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Experimental and theoretical investigations of recent years point to the existence of a new type of iso-
merism of atomic nuclei, due to the strong difference between the shapes of the nuclei in the initial and

final stages.

THE concept that the atomic nucleus is a complicated
system having a definite shape is used quite extensively
in nuclear physics, and most frequently in the study of
nuclear fission. In the latter case it is customary to
regard the sequence of nuclear shapes from the initial
elliptic ones to the dumbbell shapes prior to the fission
of the nucleus into two fragments.

One of the problems in the theory of the atomic
nucleus is the determination of the equilibrium nucleus
deformation, corresponding to the minimum of the po-
tential energy. To solve this problem one must calcu-
late the dependence of the potential energy on the
parameters that determine the shape of the nucleus.
Generally speaking, the potential surface can be very
complicated and one cannot exclude beforehand the
possible appearance of additional minima of the poten-
tial energy, separated by a barrier from the principal
deep well, the bottom of which is the ground state of
the nucleus. If the barrier separating these minima is
high enough then electromagnetic transitions between
nuclear energy levels characterized by different equili-
brium deformations will be strongly hindered. This
means that the lower energy state of the additional
potential-energy minimum turns out to be isomeric.
The degree of hindrance of the transitions is deter-
mined mainly by the height of the barrier between the
minima of the potential energy.

The question of ‘‘shape isomerism’’ of this kind of
atomic nuclei has attracted attention recently, in con-
nection with the discovery of spontaneously fissioning
isomers'?) and subbarrier fission resonances!®,
which are observed upon capture of slow neutrons. It
was proposed in many experimental papers on the
properties of certain spontaneously fissioning isomers
that spontaneously fissioning isomers are ‘‘shape
isomers”’ with a greatly decreased fission barrie

The publication of theoretical papers in which ac-
count was taken of the influence of shell effects on the
fission barrier!”! has made the ‘‘shape isomerism’’
hypothesis more concrete.

An analysis of the presently available experimental
facts makes it possible to draw definite conclusions
concerning the nature of the fissioning isomers and to
discuss the possible future experimental research in
this field.

ri4,

SHAPE ISOMERISM OF MOLECULES

It was pointed out quite long ago that the collective
motion in nuclear fission has much in common with the
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oscillations of a diatomic molecule!®. The change in
the shape of the ellipsoid in the case of the nucleus
corresponds to the change in the distance between
nuclei in the case of the molecule. The adiabatic re-
alignment of the electrons when the nuclei of the dia-
tomic molecules move closer together or move apart
recalls the realignment of the nucleon orbit in an
atomic nucleus whose shape is varied slowly.

This analogy is quite far reaching, and it is not
surprising that attempts have been made recently to
calculate the potential energy of the nucleus within the

framework of the model of an oscillator with two
centers!®,

It is interesting to note that the shape isomerism
concept is commonplace for molecules. It implies in
this case the existence of two configurations of the
atoms making up the molecule, and the transition from
one to the other is hindered by the appearance of the
potential barrier. An example of shape isomerism of
this kind is provided by the rotation isomers of the
dichlorethane molecule (Fig. 1). Indeed, for this mole-
cule, which consists of two ClH, groups turned rela-
tive to the axis joining the two carbon atoms, the poten-
tial energy depends on the angle of rotation of one
ClH. group relative to the other. As seen from Fig. 2,
the dichlorethane molecule has equilibrium states
separated by a barrier. There are also other known
manifestations of shape isomerism in molecules. For
example, mirror isomerism, in which one atom con-
figuration is the mirror image of the other, is possible.

Drawing the analogy between the fission process and
motion of the nuclei in a molecule, Hill and Wheeler
pointed out back in 1953 the possible occurrence of
shape isomerism in atomic nucleil®). Hill and Wheeler
proposed the existence of shape isomers of fissioning
elem)ents in the form of oblate ellipsoids of revolu-
tion”,

FIG. 1. Model of dichlorethane molecule.
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DAccording to calculations by Pashkevich [!°%}, a non-axial deforma-
tion transforms an oblate ellipsoid into a prolate one.
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EXPERIMENTAL INVESTIGATIONS OF THE PROPER-
TIES OF SPONTANEOUSLY FISSIONING ISOMERS

After the discovery in 1961 of the first spontaneously
fissioning isomer 2*Am with a half-life 14 msec!!],
which incidentally turned out to be the longest-lived of
all the isomers known to date, many laboratories have
undertaken searches for new spontaneously fissioning
isomers. Most of the investigations were made with
beams of protons, deuterons, and alpha particles ac-
celerated with electrostatic tandem generators and
cyclotrons. These investigations have shown that
spontaneously fissioning isomers exist for most in-
vestigated isotopes in the region from Uto Cm. The
half-lives of the observed isomers were found to range
from 2 nsec to 14 msec. It should be noted that
whereas we can state definitely that there are no iso-
mers with lifetimes longer than 14 msec, the lower
bound of the lifetime is imposed by the experimental
conditions. The fact that the half lives of the observed
fissioning isomers turned out to be very short has left
its imprint on the experimental research. The experi-
menters were first forced to investigate the proper-
ties of the isomers in the immediate vicinity of the
charged-particle accelerators. The observed effects
are very small, and, as a rule, it is necessary to bom-
bard highly active targets of heavy elements. All this
has made the experiments quite difficult.

In practically all experiments with charged particles,
thin targets were used, and therefore the nuclei of the
isomers produced in any particular reaction acquired
a momentum large enough to escape from the farget.
The fission fragments of the isomers decaying in flight
were observed by placing fission-fragment detectors
along the trajectory of the isomer nucleus. From the
spatial distribution of the fission fragment tracks on
the detectors it was possible to estimate the half-life
of the corresponding isomer.

Pulsation of the accelerator particle beam was used
in certain experiments. In this case, the isomer nuclei
emitted from the target were decelerated in a collector
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FIG. 2. Potential energy of dichlorethane molecule.
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placed in their path, and the isomer fission fragments
were observed in the time intervals between the bursts
of the accelerated-particle beam. If the time distribu-
tion of the particles is analyzed, it is possible to calcu-
late the half-life of the isomer. By way of example,
Fig. 3 shows an experimental setup!*!! used in the
search for isomers in the electrostatic tandem genera-
tor of the Niels Bohr institute in Copenhagen. The
pulsating proton or deuteron beam was used to bombard
a thin target placed, as indicated in Fig. 3, in the open-
ing of a semiconducting surface-barrier detector. The
nuclei produced in the reaction were emitted from the
target and decelerated in a thin collector of formvar
(organic film).

Figure 4 shows typical decay curves of some of the
isomers:

238Pu(d’ 2n)238m Am’ mPu(d, p)239mpu (Flg. a),
29py(d, pr)®Pu{b) and #1Pu(d, pr)®m Py (c).

The large number of experiments performed by dif-
ferent procedures led to the discovery of more than 20
new spontaneously fissioning isomers''*"**) The half-
lives of the known isomers are listed in Table 1. The
presently existing situation can be seen by examining
Fig. 5, which shows the half-lives Tg¢ of the spon-
taneous fission of isotopes in the region from U to Cm.
The upper group of points pertains to the ground state
of the nuclei, and the lower to the isomer state. We
see that the region of isomers drops downward on the
average by 26 orders of magnitude. Thus, the experi-
mental investigations show an increased probability of
spontaneous fission of the isomers in comparison with
the ground state, by an approximate factor 10%°. In all
cases, only spontaneous fission was observed and one
cannot exclude the possibility that the half-life is
governed in some cases by another type of decay.
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FIG. 4. Decay curves of plutonium and americium isomers [''].

Table 1
Half-life Half-life Half-life
Isomer T,,, nsec. Isomer T,,, nsec. Isomer T,,, nsec.
. . Prompt % Y Ve
Collimators Delayed-fission fissi
fragment , n?;:‘oi?m
counter / 2341 < 240Py 4,4 241Am 1.5%)
/s 238y 110 24ipPy 27 %) 242Am 14 %%)
/’ Faraday 238U 200 242Py 28 243Am 6.5 %)
I I I cylinder ~ 235py 20 243y 33 244Am 1.4%%)
_ 238Py 34 237Am 5 280Cm <2
| I | Target p=p 257Py 80 238Am 35%) 2410m 19
lei 900 239Am 60 242Cm <2
Recoil nuclei 238Py 6.5 240Am 0.9 *x) 243Cm 38
Target holder collector 239py 8% |
FIG. 3. Experimental setup used in the search of spontaneously fis-
sioning isomers. *In psec.  **In msec.
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In recent years, serious attempts were made in a
number of laboratories to observe the y-decay branch
for certain fissioning isomers, but so far they did not
lead to any positive results. The same can be said
concerning attempts to observe the a decay of the
isomer *?Am. At the same time, it became possible
to accumulate sufficient data concerning the character
of the nuclear reactions in which isomer production is
observed, particularly concerning the thresholds of
some of these reactions. The most intensively inves-
tigated are reactions of tye type (p, 2n), (n, 2n),

(a, 2n), (@, 3n) and (y, n)l®%21518] By way of exam-
ple, Fig. 6 shows the excitation curve of the isomer
*TAm in the reaction ***Pu(p, 2n)*’Am. The ordinates
in this figure represent the ratio of the events of
spontaneous fission of the isomer to the number of
prompt fission acts.

The data on the dependence of the cross sections of
the indicated reactions on the energy of the incident
particles were treated under the assumption that the
isomer states are populated when the neutrons are
evaporated from the produced excited compound nuclei.
Calculations of the probability of evaporation of differ-
ent numbers of neutrons, and accordingly of the cross
section for the production of different isotopes, are
given inl"7, Analyzing the excitation curves for the in-
vestigated reactions in the same manner as in/"), the
authors of!®% 1% 18] egtimated the thresholds for the
production of various isomers. In all cases, they
turned out to be much higher than the thresholds for
the production of the isotopes in the ground state. If it
is assumed that the isomer states are populated in the
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FIG. 6. Excitation curve of the
isomer 2% Am in the reaction 23*Pu(p,
2n)%*’Am.
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same manner as the ground state, then the difference
between the reaction thresholds can be regarded as ap-
proximately equal to the energies of the isomer states.

Figure 7 and Table II show data on the energies of
the isomer states, obtained by analyzing the excitation
curves for ctertain spontaneously fissioning isomers.
We see that the energies estimated in this manner lie
mainly in the range from 2.5 to 4.5 MeV. Of course, it
must be recognized that the employed method used to
estimate the isomer-state energy is crude,butunfortun-
ately it has not yet been possible to determine the iso-
mer energy by a more accurate method,

The current hypothesis concerning the nature of the
spontaneously fissioning isomer, based on deductions
from the theoretical papers, will be presented in one of
the following sections. We shall therefore touch upon
here only those conclusions and hypotheses which can
be drawn and were drawn only from experimental in-
vestigations of isomers, primarily from the study of
the irregularities in the production of spontaneously
fissioning isomers.

The simplest observed reaction in which spontane-
ously fissioning isomers are produced is the radiative
neutron capture. The most complete data on the pro-
duction of spontaneously fissioning isomers in the
radiative capture of neutrons pertain to the isomers
*2Am and **Am["*!1, First, we know the dependence
of the cross section of the reaction (n,y) for isomers
*2Am and **Am at a neutron energy from 0.5 to 4.0
MeV (Fig. 8). These results were obtained in experi-
ments with the cyclotron of the Atomic Physics Insti-
tute in Bucharest[!®),

Table II

Isomer Energy level, MeV | Reaction Isomer  |Energy level, MeV Reaction
235py 3.040,2 (a, 2n) 238Am 3—4 (p, 2n)
236y 41402 (2, 2n) 290Am 2.940.1 (p, 2n)
237py 3.440,2 (o, 2n) 240Am 3.1554:0,25 (p, 2n)
298Py 4.4+0,4 (o, 2m) M4m 3.1550.25 @ n)
239Py 3.0+0,2 (e, 3n) 2.5+0.1 (p, 2n)
240Py 3.0+0,2 (. 2n) 242Am 2.9-+0.4 (n, 2n)
201py 2.950,1 (4> 1) 3.2::0.25 (v» n)
237Am 3.04+0,3 (p, 2n)
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FIG. 8. Cross section of the re- #

actions ' Am(n, 7)?*?! Am (curve 1
Ty, = 14 msec) and >*Am(n, v)*** ' Am 2/
(2; Ty, = 1 msec).
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Attention is called to two circumstances. First, the
probability of production of **?Am by radiative capture
of neutrons with energy 0.5—4.0 MeV is larger than,
for example, in reactions with heavy ions. Second, the
dependence of the cross section of the reaction (n, y)
on the neutron energy in the range 0.5—1.0 MeV is
quite unusual. In the radiative capture of neutrons with
such energy one always observed a decrease in the re-
action cross section with increasing neutron energy.
In this case, however, the situation is reversed. It is
also remarkable that at neutron energies 0.5—1.0 MeV
a similar character is possessed by the dependence of
the prompt fission cross section ¢j on the neutron
energy. In the capture of neutrons with energies 0.5—
1.0 MeV, the spin of the produced compound nucleus is
relatively small, and the probability of isomer produc-
tion is not less but, as already mentioned, larger than
in reactions with heavy ions. This indicates that the
spin of the fissioning isomers is not large“gl. Previ-
ously advanced arguments favoring a small spin for the
isomers were based on approximately the same argu-
ment.

The growth of the cross section above 0.5 MeV,
which is unusual for the (n,y) reaction, can be inter-
preted in simple fashion by assuming the existence of
a certain potential barrier that separates the isomer
state from the ground state, and that the height of this
barrier is close to that of the fission barrier.

Thus, the experimental results lead to the conclu-
sion that in the case of spontaneously fissioning iso-
mers we are dealing with a situation in which the
energy of the isomer states is sufficiently high
(~3 MeV), and the spin is small. In addition, it follows
from the experiment that for isomer production it is
necessary to excite the nucleus initially to 6.5-7.0
MeV.

Having this information, we should explain two main
properties of spontaneously fissioning isomers: 1) the
hindrance of the electro-magnetic transitions from the
isomer state, 2) the sharp increase of the probability
of spontaneous fission of isomers.

Whereas the acceleration of the spontaneous fission
process can still be explained relatively simply by
assuming that the energy of the isomer states is high
enough, the situation with the reason for the hindrance
of the electromagnetic transitions is more complicated.
A natural explanation that comes to mind and has been
advanced in 2 number of papers (see, for example,!*?)
is that shape isomerism comes into play in the case of
fissioning isomers. Indeed, if we assume that the poten-
tial surface has apart from the deepest minimum also
an additional minimum that is less deep but for which
the fission barrier is lower than for the ground state,
then all the facts can be explained very simply. The
probability of the spontaneous fission from the lower
state of the additional potential well may turn out to be
large enough, and the electromagnetic transitions from
the second well will be hindered because of the differ-
ence between the nuclear shapes in the two states. The
assumption that spontaneously fissioning isomers are
shape isomers can be advanced on the basis of experi-
mental facts only, without using any theoretical calcu-
lations.

A more detailed investigation of radiative capture
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of neutrons with formation of spontaneously fissioning
isomers of americium yielded some addition data
favoring the ‘‘shape isomerism’’ hypothesis.

Experiments were performed at the JINR (Joint
Institute for Nuclear Research, Dubna) on the radiative
capture of neutrons by americium isaotopes. Thermal
neutrons'®®), neutrons with energy up to 20 eV(*®), and
14—16 MeV!'®" neutrons were used. In the first case,
the neutron source was a lead target bombarded by
660 MeV protons from the JINR synchrocyclotron. The
neutrons produced by interaction of fast protons with
lead nuclei had, in the main, an energy of several MeV,
and to moderate them to thermal energy the lead block
was surrounded by water as a neutron moderator.

In the second case, a beryllium target was bom-
barded with an intense beam of deuterons accelerated
by the JINR two-meter cyclotron. The spectra of the
neutrons emitted in the Be + d reaction were shaped
with the aid of a paraffin moderator and boron filters.
Different energy spectra of the neutrons were obtained
by varying the ratio of the number of nuclei of the neu-
tron moderator (paraffin) and the slow-neutron ab-
sorber (boron). Naturally, in such a method of shaping
the neutron spectrum, the data obtained on the cross
sections for the production of fissioning isomers were
averaged over a large number of resonances.

Figure 9 shows the results of experiments with
thermal neutrons (og is the cross section for the pro-
duction of a nucleus in the ground state), while Table
III gives experimental results obtained with neutrons
of somewhat higher energies—the cross sections of
for prompt fission and oj for the production of spon-
taneously fissioning isomers **Am and ***Am by radi-
ative capture of neutrons.

C g T T o
#hr ' &)
ik d4p
FIG. 9. Dependence of o;/of and {
i[04 on the excitation energy of the " b i1
nucleus 2*?Am. (E* = 5.5 MeV—thermal 5| ﬂgﬁ’
neutrons). I .
e 1
55 liHE,M v[i.5
» Me’
Table III
1AM +n 43Am +n
E,,
&V 0116‘3 og b o kb U;S‘Zv o, b oj, ub
0.2 1 0+0.8 3.13 300100 0.5 <10
0.2—20 0.840.3 0.5 40415
>20 0.240,06 1.2 24+6 0.3+0.1 1.4 42415
Table IV
Neutron ener; = 6;/0 s
En’ MeV Target T%, 107 sec 10_1‘ o b ajs 10* b
2.2 239Py 29.0+3.8 4.1 2,0 8.2
4.4—5.,2 43 2,0 86.0
233 30,4+4.9 4.7 2.1 9.6
234 19.7+4.9 1,2 1.5 1.8
23U 66.6+8.7 3.1 1.3 4.0
23877 No isomer observed )
0.55 2387 34.9+4.5 ' 7.4 2,0 15.0
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Attention is called to the very strong correlation
between prompt fission and the formation of fissioning
isomers. It can be stated that fissioning isomers are
produced quite effectively only when the prompt-
fission probability is high enough. If the fission proba-
bility is low, then the probability of isomer production
is correspondingly low, regardless of the probability
of radiative capture of the neutrons. The existence of
this correlation allows us to conclude that the produc-
tion of fissioning isomers is preceded by the onset of
oscillations corresponding to the fission degrees of
freedom.

It would be extremely interesting to trace such a
correlation also for other isotopes, for example **°U,
%°P_ etc. Unfortunately, however, the presently avail-
able experimental data on the formation of fissioning
isomers of uranium and plutonium in reactions with
neutrons are incomplete and contradictory. The for-
mation of uranium and plutonium isomers by radiative
capture of neutrons with energies 2.2 and 0.5 MeV was
reported from Harwell'®®), Table IV lists the results
of this study, the cross sections for the production of
fissioning isomers and radiative capture of neutrons®?},
but it must be noted that the deduced existence of the
isomers **U, *°U, U and the isomer 2*°Pu with
20 nsec half-life is not confirmed by investigations
with charged particles.

At the same time, Romanian physicists'®* have
reported the production of the isomer 2**U in capture
of neutrons of energy ~2 MeV, with a cross section
approximately 10 times larger than obtained by the
British physicists.

It would be extremely important to obtain more re-
liable experimental data on the formation of spontane-
ously fissioning uranium and plutonium isomers in
radiative capture of slow neutrons.

SUBBARRIER FISSION RESONANCES

As already mentioned in the preceding section, the
experimental studies suggest a manifestation of shape
isomerism in the case of spontaneously fissioning iso-
mers.

We shall return later on to the feasibility of a theo-
retical description of this phenomenon, and consider
for the time being other experimental data on nuclear
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64'30:
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o Cross section of subbarrier fission of ***Pu
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FIG. 10. Subbarrier fission resonances in the reaction 2*°Pu + n.
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fission, which were reported quite recently and, in our
opinion, have a direct bearing on the question at hand.

Even quite recently, when speaking of fissioning
isotopes, we usually had in mind only those experiencing
fissioning by capture of slow neutrons. At the same
time, there are many isotopes that experience fission
only when the neutron energy exceeds a certain thresh-
old, which is different for different isotopes but
amounts on the average to several hundred keV. At
neutron energies below this threshold, one usually ob-
serves many resonances corresponding to the radia-
tive capture of the neutrons.

The advances in experimental accuracy have made
it possible to investigate individual resonances more
thoroughly. Surprisingly, groups of resonances with
relatively large fission widths were observed for cer-
tain isotopes heretofore regarded as non-fissioning'®.

As a typical example, we can cite the data for the
isotope 241Pu, which were obtained by bombarding the
%Py target with slow neutrons (Fig. 10). Figure 10
shows clearly the individual groups of resonances with
large fission widths. Attention is called to the fact that
the distance between the groups of fissioning reso-
nances that are customarily called subbarrier fission
resonances greatly exceeds the distance between the
ordinary resonances of radiative capture of neutrons.
Similar results were obtained also for targets of
*TNp and **Pu.

The existence of rather broad (~100 keV) reso-
nances in the fission of certain nuclei by neutrons with
energy equal to several hundred keV, and also in the
reaction (d, pf), was pointed out a relatively long time
ago.

The last reaction is of particular interest, since in
this case one can observe nuclear fission in a wide
range of excitation energies, including the region below
the neutron binding energy. If the energy of the proton
observed in coincidence with the fission act is deter-
mined, then it is possible to trace the variation of the
fission probability with increasing excitation energy.

Interest in broad fission resonances has increased
recently. The observation of narrow subbarrier fission
resonances and of spontaneously fissioning isomers,
together with new ideas concerning the structure of the
fission barrier, has stimulated precision measure-
ments of the cross sections of the reactions (d, pf),
(p, p'f), and (n, f).

As to the reactions (d, pf) and (p, p'f), they were
investigated most successfully with electrostatic tandem
generators!®**®), The proton energies were measured
either with surface-barrier detectors'®! or with mag-
netic spectrometers!?®],

By way of example, Fig. 11 shows the results of
experiments (*"!(a) and'®® (b)) on the fission of the
isotope **°Pu obtained in the reaction ***Pu(d, pf).
The peak on the Pf(E?*) curve for *°Pu at the excita-
tion energy ~4.9 MeV is clearly seen. Experiments
with a magnetic spectrometer have shown that this peak
actually splits into several peaks with distances from
10 to 40 keV between them.

An example of a resonance observed in the fission
of nuclei by neutrons is the peak on the curve!?® of
Fig. 12, which shows the cross section of the reaction

#0Th(n, f).
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MODEL OF NUCLEAR SHAPE ISOMERISM

Following the discovery of spontaneously fissioning
isomers of americium, several hypotheses were ad-
vanced concerning the nature of the observed phenom-
enon. These hypotheses were discussed in sufficient
detail in the review®”). A common premise in most of
these hypotheses was the existence of states with dif-
ferent natures and with high spins for nuclei of heavy
elements[2%31),

The calculations of Zel’dovich!®), Sliv and Khari-
tonov(*®) Malov, Polikanov, and Solov’ev!®!! and
Peker!? have shown that different effects can lead to
the appearance of high-spin isomer states in heavy
nuclei. One cannot exclude the possibility that some of
these states, as already mentioned in the cited papers,
are characterized by an increased spontaneous-fission
probability. For example, in the case of vortex iso-
mers'® there should occur states with very large
spin (~40h). It is possible that the nuclei, which in
these states have the form of an oblate ellipsoid of
revolution, can experience spontaneous fission via an
entirely different approach to the scission point than in
the heretofore investigated cases.

The question of the existence of high-spin isomer
states with different characteristics and of spontaneous
fission from these states is of great interest, and re-

1 L ]
Y7174 200
n keV

01 b ‘\
L 1 )
am

search in this direction is extremely desirable. Un-
doubtedly, the most effective method of obtaining such
high-spin states should be reactions with heavy ions.

As already mentioned, experiments on spontaneously
fissioning isomers have led to the conclusion that the
isomers have low spin and accordingly to the conclu-
sion of shape isomerism(*®*] This conclusion forces
us to give preference to a shape-isomerism model
that does not require a high spin, namely the model
developed by Strutinskii [").

It should be noted that the available experimental
data do not contradict an analysis of shape isomerism
within the framework of the model of Urin and Zaret-
skii 1*), according to which the breaking of the nucleon
pairs can cause a phase transition accompanied by a
sharp decrease of the mass coefficient that determines
the vibrations of the nucleus. The available experi-
mental data were not analyzed on the basis of the Urin-
Zaretskil model.

Strutinskii’s work has been described in great de-
tail in a number of papers!®*! and we confine our-
selves here to a mention of those of its main conclu-
sions which are important for the explanation of the
experimental results. In the shell model, which has
been around for many years, it was always customary
to speak to closed shells only for spherical nuclei. The
question of the appearance of shell effects when the
nucleus is deformed was first raised by Geilikman!®®1.
The procedure developed by Strutinskii for taking
shell effects into account has led to the very important
conclusion that the shell corrections to the fission
barrier calculated in accordance with the liquid-drop
model can be comparable with the height of the barrier.
One can say that the shell effects produced upon de-
formation of the nucleus are the results of fluctuations
of the level density of the nucleus near the Fermi sur-
face.

According to Strutinskii, the potential energy of the
nucleus can be represented in the form of the sum

V = Vipsx + 86,

where V is the potential energy of the nucleus, Vi pM
is the part of the potential energy of the nucleus de-
scribed by the liquid-drop model, and § describes the
shell corrections that depend strongly on the level
density near the Fermi surface. While the liquid-drop
term varies smoothly from nucleus to nucleus, the
shell corrections can be affected quite strongly by
small changes in the number of nucleons in the nucleus.
An interesting result of Strutinskii’s work is the
conclusion that an additional minimum of the potential
energy of the nucleus occurs at the saddle point (Fig.
13). The concluded existence of an additional minimum
on the fission barrier is quite important, since it un-
covers the possibility of explaining, at least qualita-
tively, the nature of the spontaneously fissioning iso-
mers and of the subbarrier fission resonances[3*31;
Indeed, within the framework of the described model,
the discussed isomer states can be regarded as low
states of the second potential well. The probability of
spontaneous fission can then indeed be greatly in~
creased, since the fission barrier is much lower for
the isomers than for the ground state, as seen from
Fig. 13. The barrier separating the potential wells is
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FIG. 13. Fission barrier of
isomer nuclei with allowance for shell
effect.

Spontaneous ~
fission

Potential energy

Deformation

high enough and can greatly hinder the electromagnetic
transitions from the lower state of the second potential
well. In essence, we encounter here practically the
same situation as for shape isomers in molecules.
The subbarrier fission resonances also find a
perfectly natural explanation. Indeed, the existence of
two equilibrium deformations of the nucleus makes it
possible to speak of two classes of nuclear states cor-
responding to different nuclear shapes'®). If the exci-
tation energy of the nucleus is small compared with
the height of the internal barrier (see Fig. 13), then a
sufficiently strong mixing of the states of both classes
takes place. It should be borne in mind here that the
fission width is much larger for nuclear states with
larger deformation than for states of the principal
potential well. At the same time, the level density of
the excited nucleus is smaller for equilibrium defor-
mation at the saddle point, since a fraction Ej of the

energy of the nucleus goes to deformation of the nucleus,

and the nucleus is accordingly cooled.

Within the framework of such an analysis, narrow
subbarrier fission resonances occur as a result of
mixing of states of classes I and II (the principal and
additional potential wells), and the distance between
the groups of the fission resonances is a reflection of
the level density at large deformation. Mixing of the
states of classes I and II takes place also for nuclei
that have a large probability of fission by capture of
thermal neutrons. The observed modulation of the
fission cross section is a result of such a mixing.

Lynn""! analyzed in detail the data on the fission
resonances and calculated both the level density for
two equilibrium deformations and the position of the
bottom of the second well.

Some results of these calculations can be seen in
Table V, which gives the average distance between the
levels Dy and Dy of the first and second potential
wells and the energy Ej of the isomer level.

The broad fission resonances observed in reactions
(d, pf), (n, ), etc. are presently interpreted as vibra-
tional states in the second potential welll**!. These
states should be characterized by a very sharp in-
crease of the penetrability of the first potential bar-
rier!®), The existence of a connection between the
oscillations and the different states at large nuclear
deformations can cause the splitting of the reso-
nance into several levels, and this was indeed ob-
served'®! in precision measurements of the spectrum
of the protons in the reaction ***Pu(d, pf). The authors
have concluded that in this case the distance between
resonances corresponds apparently to the distance be-
tween the levels of the nucleus for the second equili-
brium deformation. A detailed analysis of these re-
sults is not very simple, since it is necessary to know

Table V

Isotope By, ev Dyp, eV Ey, MeV
257 12 (J":—;-+) 7.108 2,7
20y 0,5 (J%=3-4-) 260 >2,6
238Np 0,67 (J—2+3%) 54 2,2

+

238Py 13 (J"=% 108 21
210py 3T =14 460 2,4
~ 50108 23
160 (J% = 0%) 700 1,9

the spins of the individual resonances, and we shall
not stop to discuss this.

We have already mentioned estimates the isomer-
state energy on the basis of the thresholds of the reac-
tions that lead to the isomers (p. 000). It is interesting
to see how these data agree with isomer-level energy
estimates based on data on the subbarrier resonances.
Unfortunately, such comparisons can be made at pres-
ent only for individual isomers.

Determination of the energy of the isomer *°Pu
from the threshold of the (, n) reaction yielded for
the level energy a value ~3.0 MeV [**) whereas an
analysis of the data on the resonances gives more
readily the value 2.1 MeV. The earlier estimates of
the energy from the reaction threshold were based on
the use of the statistical theory of neutron evaporation,
without allowance for the existence of a second welll®,

Yagere!®®] analyzed recently the data on the thresh-
old reactions within the framework of the double-hump
fission barrier model, with allowance for the change in
the level density and the fission width in the second
potential well. The results of this analysis show that
the energies of the isomer levels of the americium
isotopes turn out to be on the average 1 MeV lower
than previously assumed, i.e., more readily closer to
2 MeV than to 3 MeV. This should apparently be valid
also for isomers of other elements.

It can thus be assumed that the isomer-level data
calculated from the results of measurements of the
reactions thresholds are close to those obtained by
analyzing the data on the subbarrier fission resonances.

SYSTEMATICS OF THE HALF-LIVES OF SPONTANE-
OUS ISOMER FISSION

By now the number of synthesized fissioning iso-
mers is large enough to discern certain regularities in
the variation of the half-lives of the spontaneous fission
of isomers''!). Figure 14 shows the dependence of the
half-lives of the spontaneous fission of isomers on the
number of neutrons. Examination of this figure leads
to several conclusions.

First, it is seen quite clearly that the probability of
spontaneous fission of the isomers differs strongly for
nuclei with even and odd numbers of nucleons. The
isomers of odd-neutron isotopes have a large spon-
taneous fission half-life. This is clearly seen for the
isomers of plutonium and americium. Second, one can
note a decrease, in the mean, of the half-lives of the
spontaneous fission of isomers on going to nuclei with
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larger atomic numbers. Thus, for example, the half
lives of the odd isomers of curium are approximately
one-thousandth the half-lives of the odd isomers of
plutonium, which has the same number of neutrons. As
seen from Fig. 14, the isomer state of interest to us
could not be observed in the case of the even-even
curium isotopes. This is due most readily to the fact
that the half-lives of the even-even isomers of curium
are too small to be observed with the aid of the pro-
cedure employed so far.

Attention is called also to the fact that it was impos-
sible to observe spontaneously fissioning isomers of
neptunium and odd isomers of uranium. The only
reasonable explanation that can be suggested at pres-
ent is that in the case of the neptunium isotopes and
the odd uranium isotopes, the shape isomers exist but
decay mainly via an electromagnetic transitions to the
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It was suggested that in the case of even-even (E-E)
plutonium isomers one observes not only the ground
states in the second potential well but also excited
states (V, ¥) that are isomeric with respect to the
lower state of the second well(*»*]  For example, one
cannot exclude the appearance in the second potential
well of two-quasiparticle isomers whose spontaneous-
fission half-lives are larger than in the lower state,
owing to the addition of a certain energy to the barrier
as a result of the breaking of the nucleon pair. In a
certain sense, the structure of the fission barrier for
two-quasiparticle states should be similar to the struc-
ture of the barrier of odd-odd (O—O) nuclei. In this
case, a situation can arise (Fig. 15), in which the half-
life of the isomer is determined by the time of the

principal potential well. This agrees qualitatively with 10 Lo Py ¢ ‘o—FrE isotopes
. . . - 9 |o-
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Table VI
Number of neutrons
State Element ’
141 [ 143 145 | 147 1 144 151 153 155 157
Ground | Uranium 4.108| 10
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Curium >5.102
Californium < 105
Fermium 108 1.5-104]3.6.105
Plutoni .3+ -
omer | mericium 8.108| 6-103 | 9.103 {1.5.102 gy A 03 A
Curium >10 | >10 )
FIG. 18. Potential energy of lead isotopes.
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electromagnetic transition to the lower ground state of
the second well, with a very short half-life of spontane-
ous fission.

The spontaneous-fission half-lives T,/ of even-
even isomers of plutonium and curium were estimated
in"**) under the assumption that the hindrance factor
h =Ty (Z, N)/Ty2(Z, N - 1) for spontaneous fission,
estimated from the data for the americium isomers,
has approximately the same value for plutonium and
curium isotopes with the same neutron number N.
Table VI lists the values of h for certain isomers.

The only even-even plutonium isomer corresponding
to the lower state of the second potential well is ap-
parently, **°Pu, with a half-life 4 nsec!*!. This as-
sumption seems quite reasonable if it is recognized
that the energy of the isomer state of **°Pu is ap-
proximately 800 keV lower than for the lighter even-
even neighbors (Fig. 16).

Two isomer states of one and the same isotope exist
also in isotopes with an odd number of nucleons. For
example, it has been reliably established that there
exist two fissioning isomers of **"Pu, with half-lives
900 and 82 nsec!!®*"], In this case we are apparently
dealing with two states of close energy but differing in
spin. The entire difference is due to the fact that the
odd nucleon is on different orbitals.

When speaking of the spontaneous-fission half-lives
of isomers, one can attempt to establish their correla-
tion with the spontaneous-fission half-lives of the same
isotopes in the ground state. Figure 17 shows a plot of
the spontaneous-fission half-lives in the ground state
Tg and in the isomer state T; against Z%/A for cer-
tain isotopes. This plot was constructed both from
experimental data on the half lives and from calculated
data (for the isomers) taken from(!!'. We see that the
ratio of the half-lives fluctuates much less than the
half lives themselves. One can also note a certain de-
crease of Tg /Tj with increasing Z°/A.

SEARCHES FOR NEW REGIONS OF FISSIONING
ISOMERS

The calculations of the shell corrections to the fis-
sion barrier!'®»*) have led to the conclusion that fis-
sioning isomers can occur in the region of lead (Fig.
18). Searches for short-lived spontaneously fissioning
isomers of Pu, Rn, and other elements were therefore
attempted in reactions with heavy ions.

After the first experiments by Ruddy et al.[*!], who
bombarded gold and other neighboring elements with
heavy ions, it was concluded that such isomers exist in
the region of polonium, and moreover even in the
region of the rare-earth elements. Recognizing that the
fission barrier of the isotopes in the region of polonium,
and especially in the rare-earth region, is high, it was
necessary to assume very high energies for such
states. The existence of fissioning isomers of polonium
and of rare earths was so surprising, that very careful
experiments were immediately performed to verify the
observed phenomenon. The experiments were per-
formed in Dubna'?! and in Berkeley'**]. Figure 19
shows a diagram of the Dubna experiments.
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As seen from the experimental setup, the nuclei of
the isotopes produced in interactions of heavy ions with
the target, having acquired a large momentum, escape
from the target, and if short-lived spontaneously-fis-
sioning isomers were produced thereby, then tracks of
fission fragments would be noted on the mica detector
placed in the immediate vicinity of the target (the nota-
tion in Fig. 19 is as follows: 1-collimator; 2-cassette
for target, 3-target, 4-annular mica detector for the
delayed-fission fragments, 5-mica detector for prompt-
fission fragments, 6-ion-current collector).

The geometry in the Berkeley experiment was
practically the same, but surface-barrier silicon de-
tectors were used in place of mica detectors.

Several series of experiments, in which different
targets were bombarded with heavy ions, led both
groups to the same conclusion, namely, that there are
no spontaneously-fissioning isomers. In any case, it
can be stated that the cross sections for the production
of spontaneously-fissioning isomers of radon and of
neighboring elements is less than 107 sec? according
to the Dubna data and less than 107! em® according to
the Berkeley data. In both cases, these values are
smaller by factors of hundreds and thousands than
indicated by Ruddy et al.[*!

Thus, the assumed existence of fissioning isomers
of polonium and lighter elements was not confirmed,
and the question whether shape isomers exist in this
region of nuclei remains open.

FURTHER WAYS OF EXPERIMENTALLY INVESTI-
GATING SHAPE ISOMERS OF ATOMIC NUCLEI

When speaking of the present-day situation, one can
state apparently that the available experimental data on
spontaneously fissioning isomers and subbarrier fis-
sion resonances agree with the concept of the existence
of a second potential well in the case of large nuclear
deformation.

At the same time it must be admitted that we have
so far obtained no direct experimental proof that the
nuclei in the discussed isomer states are anomalously
strongly deformed. If we admit of the existence of a
second potential well on the fission barrier, then we
can suggest a number of experiments in which one can
obtain apparently certain information on the nuclear
shape in the isomeric state.

It is quite attractive, above all, to obtain information
on electromagnetic transitions preceding the population
of the isomer state. For example, it would be very
valuable to obtain data on the rotational band con-
structed on the isomer state. This would yield the
moment of inertia of the nucleus in the isomer state®.

By now, certain preliminary data were obtained(**]
on the emission of internal conversion electrons in the
formation of the isomer®°U in the reaction
257 (n, y)***U. It would be of interest also to study in
greater detail those isomers of the even-even pluton-

D Recently in Munich H. G. Specht et al., measuring the spectra of
the conversion electrons in the reaction, obtained data pointing to the
existence of a rotational 2**U(¢, 2n) 23*™ Py, band constructed on the
isomer state. The moment of inertia for this band is approximately
double the ordinary one.
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FIG. 19. Setup for the search for short-lived fissioning isomers [?].

ium isotopes which apparently are two-quasiparticle
isomers (***Pu, ***Pu, **Ppu).

If these are indeed two-quasiparticle isomers, then,
as is usually the case for such isomers, electromag-
netic transitions to lower terms of the rotational band
will take place. Consequently, if we measure the spec-
trum of the y quanta emitted in coincidence with fis-
sion fragments of the isomer, then we can hope to ob-
serve rotational levels of the isomer. As before, it is
necessary to continue the search of the y-decay mode
of certain isomers. This pertains primarily to the
isomers of uranium and neptunium.

Completely new approaches to the problem are un-
covered when beams of negative muons are used. When
speaking of the study of fissioning isomers with the aid
muons, mention should be made of the nonradiative
muon capture by heavy nucleil**]. It was established
that for the heaviest elements the transition of the
negative muon in a mesic atom from the 2P orbit to 18
is not accompanied in 25% of the cases by emission of
an x-ray quantum, and the entire energy of the 2P — 1S
transition is transferred directly to the nucleus, which
becomes excited approximately to 6.5 MeV. This en-
ergy suffices to cause fission, and this does indeed
take place, for example, in ***Pu (Fig. 20). The figure
shows the exponential plot corresponding to the life-
time of the muon on the 1S orbit, and a certain excess
of the number of fissions at the instant of the muon
capture (the start of the time reckoning is evidence of
nonradiative fission.

Nonradiative capture of negative muons should un-
doubtedly be accompanied by the formation of fissioning
isomers, just as in the capture of slow neutrons. The
probability of this process is undoubtedly also low, but
nonetheless we see here ways of obtaining direct in-
formation on the nuclear shape, so that a study of the
decay of fissioning isomers in the presence of a nega-
tive muon on the 18 orbit is worth while.

Figure 21 shows schematically the variation of the
fission barrier of the nucleus in the presence of a
muon. Owing to the strong Coulomb interaction be-
tween the muon and the nucleus, one can expect rather
appreciable changes in the properties of the isomer.
First, the energy of the isomer level increases some-
what. At the same time, a change takes place in the
ratio of the fission probabilities and the radiative
transition to the first potential well. A change takes
place in the half-life of the shape isomer. Observation
of the change in the lifetime of the isomer in the pres-
ence of a muon would be one of the proofs that shape
isomerism comes into play in the case of fissioning
isomers. Finally, speaking of further investigations
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FIG. 21. Change of fission barrier in the presence of a muon on the
1S orbit.

of shape isomerism, we wish to note that a search for
new region of shape isomerism remains as pressing
as before.

If we turn to Fig. 18, which shows the results of the
calculations by Pashkevich!'®] for lead isotopes, then
it becomes clear that even in the case of this element
one can expect the appearance of shape isomers with
sufficiently large excitation energies. It is difficult to
state at present whether the isomer states with excita-
tion energy exceeding the binding energy of the neutron
will be sufficiently stable. If they turn out to be suf-
ficiently stable, then the main type of their decay will
most readily be emission of delayed neutrons, o parti-
cles, and y quanta, and not fission. Of course, one can
likewise exclude not a weak spontaneous-fission mode.
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