culties for the lighter actinides also appear to exist in the
folded Yukawa calculations (Mbller and Nix, 1973). In the
region of symmetrical fission for Z < 83 (Fig. 15), indeed
a symmetrical saddle (or at least an extremely flat potential
energy surface) is found in most of the calculations, the
liquid drop behavior overriding the shell effects. A specific
problem, however, arises in the whole region of coexistence
of the two modes—there are at most slight hints (Pauli,
1973; Moller, 1972) for the possible existence of two dif-
ferent saddles, i.e., an asymmetrical potential energy curve
(Fig. 17) with an additional central minimum,
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In order to study this unsettled question of different
barriers for symmetric and asymmetric fission as well as
the detailed competition between the two modes, we have
recently measured in Munich, separately for the two mass
components, fission probability distributions and fragment
anisotropies, presumed to be determined at the barrier, for
a whole series of nuclei in this critical triple-humped region
(Konecny et al., 1973). A decision about different saddles
is hardly feasible in higher Z actinide nuclei because of the
inner barrier being the higher one (Fig. 14). Using again
direct reactions as described in connection with Fig. 13, the
energies of the outgoing light particles, identified by an
AE — E telescope, were recorded in coincidence with the
energies of both fragments, measured in two pairs of detec-
tors at 0° and 90° relative to the recoil axis; from the
energies, fragment masses are obtained in the usual way
via mass and momentum conservation. As an example from
this work Fig. 20 shows, for both modes, fission probabilities
and fragment anisotropies versus excitation energy in the
final nuclei #¢Ac, 2’Ac, and ?%Ac, respectively. In the fol-
lowing we will briefly discuss two interesting features di-
rectly visible in this plot.

First and most important, symmetric and asymmetric
fission appear, in fact, to be associated with different fission
barriers, at least for these odd nuclei. In the cases of 227Ac
and ?8Ac, the symmetric barrier is higher than the asym-
metric one by 1.2 and 2.0 MeV, respectively; the upper
limit for a possible symmetric yield averaged over the
region between the two thresholds relative to the symmetric
yield just above the symmetric threshold is 3%, with a
95% confidence limit. The structure seen in the asymmetric
component of *7Ac in this region is possibly caused by the
competing neutron channel. The fragment angular aniso-
tropies also seem to be different for the two modes, further
supporting the interpretation of the different threshold
behavior as really being due to separate barriers.

Second the fission probability for the asymmetric com-
ponent, although very small compared to the distributions
in Fig. 13, increases—beyond the usual rapid rise at the
threshold—much more slowly with increasing excitation
energy than expected on the basis of simple statistical model
considerations (Huizenga and Vandenbosch, 1962) for the
competition of fission and neutron emission; the increase
above the dotted line for ?22Ac is caused by the onset of
second chance fission, i.e., fission following evaporation of
a neutron from the compound nucleus. The competition
between the two modes, on the other hand, is governed
by a steep exponential rise of the symmetric component
with a relative slope nearly identical to that found in higher
Z actinide nuclei [~0.5 MeV~! for In(T sym/Ts asym) 1; it
becomes smaller only for the very neutron-poor isotopes
investigated (*¢Ac, 2*Ra), where the fraction of symmetry
is highest. In the case of 28Ac [also for 22%%2'Ra (Konecny
et al., 1973)7], the symmetrical yield even exceeds the
asymmetric one at excitation energies only a few MeV above
the barrier. This remarkable result as well as the general
rapid rise of symmetry close to threshold can apparently not
be explained by a ‘“washing-out” of shell effects with in-
creasing excitation energy, which according to several recent
calculations of this temperature dependence (Moretto,
1972; Jensen and Damgaard, 1973; Jensen and Ddossing,
1973; Schmitt and Mustafa, 1973; Maruhn et al., 1973)
should only become operative at much higher energies; in
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FIG. 20. Fission probabilities and fragment anisotropies versus excitation energy in the fissioning nuclei 26.27.28A¢, for the symmetric and the
asymmetric mass component separately. The neutron binding energy B, is marked by an arrow. The solid lines drawn through the asymmetric

anisotropy data are shown as dashed lines in the data fields for symmetry.

that region, the experimental findings including the ob-
served decrease in the size of the asymmetry (Jensen and
Damgaard, 1973; Jensen and Déssing, 1973; Ferguson et al.,
1973) are reproduced. The somewhat equivalent considera-
tion of level densities at the two different outer saddles
controlling the competition would require differences in the
level density parameter between 209, and 40% (depending
on the nucleus).

Thus, there are difficulties. Although the existence of dif-
ferent barriers for the two fission components is seemingly
in accord with the expectations from shell model calcula-
tions, it is not at all clear at the moment, how the sole
occurrence -of - triple-humped mass distributions and the
detailed competition between the two modes including the
“cross-over’ observed should be understood on the basis
of the barrier shapes calculated so far.

IV. CONCLUSION

We will summarize our findings quite briefly. Experi-
mental evidence supporting the double-humped barrier
picture has been accumulating rapidly in the last few years,
and in several respects nearly quantitative agreement is
found with theoretical predictions, although some diffi-
culties remain. As far as the understanding of fragment
mass distributions is concerned, however, there are still
major open problems.
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