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I. INTRODUCTION

AFTER K. A. Petrzhak and G. N. Flerov discovered in
I940 the spontaneous fission of nuclei,™! a large number
of isotopes of transuranium elements, for which this
type of decay is very important, have been synthesized.
It has been established that on going over from uranium
to elements with larger atomic numbers the probability
of spontaneous fission increases, and for certain iso-
topes, as for example Fm®® or the isotope of the ele-
ment 104—kurchatovium with a mass of 260, this mode
of radioactive decay becomes the main one.'*”*

A study of laws governing spontaneous fission has
shown that one of the basic parameters determining its
probability is the parameter Z2/A where Z is the
charge of the nucleus and A is the atomic weight.

The appearance of this parameter is connected with
the development of the liquid -drop model of fission pro-
posed independently by Ya. I. Frenkel,') and N. Bohr
and J. Wheeler.®? According to the liquid-drop model
the fissionability of a nucleus is the larger, the larger
the parameter Z%A, and this is reflected in the fact
that on going from thorium to kurchatovium the proba-
bility of spontaneous fission increases on the average
by a factor of about 10% (Fig. 1).

During the past decade our views concerning the fis-
sion process have undergone considerable change. It
has been established that the treatment of nuclear fis-
sion as a process of separation of an electrically
charged drop is very approximate. The role of the in-
ternal structure of the nucleus during fission, and in
particular spontaneous fission, turned out to be very
large, and in a number of cases it even turned out to be
decisive. For example, the experimentally observed
fluctuations of the periods of spontaneous fission of nu-
clei can by no means be understood within the frame-
work of the liquid-drop model. In fact, the curve de-
scribing the dependences of the periods of spontaneous
fission on Z¥A (see Fig. 1) has a maximum for all ele-
ments, i.e., the heavy isotopes with lower values of
Z% A undergo spontaneous fission more readily than the
light ones. At present it is clear that this is due to the
influence of one-nucleon states on the fission barrier
of nuclei. The influence of the internal structure of the
nucleus manifested itself particularly strongly in the
effect of the extremely sharp increase of the probability
of the spontaneous fission of nuclei in anomalous iso-
mer states observed in 1962 at the Nuclear Reactions
Laboratory of JINR.'"! Detailed investigations of this
effect carried out in recent years make it possible now
to discuss certain new properties of the nuclei of heavy
elements.
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FIG. 1. Dependence of the spontaneous-fission half-life of nuclei
Tsf on the parameter Z2 /A. The probability of spontaneous fission of
a nucleus per unit time, X, is given by the formula X = 0.7/Tf.

II: OBSERVATION OF THE SPONTANEOUS
FISSION OF NUCLEI IN THE ISOMER STATE

The beginnings of the investigations that led to the
discovery of spontaneous fission of nuclei in the isomer
state date from 1961 when intense beams of heavy ions
were obtained on the cyclotron of the Nuclear Reactions
Laboratory at the JINR and when experiments were
started to synthesize spontaneously fissioning isomers
of transuranium elements. At the time no data were
available concerning the spontaneous fission of isotopes
of elements beyond fermium (Z = 100), but it was ex-
pected that their lifetimes would be short. Apparatus
was therefore developed which made it possible to de-
tect the spontaneous fission of nuclei with a half-life of
more than 0.001 sec.

Figure 2 is a schematic diagram of such an experi-
mental setup. The nuclei of the heavy elements pro-
duced when the target was bombarded with heavy ions
acquired a sufficiently large momentum and were
ejected from the target. Falling upon a moving collec-
tor they were stopped and moved together with the col-
lector towards detectors of fission fragments. In the
first experiments the fission fragments were detected
with the aid of two ionization chambers. From a knowl-
edge of the ratio of the counts in the chambers and the
rate of revolution of the collector of the recoil nuclei,
it is possible to estimate the period of spontaneous fis-
sion of the nuclei.
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FIG. 2. Schematic diagram of the experimental setup for observing
the spontaneous fission of nuclei with a short lifetime. 1—target;
2—ionization chambers; 3—window of jonization chamber; 4—aluminum
disc collector of nuclei of transuranium elements; 5—collector of the ion
current.

Since no external beam of ions was available at the
time, the experimental setup was placed between the
dees inside the cyclotron chamber.

The first stage in the investigations consisted of
background experiments, namely irradiation in which no
isotopes that decayed in a short time by means of spon-
taneous fission were produced. In fact, when a U**® tar-
get was bombarded with O ions having an energy of
about 100 MeV, an excited fermium nucleus with mass
254 was produced. The principal decay process of this
excited nucleus is the evaporation of 4-6 neutrons. This
is accompanied by the production of the well-known iso-
topes of fermium with masses no less than 248 whose o
decay rates are longer than 30 sec, whereas their prob-
ability of spontaneous fission is smaller by a factor of
thousands than the probability of a@ decay. One must
bear in mind that in addition to the neutron evaporation
more complex reactions accompanied by the emission
of charged particles (¢ particles, protons, etc.) are also
possible. However, in this case known isotopes would
be produced which live longer than the above-mentioned
fermium isotopes and which do not decay by spontaneous
fission.

In the light of this, it was most unexpected that in
bombarding U®® with O™ ions some unknown isotope
was produced which decayed by fission with a half-life
close to 0.014 sec.'™

The same isotope was also produced when U*® was
bombarded with Ne®® and Ne®® ions. The effect was
small—in the first experiments approximately one fis-
sion event was recorded per hour. However, the effi-
cient operation of the electronic circuitry made it pos-
sible to carry out measurements even with such a small
number of events. The results of the experiments with
ionization chambers were subsequently confirmed with
the aid of photographic emulsions.'® The photographic
emulsion method was also used for a more accurate de-
termination of the half-life."®! The measured life-time
of the fissioning 0.014-sec isotope turned out to be much
shorter than the half-life of all isotopes which could be
produced in the bombardment of U*® with O™ ions.

Data on the Cf-Fm isotopes obtained in reactions
proceeding through the formation of a compound nucleus
followed by the evaporation of neutrons, protons, or «
particles are presented in Table I. It is seen that the
half-lives of these isotopes are much longer than
0.014 sec.

Table I does not include data on Np-Cm isotopes
produced as a result of transfer reactions of several
neutrons from O to UZ%,

The half-lives of the isotopes of these elements are
also long, and the probability of spontaneous fission is
extremely small. Therefore the only explanation of the
observed effect was that some known isotope in the iso-
mer state undergoes fission.

The fact that the half-life of this isomer turned out
to be very short, complicated considerably its identifi-
cation. Both the methods of chemical separation of the
elements and the mass-separator methods turned out
to be inconvenient for investigations of an isotope with
a life-time of 0.014 sec. The only possible way of iden-
tification of the isomer consisted in the use of the meth-
od of crossing reactions. Fortunately, it turned out that
the observed isomer can be synthesized not only by us-
ing reactions involving multiply charged ions, but also
by bombardment of the appropriate target with o parti-
cles, deuterons, and neutrons.'® *! Moreover, in the
case of deuterons and neutrons the cross section for the
production of the fissioning isomer turned out to be
largest. The aggregate of all the data on the yield of the
fissioning isomer with T,z = 0.014 sec made it possi-
ble to arrive rather quickly at the conclugion that the
observed decay is of the isomer Am®¥™! * The sim-
plest reaction which leads to the production of this iso-
mer is the Am**(ny)Am**®™ reaction with a neutron
energy of 1-3 MeV, concerning which preliminary data
were obtained in ©°1,

Data on the SixrnnPIeSt reactions leading to the produc -
tion of the Am*2™M! jsomer are presented in Table II.

The Am*¥ isotope has been synthesized long ago and
it was established that there are two states of this iso-
tope.”? In the ground state Am*¥ decays by A~ decay
and K capture in the course of 16 hours. A 48-keV iso-
mer state of Am®® is also known which decays mainly
by means of a gamma transition to the ground state in
the course of 152 years. The spontaneous fission period
of this isomer which turned out to be (8+3) x 10" years
has been measured very recently.™® One may expect
that the period of spontaneous fission of Am®* in the
ground state will be close to that value. Assuming that
in our case we have observed the spontaneous fission of
the previously unknown Am** isomer, we reach the con-
clusion that compared with the ground state the proba-
bility of spontaneous fission in the isomer state is larg-
er by a factor of approximately 107,

On the face of it, it may appear that the hypothesis of
a ‘‘delayed fission’’ mechanism, according to which the
isomer undergoes S or o« decay in the course of
0.014 sec and the daughter nucleus has an excitation en-
ergy close to the fission barrier, i.e., 4-5 MeV, is just
as simple.

The simplest estimates made for a superallowed 8
transition indicate that the excitation energy of the iso-
mer should be close to 9 MeV, which is quite improb-
able.

The same is also true for a decay. Indeed, in order
that the period of the @ decay of Am?2f pe ciose to
0.014 sec, it is necessary for the a—decay energy to be

*Below we denote for simplicity isomers that decay by fission by
the symbol mf.
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Table I
Period of
Reaction Isotope Half-life Principal decay mode| spontaneous
! fission

J238(015, 3n) Fm?251 7 hour E. C..: a(-~1%)
U238{016, 4n) Fm?250 30 min o
U238(Q18, 5n) Fm?249 150 sec <
U238(016, 6n) Fm248 0.6 min a
1238018, p2m) Es251 36 hour E. C.: a(~0.53%)
U238(016, p3n) Es250 8 hour E.C.
U238(016, pin) Es249 2 hour E. C.- a(~0.13%)
U238(016, g2n) Cf248 350 days o 1.5-10¢4 years
U298(016, 3n) Cf247 2.45 hour E. C.
U238(018, a4n) Cf246 36 hour o 2100 years
U238(03¢, abn) Cf245 44 min E. C.:0{30%)

greater than 8 MeV, Taking into account the fact that
after the o decay the daughter nucleus should be excited
up to 4-5 MeV, we again arrive at the conclusion that
the excitation energy of the isomer must be very

large (~17 MeV).

Thus the assumption that spontaneous fission of an
isomer of Am®*? was observed appeared to be the most
sensible, even after the first experiments.

This assumption, simple in itself, leads under more
careful examination to rather considerable difficulties.
If the energy of the isomer state is low, then it is diffi-
cult to comprehend the strong increase in the fission
probability. If, on the other hand, the energy is high,
then the difficulty consists in the necessity of explaining
the reason for the suppression of the gamma transitions
from the isomer level of Am®?—a nucleus with an odd
number of protons and neutrons for which the number of
levels is large even in the region of 0.5-2.0 MeV.

After the discovery of the fissioning isomer Am?24? mf,

experiments were set up in the search of new fissioning
nuclei of the same type.

The success of subsequent investigations was facili-
tated to a considerable extent by the discovery in 1962
of a new type of detector of fission fragments —the di-
electric detector.!™ 2! The principle of the operation
of these detectors is based on the fact that in irradiating
such materials as mica and glass the structure of the
substance is disturbed much more strongly at points hit
by fission fragments than at points hit by lighter parti-
cles. As a result of this, etching of material bombarded
with fission fragments with hydrofluoric acid produces
on its surface tracks that are visible in the microscope.
An enormous advantage of these detectors is the prac-
tically complete absence of background. Using such de-
tectors one is able to observe the decay of nuclei pro-

Table II

ey of bomtadig | Reaton o
U23(B11, a3n)Am242m] 60 6.10732
U238(B10, o2n)AmziamS 60 —4.40738
Am243(a, an)Am242m/ 40 10~-31
Pu2%¥(q, p)Amzdzmi ’ 40 4-10-32
Pu242(d, 2n)Am2i2™/ [ 12 3.10-30
Am243(n, 2njAm242mf 14 1.5.10-28
Am24l(n, y)Am24z™/ 1-3 — 1029

duced in reactions with heavy ions having very small
cross sections. For example, such detectors made it
possible to observe a number of additional isotopes
which decay by fission and which are apparently in the
isomer state.

The principle of operation of the experimental appa-
ratus employed in subsequent investigations was prac-
tically no different from that of the apparatus employed
in the first experiments. As an example we show in
Fig. 3 a diagram of a setup in which the collection and
transport of recoil nuclei emitted from the irradiated
target is carried out by means of an infinite conveyer
ribbon, and the fission fragments are registered by
glass or mica detectors.

It was observed rather soon that when Pu®™ is bom-
barded with B! ions an isotope is produced which decays
by fission after ~0.001 sec.'® Considerations analo-
gous to those used in the analysis of data on the Am?2emi
isomer led to the belief that one was again observing the
spontaneous fission of some isomer. This isomer, dis-
covered in Dubna, was subsequently identified at the
Lawrence Radiation Laboratory of the University of
California. Surprisingly it turned out that as a matter
of fact the isomers Am29Mf and Ame4«mf ypdergo fis-
sion with close half -lives.'®?

Experimental investigations of Am?*Mf showed that,
just as Am#*mf it is produced with the largest proba-
bility in reactions with neutrons.®*

A fissioning isomer with a half-life close to 3.5 sec
was observed when U*® was bombarded with O ions.®!
Regarding this isomer, it is only possible to say that its
atomic number Z =< 100 and its mass M = 251.

During the past two years efforts were directed, on
the one hand, towards a search of comparatively long-
lived isomers, and, on the other, towards a search of

242

FIG. 3.Schematic diagram of the experimental setup for observing
the spontaneous fission of nuclei with short lifetimes with a collector
of recoil nuclei—a ribbon conveyer. 1—target; 2—filters for changing the
ion energy; 3—ribbon collector of transuranium elements; 4—glass de-
tectors registering the fission fragments of the nuclei.
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FIG. 4. Dependence of the production cross section of fissioning
isotopes with Ty, = 2.6 min (Am?3*) and 1.4 min (Am*3?) on bom-
barding Th?>® with B'? jons on the energy of the B'°.

isomers which are so short-lived that they decay in
flight, scarcely having left the irradiated target. Spon-
taneously fissioning isotopes decaying after 1 min and
2.6 min were synthesized when a Bi*® target was bom-
barded with Ne® ions and U?** and Th®° targets were
bombarded with B'! and B'® ions respectively.® %!
These isotopes were identified by measuring their exci-
tation curves, although one might hope that in the future
the mass-separator method will be employed in investi-
gations of these isotopes.

When a multiply-charged ion coalesces with a nu-
cleus of the bombarded target, an excited compound nu-
cleus is produced. Fission or evaporation of a number
of neutrons are the principal modes of decay of such a
nucleus in the case of heavy elements. The average
number of neutrons emitted from the nucleus changes
in accordance with the change of the initial excitation
energy. The dependence of the production cross section
of each isotope in neutron evaporation on the ion energy
has a characteristic peaked shape.

Figure 4 shows the experimentally obtained depend-
ence of the production cross section of the isotope fis-
sioning in 2.6 min on the energy of the B ions. The
analysis of the curve shown in Fig. 4 led the authors to
the conclusion that it is the Am®* isotopes that undergo
fission.

In the case of the isotope with T1,2 = 1.0 min the
authors of the paper voiced the assumption that it is the
Np™® isotope which undergoes fission.

A fissioning isotope decaying in 1.4 min has been ob-
tained™’ rather recently when Th®® was bombarded
with B'® ions. The experimental data show (see Fig. 4)
that Am®? produced in the reaction Th®%B'°, 8n)Am>?
undergoes decay.

No experimental data about the properties of the iso-
topes Np*?®, Am™?, and Am®* were available until re-
cently. A rough extrapolation of data on the spontanecus
fission periods of uranium and plutonium isotopes to the
masses 228, 232, and 234 shows that their spontaneous
fission periods should be no less than 10° years for U?*®
and 10° years for Pu®? and Pu®*. Such an estimate does
not contradict the calculated data of V.E. Viola,Jr., and
B. D. Wilkins'®? for the fission barriers of U*®, Pu®?
and Pu®*,

There are no grounds for expecting that neighboring
odd-odd nuclei should have shorter periods of spontane -
ous fission. Therefore one can, apparently, completely
exclude the assumption that one is observing spontane -
ous fission on Np?®, Am®?, and Am®* in the ground
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FIG. 5. Schematic diagram of the experiment for detecting the spon-
taneous fission of nuclei decaying in flight. T—target; D—diaphragm
transmitting to the detectors of fission fragments nuclei produced in the
evaporation of neutrons from an excited compound nucleus; G—glass
detectors detecting fission fragments of nuclei.

state. It is most likely that the isotopes Np®®*, Am™? and
Am®* are in the isomer state from which the decay oc-
curs by fission,

At the same time the data are, at present, insuffi-
cient to exclude also the hypothesis of the occurrence of
delayed fission of U*®, Pu®?, and Pu®* produced in the
excited state with an energy close to their fission bar -
rier after g decay of Np*®, Am®?, and Am™*,

In 1966 a fissioning isomer with a lifetime of about
1077 sec was successfully observed in Dubna.®®! In the
search for fissioning isomers with such lifetimes, ap-
paratus was employed which made it possible to observe
the fission of nuclei that decay in flight (Fig. 5).

Nuclei emitted from the target after a nuclear reac-
tion due to a multiply-charged ion pass between two suf -
ficiently long glass detectors. If the period of decay is
close to the time of flight of the nuclei along the detec-
tor, then there is an appreciable probability of register -
ing the fission fragments. The geometry of the experi-
ment was such that nuclei obtained in the evaporation of
neutrons from compound nuclei were registered most
efficiently.

The distribution of tracks along the length of the de-
tectors allowed one to make a rough estimate of the
half-life of the isotope. The isotope fissioning in a time
T2 = 1077 sec was only observed when U**® was bom-
barded with C* ions.”® The dependence of the produc-
tion cross section of this isotope on the energy of the
C* ions is shown in Fig. 6. The ¢ = f(E) curve has a
shape characteristic for the evaporation reaction of four
neutrons, i.e., it is the previously well investigated ct?®
isotope which undergoes fission; in the ground state this
isotope emits « particles with T,z = 36 hours. The
spontaneous fission period of this isotope in the ground
state is 2 x 10° years.

In this case one is dealing with an isomer for which
the probability of spontaneous fission increases by about
a factor of 10" compared with the ground state.

Simultaneously with the search for new fissioning
isomers and directly after the observation of Am22mf,

0

FIG. 6. Dependence of the
production cross section of the iso-
tope fissioning with Ty, = 1077 sec
when bombarding U?3® with C!?
ions on the energy of the C!2.
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FIG. 7. Decay scheme of the Cm2#*™ isomer. Electromagnetic trans-
itions from the isomer state to the levels of the rotational band are
strongly forbidden on account of the large difference in the value of
the projection of the spin on the symmetry axis of the nucleus.
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FIG. 8. Dependence of the half-life for the spontaneous fission of
the nuclei Tsf on the mass of the nuclei: ®—isomers; O—even-even
nuclei; X—nuclei with an odd number of protons ot neutrons.

attempts were made to observe spontaneous fission of
already known isomers.

R. Vandenbosch and his co-workers®'! investigated
the two-quasiparticle isomer Cm**™ whose decay
scheme is shown in Fig. 7. As a result of the experi-
ments which were carried out, it was shown that the
period of spontaneous fission of the isomer Cm?#M jg
not less than 130 years. The period of spontaneous fis-
sion of Cm®* in the ground state is 1.3 x 107 years, i.e.,
in the case of the Cm?* M jsomer if there is an increase
in the rate of the spontaneous fission of the isomer, then
it is by no more than a factor of 10°

The data on the spontaneous fission of the isomers of
transuranium elements (including Np®*, Am®?, and
Am™*) are presented in Fig. 8 and in Table III.*

]

III. THE DEVELOPMENT OF THE IDEAS
CONCERNING FISSIONING ISOMERS IN THE
TRANSURANIUM ELEMENTS

As has been seen above, the discovery of fissioning
isomers occurred to some extent accidentally. Before
the appearance of the first experimental work there was
no theoretical work inwhich the possibility of spontane -
ous fission of nuclei in the excited state was considered.

Speaking of isomer isotopes of transuranium ele-

*The isomer Am?3?® which decays by fission with a half-life of 60
wsec has recently been observed at the Niels Bohr [nstitute in
Copenhagen.

Table IIT
Period of spon-| Period of spon-| EAhiancement
taneous fission | taneous fission | 12ctor of spon-
Isomer in the isomer | in the ground |tancous fission
state state in the isomer
state
Np22emy 1 min > 108 years
Am282mf 1.4 min > 102 years
Am?3smf 2.5 min > 104 years
Am?240mf 0.0008sec — 1014 years — 1022
Am?242™/ 0.014 sec — 1014 years - 1021
Amzadnmf 0.001 sec — 1014 years ~ 1022
(f246ms 107 sec —2.103years - 1017
Z < 10.0 M 251 3.5 sec
Cmz24im > 13G years | 1.3.107 years < 105

ments, one should mention that eight cases of isomerism
were known in this region before the fissioning isomers
were observed (Table IV). In all instances one can
readily not only understand the reason for the retarda-
tion of the gamma transitions from the metastable states
but also explain the structure of these states.

Even-odd and odd-odd nuclei have isomer states
with energies amounting usually to several dozen keV.
For even-odd nuclei the forbiddenness of the gamma
transition is due to the difference in the value of the
spin of the states of the odd nucleon. The low-energy
states of odd-odd nuclei are as a rule connected with
two configurations of the odd nuclei. Very often states
are realized which correspond to parallel and anti-
parallel orientations of the spins of both particles with
a projection of the spin on the axis of the nucleus
K = (Qp +Qp) where & and @, are the spins of the
odd protons and neutrons.

When (ﬂp +$2) and (szp ~ ) differ from each other
by several units, it is possible that one of the states
will be an isomer state.

Even-even nuclei also have isomer states. However,
the energy of their isomer levels is close to 1 MeV
since one of the nucleon pairs has to be broken apart
for their production. For instance, in the case of Cm®*
which we have already mentioned the isomer state was
produced when a neutron pair was broken apart. As is
seen from the cited decay scheme (see Fig. 7), the gam-
ma transition from the metastable state I, Kr = 6,6"
takes place only to rotational levels with K = 0 (K is the
spin projection on the symmetry axis of the nucleus).
At the same time, there appears additional forbidden-
ness for the gamma transition because of the consider -
able difference in the value of K.

In recent years a number of papers have been pub-
lished in which ideas are expressed concerning the pos-
sible existence of new types of isomer states. At the
same time, assumptions were made that an increase in
the probability of spontaneous fission may occur in
some of these states.

Table IV

Spin of |Radiation

Isomer Tipy l?;:srof isomer, |in isomer
4 decay

9aNp238 | 5000years [} [
g3Np240 | 60min 5 [N
2.Pu?3? | 0.18sec | 245 keV 1/
osAm242 | 152 days | 48,6 keV 5 Yo &
p5Am344 | 26 min | 68 keV 1 [}
96Cm244 1 0.034 sec | 1042 keV 6 ¥
¢7Bk248 | 9 years
apEs264 | 38,5hours)
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L. K. Peker™?! expressed the hypothesis of possible
isomer states of the odd-odd isotopes Np®’, Am**, and
Am** which can be produced when two pairs of nucleons
are broken apart (six-quasiparticle states). Such states
should be characterized by an excitation energy close to
2 MeV and the spin projection K on the symmetry axis
should have a rather large value (K 2 23). No quantita-
tive estimates of the times of radiative transitions from
these states have so far been made. One also cannot say
anything about the spontaneous fission, since the fission
barrier of americium and neptunium nuclei in such
states is not known.

L. A. Sliv and Yu. I. Kharitonov™’ considered the
role of residual np interactions in heavy nuclei. Allow-
ance for these interactions should lead to the appear -
ance of an extremum on the curve depicting the depend-
ence of the excitation energy of the nucleus on the spin.
States with large values of the spin produced as a re-
sult of the formation of nucleons may turn out to be
metastable.®*' Table V presents data on the expected
values of the spin and excitation energy for isomers of
this nature. The question of the spontaneous fission of
nuclei in such states remains open.

A very interesting hypothesis of a perfectly new type
of isomer states —vortex isomers—is due to Ya. B. Zel-
*dovich. ®®! According to this hypothesis it is possible
for nuclear matter which is a superfluid liquid to exist
as a drop of this liquid, i.e., a nucleus with a quantum
vortex along the axis of the drop. The total angular mo-
mentum of the nucleus in such a state, produced by the
bosons, is nh = Zh /2, where n is the number of bosons
whose role is played by « particles and Z is the charge
of the nucleus. Figure 9 shows the expected dependence
of the minimum energy of the nucleus Ep, on its spin.
As is seen from Fig. 9, the vortex state with I =1,
= Zh/2 can be considered an isomer state, a transition
from which can take place with a decrease of the spin
by a quantity no smaller than ol, A change in the equi-
librium shape of the nucleus compared with the shape in
the ground state is also characteristic of such isomer
states.

It is of great interest to search for vortex isomers
in reactions with heavy ions, since in this case there is
a large probability for the production of compound nu-
clei with a large value of the spin. One would think that
the probability of spontaneous fission of vortex isomers
will differ from the fission probability in the ground
state. However, at present it is of course difficult to
say what this difference will be.

After the appearance of the experimental data on fis-

Table V

N Confi . Soin & Excitation
ucleus onfiguration pin, energy, MeV
Bi2e 8oy hosy 9 -~ 0.25
pizit Borpr Py B/ ~0.8
Po2ll Bospr Mgy 25y ~1.2
Pu2i2 g?w b, ‘16 — 2.9
Po214 8 gy 20 - 4.0
At214 gl M3y, 24 - 3.5
Rn21é 8l RYpy 24 - 5,0
Ra } g S 16 ~3.0-4.0
Th ity ias, 22

v g¥/2, T3/

Pu } 1‘}5/2' i‘g/z 18 - 3,0—4.0
Cm

FIG. 9. Dependence of the minimum

energy of the nucleus on its spin. I, —the el —}
spin of the isomer state. !
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sioning isomers, it was assumed in a series of papers
that the nuclei in the observed states have a shape which
facilitates the process of tunneling through the fission
barrier.

The hypothesis of possible nucleon configurations for
which the shape of the nucleus in the isomer state will
differ from the shape in the ground state in such a way
that the probability of spontaneous fission of the isomer
increases sharply, was considered by G. N. Flerov. ™"’
In particular, it was not excluded that the production of
isomer states with enhanced fissionability of the nuclei
is preceded by the production of anomalous excited
states. This hypothesis is rather general in its nature,
and is not readily amenable to quantitative calculations.

In analyzing data on the spontaneous fission of nu-
clei it is most important to know the fission barrier.
Without knowing it, one essentially must not speak about
calculating the probability of spontaneous fission.

All calculations of the fission barrier of nuclei car-
ried out several years ago were related to the use of
the liquid-drop model of the nucleus. Such an approach
enabled one to explain successfully many experimental
facts related in the first instance with fission of highly
excited nuclei. At the same time, in the case of spon-
taneous fission the experimental data indicate that it is
essential to take into account certain properties of nu-
clei that are not described by the ligquid-drop model.
The facts which altogether do not fit into the framework
of the liquid-drop model are: the increase in the spon-
taneous -fission periods of odd-even nuclei compared
with even-even nuclei and the very strong fluctuations
of the periods for even-even nuclei.

Nowadays it is clear that in calculating the fission
barrier it is essential to take into account corrections
connected with the effect of one -nucleon states of the
nucleus. In introducing such corrections one must use
the so-called Nilsson diagrams describing the depend-
ence of the energy of one-nucleon states on the defor-
mation of the nucleus (Fig. 10). Nilsson diagrams are
based on a calculation of nucleon states in the field of
an anisotropic harmonic oscillator. It is of course
clear that such a choice of potential should be consid-
ered as an approximation.

Particularly serious doubts as to the correctness of
the behavior of the levels on the Nilsson diagrams arise
for large deformations. The first attempt to take into
account the effect of one-nucleon states on the fission
barrier and correspondingly on the probability of spon-
taneous fission was made in the work of Johanssen®"*
who estimated the difference in the barriers of neighbor-
ing nuclei due to the difference in the levels on which
the nucleons are located on the Fermi surface. For
even-even nuclei it was assumed that on increasing the
deformation pairs of nucleons can pass from one level
to another when these cross. At the same time, it was
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FIG. 10. a) Proton levels for Z > 82. b) Neutron levels for N > 126.

The spin and parity of the level are indicated before the brackets. The
numbers in the brackets denote Nnz\ where N is the total number of
oscillator quanta, nz is the number of oscillator quanta along the sym-
metry axis of the nucleus Z, A is the projection of the angular momen-
tum on the symmetry axis of the nucleus, é is the deformation parame-
ter that determines the eccentricity of the nucleus which has an el-
lipsoidal shape, E is the energy of the levels in units of fw,(8) where
hwo(8) is the distance between the shells,

assumed that when it is deformed a nucleus changes its
configuration in such a way that its total energy be at a
minimum,

If there is only one nucleon on a given level, which is
the case for odd nuclei, the picture changes. Now the
odd nucleon can no longer pass from level to level dur -
ing deformation because of spin and parity conservation
of the nucleus.

Thus in the deformation of even-even nuclei the tran-
sition of nucleon pairs to levels which are being lowered
can yield an energy gain and a corresponding lowering
of the fission barrier; for odd nuclei such an effect is
impossible, As a result of this even-even nuclei have a
lower fission barrier.

The gain in the total energy of the nucleus due to the
transition of nucleon pairs to levels which are being
lowered depends on the location of the Fermi level which
differs for different isotopes; this explains the observed
fluctuations of the periods of spontaneous fission of
even-even nuclei.

The model proposed by Johannson is rather crude
since it does not take into account, for example, such

Table VI. Isomers in odd—odd nuclei with K7 = 12~
(K is the projection of the spin on the symmetry
axis of a nucleus, 7 is the parity of the siate)

Energy of Deformation
Nucleus isomer parameter of the
state, MeV nucleus in the
. isomer state,

Es248 2.5-3.5 0.32—0,33
Es284 0.32—0,33
Bk246 2.5—3.0 0.32—0.33
Bk244 0.32—0.33
Bk242 0.31—0.32
Bk240 6.3t

Am?246 1.5—2,5 0.32—0.34
Am244 0.32—0.33
Am?242 0.32

Am?240 0.32

Am?238 0.31

Np24d 1.0-2,5 0.32—0,33
Np242 0.32—0.33
Np24e 0.31—0.,32
Np238 0.3t

Pa236 1.3—2.2 0,30

= 1%
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appreciable effects as nucleon pairing. It is therefore
natural that the predictions of the properties of heavy
nuclei made on its basis are not borne out by experi-
ments. However, the model does nevertheless reflect in
a qualitative fashion correctly the effect of one -nucleon
states on the fission barrier.

Recent work by V. M. Strutinskii®® **? and also by
W. D. Myers and W. J. Swiatecki®" considered in detail
the effect of the shell structure on the fission barrier of
nuclei. Strutinskil showed that for heavy nuclei the
shell correction to the fission barrier calculated accord-
ing to the liquid-drop model amounts to about 3 MeV,
i.e., half of the fission barrier. Figure 11 taken from
1391 gepicts the fission barriers of various isotopes cal-
culated by Strutinskil. It is seen that the shape of the
fission barrier changes strongly from nucleus to nu-
cleus. Special attention should be drawn to the two-
hump nature of the fission barrier of certain nuclei.
Strutinskii notes that the appearance of an additional
minimum can give rise to an isomer state. Such states
will be characterized both by a rather high energy and
by a large deformation. The difference in the deforma-
tion of the ground and metastable states can lead to a
strong hindrance of the gamma transitions. All of Stru-~
tinskii’s calculations were carried out for even-even
isotopes. Obviously the appearance of a minimum at
the fission barrier is also possible for certain odd iso-
topes; however, in this case the calculations are more
complicated.

One hypothesis concerning ‘‘shape isomerism’’ was
proposed by A. L. Malov, S. M. Polikanov, and V. G.
Solov’ev.!! The authors showed that it is possible for
two-quasiparticle states with K7 = 127 to exist (v is the
parity of the nucleus), for which the equilibrium defor-
mation parameter 0 * is close to 0.32 whereas for the
ground state 6~ 0.24. The energy of isomer states
Krm = 127 for odd-odd nuclei is close to 1.0-2.5 MeV.
Many isotopes of Np, Am, Bk, and Es (Table VI) should
have similar isomer states.

One of the questions which appears in the analysis of
the possibility of the spontaneous fission of such iso-
mers is the question whether the projection of the total
spin K on the axis of symmetry of the nucleus is con-
served in the tunneling process of fission.

Assuming that only the total spin and the parity are
conserved in the fission of isomers with spin 12 and ad-

*§ is a parameter which defines the eccentricity of the nucleus which
has the shape of an ellipsoid of revolution.
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mitting the possibility of transition to the rotational
levels with I = 12 and K+ 12, one can expect an appre-
ciable lowering of the barrier for these states.

Along with the effect of barrier narrowing, this will
lead to a very strong increase in the probability of
spontaneous fission.

An interesting effect which can lead to a sharp in-
crease in the probability of spontaneous fission of a
nucleus has been considered in the work of D. F. Zaret-
skii and M. G. Urin."? ! They developed the ideas
about the effect of the mass coefficient on the fission
process.

From the expression for the penetrability through a
fission barrier

8

Ay~ % exp [_‘ZS dél/m’

8o
where w is the frequency of quadrupole oscillations,
0 is the deformation parameter of the nucleus, B is the
mass coefficient, W(0) is the potential energy of defor-
mation, and E is the energy of the nucleus, it is seen
that the probability of spontaneous fission depends
strongly on the value of the mass coefficient B. Zaret-
skii and Urin expressed the hypothesis that isomer
states may exist which will be characterized by a com-
plete disappearance of pair correlations. Their calcu-
lations show that this will be accompanied by a sharp
decrease in the mass coefficient B which will approach
the hydrodynamic limit. This will correspondingly
cause a very strong increase in the probability of spon-
taneous fission (according to the estimates of Zaret-
skii and Urin by a factor of about 10%).

Thus, on the one hand, there has now appeared a
hypothesis concerning the possible existence of new
types of isomer states and, on the other, our ideas con-
cerning the fission barrier have become considerably
more profound.

It should, however, be noted that the considerations
that have been developed are to an appreciable extent of
a qualitative nature and further comparison with exper-
imental data requires a guantitative treatment.

IV. INVESTIGATION OF THE PROPERTIES
OF FISSIONING ISOMERS

In order to understand the nature of the observed ef-
fect, it is very important to determine in the first in-
stance the energy and spin of the isomer states. The
usual method for determining these quantities is an in-
vestigation of the gamma-ray and conversion-electron
spectra, as well as that of a particles if « decay oc-
curs.

Unfortunately, however, no forms of decay of the in~
vestigated isomers other than fission have so far been
observed.

The experiments of R. Leachman et al.!**! have
shown that the probability of o decay of the isomer

Am2zenf jg smaller by at least a factor of ten than the
probability of spontaneous fission. These results, by
the way, made it possible to exclude completely the pre-
viously discussed mechanism oi delayed fission follow-
ing o decay.

A search for gamma radiation accompanying the de-
cay of Am?2™! wag carried out by R. Diamond and F.
Stevens. As a result of these experiments it was only
established that there are less than a hundred gamma
per fission.

In connection with the failure of the experiments to
observe competing modes of decay, a series of experi-
ments was set up to investigate the laws governing the
production of fissioning isomers in nuclear reactions.

One of the directions of the investigations was the
measurement of the so-called isomer ratios. The iso-
mer ratio is the ratio of the production cross sections
in the isomer and ground state. This quantity depends
strongly both on the energy and on the spin of the level,
as well as on the type of reaction used to obtain the iso-
mer. For example, in the case of a state with a large
spin it is more easily obtained in reactions with heavy
ions than by bombarding the target with neutrons or
protons. It is accordingly found that in reactions with
light particles it is difficult to obtain a compound nu-
cleus with large values of the spin.

The first data on the isomer ratio of Am®* synthe-
sized in the Pu**(d, 2n)Am®* reaction were obtained in
experiments carried out on the cyclotron of the Atomic
Physics Institute in Bucharest.'®™ The value of the iso-
mer ratio turned out to be small (3 x 107% and depended
weakly on the deuteron energy.

An analysis of these data has recently been carried
out by V. P. Zommer and A. I. Prokof’ev®! who calcu-
lated on the basis of the statistical approximation the
dependence of the isomer ratio on the deuteron energy.
In calculating the transition probability between differ -
ent states no account was taken of the possible effect of
the spin.

According to the calculations of Zommer and Prokof-
’ev there should be a rather strong dependence of the
magnitude of the isomer ratio on the energy of the level
{(Table VII). Experimental data on the Pu®2(d, 2n)Am**
reaction and results of calculations with the assumption
that the energy of the isomer level of Am22mf jg
2.8 MeV are shown in Fig. 12. It is seen that there is
rather good agreement between the calculations and the
experimental data. In carrying out the calculations it
was assumed that fission is the principal mode of decay
of the Am22mf jgomer. In addition to the
Pu®*(d, 2n)Am>* reaction whose relative probability is
rather large, other nuclear reactions were also investi-
gated.

A comparison of the obtained data on the value of the
isomer ratio for various reactions gives some idea of
the value of the spin. Indeed, let us compare two reac-
tions that take place with the production of a compound

Table VI
Energy of level, 1.0 1.5 2.0 2.5 2.8 3.0
fsomet atio 9.3.10-2 | 2.2.107% | 4.8.10-3 | 9.9.10~4 | 4.2.10-¢ | 2.3.107%
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nucleus and lead to the production of the isomer

U238+B11——)a+3n+Am“2

and
Pu 4 d —Am** 4 2n.

The spin distribution of compound nuclei produced in
these reactions will differ considerably (Fig. 13), since
it depends on the mass and energy of the bombarding
particle. If the spin of the isomer is large, one would
expect that the probability of its production will be con-
siderably larger for the U®® + B™ reaction. However, it
turned out in fact that the value of the isomer ratio is
practically the same for both reactions.'®’ Table VIII
presents experimental data on the value of the isomer
ratio for various reactions leading to the production of
the fissioning Am*#™ jsomer, and Fig. 14 depicts
graphically the dependence of the isomer ratio on the
average value of the spin of the compound nucleus, Data
on the isomer ratio in the case of the known two-quasi-~
particle isomer Au'®*™ (K7 = 127, E = 600 keV) are in-
dicated for comparison both in the table and on the fig-
ure. It is seen that the Am2+2mf jsomer is produced
with approximately equal probability in different reac-
tions, whereas Au'* ™ js produced with considerably
more efficiency in the case where the compound nu-
clei have the larger spin,

These results are best interpreted if we assume that
the spin of the fissioning Am22Mf jsomer is small (does
not exceed several units of 1 ). The best confirmation
of the conclusion that the spin of Am?2mf is small was
recently obtained in experiments carried out on the cy-
clotron of the Atomic Physics Institute at Bucharest''®’
where the production of Am2#2mf was observed in the
reaction Am>*(n, y)Am?*2™f with 1-3 MeV neutrons.
The neutrons were obtained from the p + Li reaction.

The production cross section of Am?42 mf tyrned out
to be close to 107® c¢m?® The radiative capture cross
section of 1-3 MeV neutrons by the Am** isotope is un-
known. According to rough estimates it should be 50~
100 mb. This means that the isomer ratio of the inves-
tigated reaction is close to 1074, i.e., it does not differ
considerably from that for 14-MeV neutrons.

In the radiative capture of 1-3 MeV neutrons the
probability of the production of states of the compound
nucleus Am®¥ with a spin larger than 66 is very small.

a
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FIG. 13. Spin distribution of compound nuclei produced in the re-
actions Pu?4? + d (19 MeV) and U?3% + B! (60 MeV).
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If the spin of the Am?e ™ j5omer is larger than 6h, then
the isomer will only be produced after a gamma-ray
cascade and therefore the probability of its production
in the (n, v ) reaction should be appreciably smaller
than in the (n, 2n) reaction; this is in fact not the case.

The results of experiments investigating the
Am?%(n, y)Am22 reaction allow one to assume that
the spin of Am2e M is small. The conclusion concern-
ing the small value of the spin of Am22mf compels one
to recall again the calculations of Zommer and Prokof-
’ev which are valid in this instance and which indicate
that the energy of the isomer state should be close to
3 MeV.

The first experimental data concerning the energy of
the isomer level were obtained for the Am** isotope.
In order to determine the energy of the level, measure-~
ments were made of the threshold of the
Pu(p, 2n)Am>2*Mf reaction leading to the production
of a fissioning isomer with a lifetime of ~1 msec.
These investigations were carried out on the electro-
static tandem generator of the Niels Bohr Institute in
Copenhagen by S. Bjdrnholm et al.'*®’ The exceptionally
high stability of the proton beam along with the good en-

Table VIII
G;5/Cgy
Reacti Particle ene 7
eaction energy 95Am“2 "Auln
e Y 1/40 eV 0 < 5107
7 1
D, n o gg}’, 3 1.5.10-4
10 Mev 3 3.10-4 0.015
4, 2n 14 MoV 5 5.10~4 0.025
n. 2n 14 MeV 7 5.10-4 0.065
B a3n 65 MeV 15 5.40-4 0.4
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ergy resolution made it possible to carry out precise
measurements. The obtained dependence of the cross
section of the Pu?4(p, 2n)Am2®™ reaction on the pro-
ton energy normalized to the induced fission cross sec-
tion is shown on Fig. 15. It turned out that the shape of
the curve is in good agreement with the formula

ozi—(i—r%ﬁ)e T

(where AE is the excitation energy relative to the reac-
tion threshold and T is the temperature of the compound
nucleus) obtained on the basis of calculations by Jackson
who calculated the dependence of the probability of evap-
oration of various numbers of neutrons on the excitation
energy of the nucleus.'*?

The results of the work investigating the
Pu?4! (p, 2n)Am22 Mf reaction showed that the threshold
of this reaction is 3.05 MeV higher for the isomer than
for the ground state. Assuming that the difference in the
thresholds is equal to the energy of the metastable state
of Am2@™ME the authors of **! estimated it to be E;
= 3.05 + 0.25 MeV. The error is basically determined
by the inexact knowledge of the mass of Am®®. The ex-
perimental error of determining the reaction threshold
amounts of ~ 0.1 MeV.

The energy of the isomer state of Am22™Mf pag re-
cently been determined in a similar manner at the
Atomic Physics Institute at Bucharest.™®' The
Am28(n, 2n)Am?2e mf peaction was studied in these ex-
periments. Neutrons with an energy of up to 16 MeV
were obtained from the d + d reaction. The deuterons
were accelerated on a cyclotron, The resulting depend-
ence of the cross section of the Am2®(n, 2n)Am22mf re.
action on the neutron energy is shown in Fig. 16. The
calculated curve is in good agreement with the experi-
mental points for E; = 2.9 MeV. The results of the lat-
ter show that for Am242Mf the energy of the isomer
state is Ej = 2.9 + 0.4 MeV.

Of course, the conclusion that the difference in the
thresholds of the reactions leading to the production of
the ground and isomer states is equal to the energy of
the isomer state cannot be considered to be perfectly
indisputable.

An analysis of the available experimental data on the
thresholds of the (p, 2n) reactions was carried out in
1481 It turned out that for all the investigated reactions
the production thresholds of nuclei in the excited state
exceed the thresholds for the ground state exactly by the
amount of the excitation energy. It can, nevertheless,
not be entirely excluded that the energy of the isomer
states is less than 3 MeV, and that by virtue of some
unknown features of the structure of these states a di-
rect transition to these states in the decay of an excited
nucleus is strongly forbidden.

It can then be assumed that the transition must ini-~
tially proceed to some level with an energy of ~3 MeV
with a subsequent radiative transition to the isomer
state.

So far no data are available which would clarify this
question, and the conclusion of the authors of "% that
the difference in the threshold of the reactions is equal
to the energy of the isomer state can therefore be ac-
cepted as a working hypothesis. The question arises
how one should understand the reason for the strong
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FIG. 15. Dependence of the cross section of the reaction Pu?4!

(p, 2n) Am?*°™1 op the proton energy.

forbiddenness of radiative transitions to the ground
state from a state with an energy of ~3 MeV and small
spin. At present the only possible explanation is that the
forbiddenness is due to the considerable difference in
the deformation of the nucleus in the ground and isomer
state.

Thus the results of the experimental investigations
give grounds for assuming that a new form of isomer
states of heavy nuclei noted for their large deformation,
for which the penetrability of the fission barrier is
greatly enhanced, has been observed. Undoubtedly this
interpretation of the results of the investigations must
be treated with caution. The conclusion drawn is ap-
parently the only one which can be drawn on the basis of
present-day ideas about the properties of heavy nuclei.
An essential change in these ideas could in principle
lead to other conclusions concerning the nature of fis-
sioning isomers.

Speaking of further investigations in this field, one
should draw special attention to experiments which make
it possible to observe competing modes of decay of fis-
sioning isomers (gamma and alpha decay). Although the
first experiments conducted in this direction were un-
successful, one might hope that an increase in the sen-
sitivity of the measurement apparatus will open up pos-
sibilities for renewed searches. It is also very import-
ant to continue work synthesizing new fissioning isomers,
and, in particular, to understand the preferential pro-
duction of isomers of odd-odd nuclei. This can be ex-
plained as being due to two reasons:

1) Even-even and odd-even nuclei also have similar
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isomer states; however, the decay time from these
states via fission is as a rule very short, and the ap-
paratus used so far made it possible to observe only the
cfzemf jsomer.

2) Two odd nucleons facilitate the production of iso-
mer states.

The probability of isomerism for even-even and odd-
even nuclei turns out therefore to be considerably
smaller.

Experimental investigations of the fission process of
the discovered isomers are also of definite interest. It
cannot be excluded that peculiarities of the structures
of isomers may influence the nature of their fission; it
may, therefore, be that by studying the peculiarities of
the fission process of isomers one will succeed in ob-~
taining information about the nature of the fissioning
isomers,

Experimental and theoretical investigations of fis-
sioning isomers are at present being continued, and
there is no doubt that they will enrich our knowledge of
the properties of heavy nuclei.
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