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INTRODUCTION

A quarter of a century has passed since the appear-
ance of the classic paper of 1. V. Kurchatov and his
collaborators, which laid the foundation for the detailed
study of isomerism of atomic nuclei, that is, for the
study of excited metastable levels with extremely long
lifetimes, up to hundreds of years.

Like all great discoveries, that of nuclear isomerism
has not decreased in importance with time; on the con-
trary, its importance has constantly increased. Data
on this phenomenon have played an important part in
the construction and development of the nuclear shell
model. The creation of a generalized model of atomic
nuclei has also led to the necessity of a comprehensive
analysis of our information about nuclear isomerism,
and this has given important support to the new model.

Quite recently the discovery of the MUssbauer effect
has opened the way to the use of nuclear isomers as
the active elements in the world’s most accurate clocks,
which have made it possible to measure the gravitational
red shift of the frequency of y rays even under terres-
trial conditions.

There are many review articles and books on the
phenomenon of nuclear isomerism — we may name, for
example, the 1954 monograph ‘“Isomerism of Atomic
Nuclei’’ by M. 1. Korsunskii, and the review by L. I
Rusinov and G. M. Drabkin in the January, 1958 issue
of Uspekhi Fizicheskikh Nauk. The present issue con-
tains an article by L. I. Rusinov (see page 282) which
outlines the history of the discovery of the phenomenon
and reveals the outstanding part played by I. V. Kurcha-
tov in the study of nuclear isomerism.

Our article is intended only to supplement these gen-
eral reviews with a detailed discussion of some more
special problems of nuclear isomerism.

1. ON ISOMERIC TRANSITIONS NEAR THE MILLI-
SECOND RANGE (107°—1 sec)

a) Introduction. After twenty years of investigation
of the isomerism of artificial radioactive elements we
know of the existence of many dozens of isomers with
lifetimes less than ~ 10~% sec or more than 1 sec. On
the other hand, up to the end of 1955 there were only
ten known examples of isomeric transitions with dura-
tions from 10~° to 1 sec, which we shall call by conven-
tion millisecond transitions.

As has been remarked with justice by O. I. Leipun-
skii,! the lack of knowledge of the existence of milli-
second isomers was to a large extent due simply to

the absence of attempts to excite such levels by means
of powerful accelerators with pulsed operation. Another
cause which is of course of some importance is the fact
that the range of times from 1075 to 1 sec lies in the
gap between lifetimes that are so short that they can be
studied by means of instantaneous or delayed coinci-
dence apparatus and those that are long enough to be
determined by means of ordinary methods for regis-
tering activities.

At the present time, owing to the rapid development
of experimental technique, the situation in this region
has changed decidedly; searches for ‘“millisecond’’
isomers have been made on a wide scale (Fig. 1, a),
and the number of cases is increasing rapidly.!-1!
This increase can be seen clearly from Fig. 1, b,
which represents the data on the numbers of isomeric
states with various lifetimes. The shaded area in this
diagram contains the ‘‘millisecond’’ isomers that were
known before 1955.

In accounting for the relative rarity of millisecond
isomers we must, however, take into account not only
methodological questions but also the physical peculi-
arities of these isomers.

As is well known, in most cases isomeric states of
nuclei pass into other states by the emission of y-ray
quanta or conversion electrons.

If in estimating the lifetimes of isomeric levels
against emission of radiation we use the one-particle
transition formulas of Weisskopf and Moszkowski, 12
we can easily show that in the overwhelming majority
of cases transitions with Ty, = 107° —1 sec and en-
ergy 100 to 500 kev must be octupole transitions (of
types E3 and M3) or else magnetic quadrupole tran-
sitions (of type M2).

Transitions of the types E3, M3, and M2 are ob-
served both in nuclei with odd A and in odd-odd and
even-even nuclei. Let us examine in more detail the
properties of isomeric states responsible for such
transitions in nuclei with odd A.

b) Isomeric Levels in Nuclei with Odd A. As is
well known, there has been splendid success in the de-
scription of isomeric levels in nuclei with odd A,
mainly owing to the development of the nuclear shell
model, at first the simple one-particle model, and
later also the generalized shell model. One of the
main achievements of the one-particle model was the
explanation of the observed ‘‘islands of isomerism.”’

Figure 2 shows a portion of the diagram of the one-
particle levels in a spherical nucleus (Goeppert-Mayer
diagram). It can be seen from the diagram that the
levels that are closest together are
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within the framework of the ideas of the one-particle
shell model one should find in the ‘‘islands of isomer-

If one of the levels of any of these groups is the ground
level, the other levels of that group are lower than any
other one-particle level. Therefore, strictly speaking,
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ism’’ only isomeric transitions with AI=4 and a
change of parity, i.e., transitions of the types M4, E5,
and higher multipole characters, and transitions of
types M2 and E3 are impossible.

In deformed axially symmetrical nuclei with odd A
each of the one-particle levels with a given value of j
(corresponding to the total angular momentum of the
nucleon) is split up into (2j+1)/2 sublevels, which
are characterized by definite values of Q, the projec-
tion of the total angular momentum j of the nucleon
along the axis of symmetry of the nucleus.

Figure 3 shows portions of the diagram of one-
particle levels of deformed nuclei (Nilsson scheme).14:15
It can be seen from the diagram that in such nuclei the
density of one~particle levels is much larger than the
density of levels in spherical nuclei, and there can be
closely spaced levels 1) with AI= 2, 3, and 2) with
the same parity.

It follows from this that according to the general-
ized shell model in deformed nuclei there can be iso-
meric transitions of any type, including the types M2,
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FIG. 3. Portions of the diagram of one-particle levels in deformed
axially symmetrical nuclei (Nilsson scheme) for the regions Z = 50—
82 and N = 82-126. Near each level there are shown at the right
the values of the quantum number £ and the parity, and, in square
brackets, the values of the asymptotic quantum numbers N, n,, and
A. The regions in which the deformation parameter has values
82 0.15 (3 > 3) correspond to ‘‘classical’’ deformed nuclei (with
clearly marked rotational bands).

E3, M3, E4, and so on, and for such nuclei the con-
cept of islands of isomerism loses its meaning.!® Ac-
cording to the Nilsson scheme, for deformation param-
eters 6 = 0.2 characteristic of deformed nuclei the
two levels ¥,"[523] and %,*[411] are adjacent.

The numbers in square brackets are the Nilsson
asymptotic quantum numbers N, ngz, A. In the odd
isotopes of Ho (Z = 67) the ground state is described
as %7 [523]. Therefore it can be expected that in
Hol81 Ho!%3, Hol%5, and so on there are isomeric lev-
els of the type Y%*[411] and isomeric transitions of
type E3. In fact, such levels and transitions have been
discovered in all three nuclei, although the lifetime,
Ty, = 0.8 sec, has so far been measured only for the
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1,* level in Ho3, It must be about the same in Ho®!,
In Ho'® there is a one-particle level %,*[411] at 361
kev that is between the two levels already mentioned,
and this partly destroys the isomerism caused by the
level 1/2’”[411] (because this level can go to the 361
kev level by a fast transition of type M1). The 3,*
[411] level is itself isomeric, however, and has life-
time 1.6 x 107% sec, in agreement with the multipole
character of the y-ray transition of type M2.

Figure 4 shows the decay schemes!®!? of the iso-
meric levels of a number of other deformed nuclei
with transitions of types E3, M3, and M2.

Even in cases in which the first excited one-particle
state has a spin that is 3 units larger than that of the
ground state, however, so that the conditions for isom-
erism exist, the isomerism is actually destroyed owing
to the presence of lower rotational levels. In particu-
lar, we encounter such cases in the nuclei gTmi§}

(cf. Fig. 4) and ¢Tmll}, where between the ground
state of type 1/2’“[411] and the one-particle excited
level 7/2*'[404] or 7/2' [523] there are levels of a rota-
tion band with spins %*, %*, %*, etc. Naturally,
under these conditions nuclei in the level 7/2*[404] will
not go directly to the ground state, but will go to one
of these levels, because the corresponding radiative
transition is of a lower multipole order (M1, E2, not
E3).

Unfortunately this fact decidedly limits the possi-
bilities of predicting the lifetimes of isomeric levels
in odd deformed nuclei.

Let us now consider isomeric transitions of types
M2 and E3 which are encountered outside the limits
of the region of deformed nuclei A = 150~ 190 and
A > 222,

It has already been pointed out that such transitions
cannot be explained within the framework of the ordi-
nary one-particle shell model. In this connection their
study is of great interest and can lead to further de-
velopments in our ideas about nuclear structure.

What are the cases that lead to the appearance of
isomeric transitions of the types M2 and E3 in odd
nuclei? There can be several such causes.

There is a group of odd nuclei in which isomeric
transitions of the type E3 are often encountered.
These nuclei belong to an ‘‘island’’ of isomerism in
which the one-particle levels P2 and Bg/2 are being
filled simultaneously and Z, N = 41; 43; 45; 47 (2
and N are the numbers of protons and neutrons).

In most of these nuclei a level %* is observed in
addition to the gg/; level (in 52Geld there is a level
%“). Transitions of type E3 occur between the lev-
els Pi/2 and 7/2*, and transitions of type M2 between
Py: and %*. The data on these transitions are pre-
sented in Fig. 5. In their explanation of the origin of
the %* levels Goldhaber and his coworkers!® started
from the fact that in the nuclei with Z, N =39 and 49,
in which there can be only one nucleon (or hole) in
the g/, level, there are no levels of type %*. For



FIG. 4. Isomeric transitions of types E3, M3, and M2
between levels of deformed odd nuclei. In addition to the
excitation energies, for the one-particle levels all of the
asymptotic quantum numbers Q [N, n,, A] are indicated.
For the rotational levels only the values of the spin and
parity are indicated. The energies are given in kev.

FIG. 5. Isomeric transitions of type E3 (and M2)
in nuclei with Z, N = 41-47 between levels
1/2-(5/2 + # 1/2-).
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FIG. 6. Isomeric transitions of types E3 and M2 in odd nuclei which are outside the ‘‘classical’’ regions of deformed nuclei.
For As™, Br°™®, I"**™"*, Au*’, and T1®*7%® levels which are well verified by the method of Coulomb excitation are indicated by

cross hatching,

Z, N = 41 — 47 there can be 3, 5, or 7 nucleons (or
holes) in the 8y/2 level. Only under the very special
conditions assumed in the simple shell model does the
total angular momentum of a system (configuration)
of 3, 5, or 7 nucleons have to be equal to the angular
momentum j of the odd nucleon. In actual nuclei a
configuration (gy;)»%" can have a set of states with
different total angular momenta (spins) I, in partic-
ular with the angular momenta I1="%"* and %" (see
the table on page 301).

To distinguish these states from the one-particle
states, it is convenient to call them configuration
states.

It is possible that it is precisely the configuration
states that are responsible for the isomeric transi-
tions of type M2 in 3,Ge]} and of type E3 in the group
of nuclei we have been considering.

It is interesting to note that in these transitions the
total angular momentum I of the nucleus changes by 3
(or 2) units, and j changes by 4 units, i.e., Al < Aj.
A so-called j forbiddenness arises. This leads to a
decided slowing down of the isomeric E3 and M2 tran-
sitions. Such a slowing down is actually observed ex-
perimenta.lly.m’zo

Isomeric transitions of types M2 and E3 are ob-
served in many other odd nuclei besides those we have
indicated. We can try to explain these transitions in
the following simple way.?! As is well known, the one-
particle shell model is an approximate model and can-
not pretend to give an exact description of the energies
of one-particle levels.

Therefore, although in the majority of cases the
most closely spaced groups of levels are pyj, gy/2;
ds/2s Sy2s Biyas Pyzs £572: Pyas 1132, the possibility is
not excluded that other one-particle levels can come
close to them. This can result in the existence of iso-
meric transitions of type M2 or E3. It may be this
phenomenon that we encounter in the study of the short-
lived isomeric states of the nuclei ggAs™"T7, 5 Br!'-81,
7R85 The ground states of these nuclei are of the
type ¥~ (for Rb® it is % ). According to the ex-
perimental data the isomeric levels found in these nu-
clei have spin and parity %* (Fig. 6). Obviously the
simplest assumption is that in the framework of the
one-particle model the ground states and the isomeric
levels can be described as py, and ggyy.

In the isotopes of As and in Br® a %, level is in-
serted between these levels; this can be interpreted as
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a one-particle fy; level. Therefore in these nuclei the
isomeric transition is of multipole type M2 and the
isomeric states have much shorter lifetimes than those
of Br'", Br®™, and Rb®¥, in which the transition is of
type E3.

Similar situations may cause the appearance of
isomeric levels hy;, in the odd isotopes 46Pd%gs,
Pd}Y", and Pd}¥, whose ground states can be de-
scribed as dsj,. Between the levels hyyp and dgp in
PdiY there is a level which can be most simply in-
terpreted as a one-particle gy, level. Therefore the
isomeric transition in this nucleus is of type M2 and
the lifetime of the level is much smaller than in the
isotopes Pd" and Pd1°9, where isomeric transitions
of type E3 occur. '

From Fig. 6 (left-hand part) it can be seen that
there is a ds/; level between the levels sy, and hyyy
in the nucleus 4Cd}}!, owing to which the isomeric
transition occurs between the levels hyy/, and dy/, and
is of the electric octupole type.

The nuclei g;Eu, 3Au, and g Tl are of particular
interest in connection with the question of the regroup-
ing of the levels in the Goeppert-Mayer scheme.

We begin with the fact that in the odd isotopes Eul¥,
Eu'®, and Eu'® a level with spin % is inserted between
the isomeric level with spin “/2 and the ground state,
which has spin ‘r’/z. Therefore in these nuclei along with
the isomeric transition of type E3 there is observed a
transition of type M2, and the levels between which
these transitions occur can be interpreted as one-
particle levels hyys, 8179, dgs.

In its turn the level 5/2 occurs between the levels
-, %*, and % in 5Xel?5-2" 1% and the odd iso-
topes of ;9Au and g Tl. In these cases also the levels
can be interpreted in principle as one-particle levels
hyy/s, dgsy, dyz, and sy,. This gives an explanation of
the isomeric transitions of type E3 observed in these
nuclei (Fig. 6, right-hand part). Let us look in more
detail at the isomers in the odd isotopes of g;Tl. There
is information in the literature about isomers g T1{35™
and &T1{H™. I can be seen from the diagram that in
these nuclei the interval between the levels %~ and
%" increases with increase of the number of neutrons.*
Therefore if the analogous isomeric level 11/,~ exists
in the nuclei 3 TI{}, §T13, §iTIi%, and 4 TUE, be-
cause of the increase of the interval '%,~—%* the life-
time of this level will decrease rapidly with increase
of the number of neutrons in the nucleus.

In this connection we must call attention to the work
of Leipunskii and Yampol’skii and their coworkers;*
they bombarded Hg with fast protons and found in the
resulting Tl two short-lived activities with Ty, = 0.042
sec (Ey =370 kev) and Ty, =5 X 10~% gec. Since ex-
cept for the isotope ngo“, whose abundance is only 6.85

*As is well known, this feature of the intervals is also observed
for isomeric transitions of type M4 (intervals Py—gy, d’/z-h"/;'

ﬁ/z—iu/z).
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percent, all of the stable isotopes of Hg have A = 202,
and at the proton energies used in this work there could
occur only the reactions (p,n) and (p,2n), the mass
numbers of the resulting new isomers of Tl must be
equal to or less than 202. Isomers are well known in
the Tl isotopes with A = 194, 195, 196, 197, 198, 202.
Therefore it is reasonable to suppose that the life-
times found by the authors of reference 4 belong to

new odd isomers g TIH™ and 4 TI3M, with the
smaller value of Ty, corresponding to the larger value
of A. As regards the isomer MTlﬁgm this assumption
is also favored by the agreement of the y-ray energies
370 kev (observed in the decay of TI™) and 367 kev
(observed in the decay of Pbli%),

Recently there have been observed two more ex-
tremely interesting cases of isomerism, in the nuclei
1sPt1} and & Pbi%, which are located in a classical
island of isomerism.

In the nucleus Pt!% a level %~ with excitation en-
ergy 32 kev occurs between the isomeric state ijy/,
and the ground state f;;,. There is no such level in
the other nucleus with the same number of neutrons,
g2Pb%%3. This level is most simply interpreted as a
one-particle fy, level, although this interpretation
encounters great difficulties.

Indeed, in this case the interval between the levels
f5/2 and fy;; caused by the spin-orbit interaction is
only 32 kev, whereas in the nearby nucleus gPb3di
it is ~ 1770 kev.

The properties of the isomeric state in gPb% are
quite unusual. Whereas in all the other odd isotopes
52Pb?-27 there are isomeric states with Ty, = 0.95
sec — 17 min, with transitions of type M4, in Pb2%
the lifetime of the isomeric state is only 4.8 x 1073
sec.

The decay scheme of this state is shown at the right
in Fig. 6. The authors indicate that T/, = 4.8 x 107
sec most likely belongs not to the level at 987.8 kev,
but to a level lying higher up (within 100 kev).

In this case the peculiarities of the isomerism in
Pb?% can be explained by assuming that the levels at
284 kev and 987.8 kev are one-particle levels f;,, and
hy/, inserted between the levels ij3; and hy,. The
isomeric transition responsible for the observed life-
time is then of type M2 (iggy — hysp).

It must be kept in mind, however, that also in Phs
the interpretation of the level 284 kev fy/; considered
above encounters the same difficulty as the interpre-
tation of the 32 kev level in Pt!%®,

Therefore the possibility is not excluded that the
levels % in Pt!% and %", %" in Pb*® are ‘“‘configu-
ration”’ levels of the same type as the %* levels in
nuclei with N, Z = 41 —47.

Thus if we admit the possibility of a regrouping of
the one-particle levels in the Goeppert-Mayer scheme
and take configuration levels into account, we can in~
terpret practically all of the ‘‘anomalous’’ isomeric
states and transitions of types E3 and M2.
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There are, however, many difficulties in the inter-
pretation of the levels responsible for isomeric tran-
sitions as pure one-particle states of the one-particle
shell model or simple configuration levels.

In some of the nuclei in question — As™-77, Bp'-79
Pd105, Eu14'1- 151’ Irlﬁl— 193, Au193-137, Pb205, and others
—there are many low-lying excited levels, which can
certainly not be described in the framework of the
simple one-~particle model for spherical nuclei.

The question arises as to why there are neverthe-
less two or three of these levels, and precisely the
ones that are associated with isomeric transitions,
which are so simple that they can be described as
strictly one-particle levels.

Earlier we already called attention to another dif-
ficulty. In these nuclei the observed intervals between
the levels which are interpreted as dg; —dys, f573 —f7/2
are too small in comparison with the values that were
to be expected.

Intervals of this type between strictly one-particle
levels depend on the magnitude of the spin-orbit inter-
action, and in the case of strong spin-orbit coupling,
which is the basis of the shell model, these intervals
must be!® of the order of 1000 — 1500 kev. In the nu-
clei in question they do not exceed 400 kev.

In connection with this and a number of other dif-
ficulties, some papers attempt a different interpreta-
tion of the levels between which isomeric transitions
of types E3 and M2 occur. First of all we must note
the fact that the cross sections for Coulomb excitation
of the levels %" in As™ and Br®, %* in Ir™®! and
Au'®, and %* in T1?® and T12%® are much larger than
those for excitation of other levels in these same nu-
clei (cf. reference 22), and also larger than the cross
sections to be expected on the basis of the idea of pure
one-particle levels. There is no doubt that the proper-
ties of the intermediate levels shown in Fig. 6 in the
nuclei As™, Aul®-15 and TI-201 3pe similar. It is
interesting to note that levels of this same type (ob-
tained by the method of Coulomb excitation) in the
nuclei Br®™ and Ir'® lie somewhat above the isomeric
states? and do not affect their decay. Therefore the
multipole characters of the isomeric transitions and
the lifetimes of the isomeric levels are quite different
in the pairs of nuclei Br™, Br® and r!®, %, al-
though the odd number of protons is the same in the
nuclei of each pair (cf. Fig. 6).

Besides this, all of the excited levels indicated above
have the spin I=1I; + 1, where I, is the spin of the
ground state. In these same nuclei higher levels with
I=1I;+ 2 can also be obtained easily, by the method
of Coulomb excitation.

In addition to the nuclei that have been mentioned,
levels with the sping I=I;+ 1 and I=I; + 2 are read-
ily obtained by Coulomb excitation?? of the nuclei
5RO, Aggl', and gAgE’.

All of these facts can serve as a basis for the as-
sumption that the levels with spins Ij+1 and I+2
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considered above are not one-particle levels, but col-
lective levels, and that they form a rotation band as-
sociated with the ground state.?™ If this assumption

is correct, the nuclei in which these levels are ob-
served must be deformed to a larger or smaller extent.

At first glance it seems that this contradicts the
basic ideas of the generalized shell model, because
all of the nuclei enumerated are outside the well known
regions of deformed nuclei. Besides this, the even-
even nuclei adjacent to them definitely lack rotational
structure and are spherically symmetrical. According
to existing ideas, however, the equilibrium shapes of
nuclei are determined by a competition between the
polarizing action of the outside nucleons, which try
to deform the nucleus, and the pair forces, which
favor a spherical equilibrium shape. In some ranges
of nuclei these opposing effects almost completely
compensate each other, and the shape of the nucleus
is in a state of unstable equilibrium. Naturally in
these regions the even-even nuclei, in which all of
the nucleons are paired and the pair forces are more
effective, have the spherical equilibrium shape, and
the odd nuclei, in which there is an odd nucleon, are
either spherical but very easily deformable (on the
slightest excitation), or else deformed. In both cases
rotation band levels can be excited in such odd nuclei.
Thus there is an explanation for the interpretation as-
sumed above for the levels Ij+1 and Ij+2.

The assumption that the equilibrium shape of the
nucleus is deformed does not merely lead to the ap-
pearance of rotational levels. For such nuclei the
Goeppert-Mayer scheme of one-particle levels must
be replaced by the Nilsson scheme.

In particular, this has the result that the %5 levels
in Rh1%, Aglo? Ag!® and possibly in other nuclei of
this group, and also the 5/2* level in Ge® (cf. Fig. 5),
which are usually interpreted as configurational levels,
can be ordinary one-particle levels of deformed nuclei.

Naturally in this case the probabilities of isomeric
transitions can be affected not only by the selection
rules for the total angular momentum (spin) and the
parity, but also by the specific selection rules for the
asymptotic quantum numbers!4® N, ny, A, Z. In the
group of nuclei with the isomeric level 7/2* this can
lead to a decided slowing down of the E3 transitions,
which is usually interpreted as a consequence of for-
biddenness in j.

In summarizing our discussion of the properties of
the short-lived isomeric levels of odd nuclei we must,
however, emphasize that at the present time we cannot
give decisive preference to either of the approaches
we have considered to the explanation of isomeric tran-
sitions of types M2 and E3 outside the known regions
of strongly deformed nuclei.

*We emphasize that in the nuclei Pd'*® and Eu’*! the cross sec-
tions for the Coulomb excitation of the levels with I =1, +1 are
small,?? and these levels cannot be interpreted as collective levels.
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1t is possible that neither of these approaches will
by itself give a complete solution of the problem. There
are already many signs of the necessity of a synthesis
of the two approaches, i.e., of a simultaneous consider-
ation of the collective and one-particle properties of
nuclear levels.

2, ISOMERIC STATES IN ODD~ODD NUCLEI

a) General Characteristics. Odd-odd nuclei differ
from odd nuclei by the presence of an additional un-
paired nucleon. Owing to this the total angular mo-
menta of the nuclear states are determined by the an-
gular momenta ip and j, of the odd proton and the odd
neutron. In addition they depend on the relative orien-
tation of jp and j,. All of this leads to much compli-

cation in the level schemes of odd-odd nuclei, because
to each configuration (jp, jn) there can correspond a
set of levels (a so-called multiplet) with spins
ljp_jnl, |jp—jn| + 1,...,|jp + jn | and the same
parity.13

It is not hard to see that in odd-odd nuclei we shall
encounter more cases than in odd nuclei of levels with
large and small values of the spin, corresponding to
addition or subtraction of j, and j,, and consequently
there is a large probability that close to the ground
state there will be one or more levels with decidedly
different spins.

Therefore on the most general considerations we
must expect that long-lived isomeric states will be
encountered much more often in odd-odd nuclei than
in nuclei of other types (odd and even-even), and that
for these states there are no such regularities as, for
example, a concentration in ‘‘islands of isomerism.”’

From tables of isotopes,?:? which give the data on
the long-lived isomers of odd-odd nuclei that are
known at present, it can be seen that the number of
such nuclei is much larger than 100.

Attempts to apply the ideas of the shell model to
the analysis of these isomers encounter great diffi-
culties, because the character of the interaction be-
tween the unpaired nucleons is almost unknown, and
therefore we know practically nothing about the order
of succession of the levels in a multiplet with given
values of j, and jj.

To find the spin I of the ground state of 2 multiplet
in a specific nucleus one uses the semiempirical rules
of Nordheim .13 According to these rules, I is deter-
mined in the following way:

. . . 1
]:l]p*]nL if ] =1 If21]n_l'n:Fz7
1

]<\l]p+]nlv if —l iz’]n'—lnj:z’
where I, and I, are the orbital angular momenta of
the odd proton and neutron.

The second of these rules, however, does not give
unambiguous results, and although the first enables

us to predict uniquely the spins of odd~-odd nuclei, its
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value is much diminished by the existence of numerous
exceptions.

Only in the rare cases in which the shell structure
of the nucleus is simplest* do the theoretical methods®
existing at present enable us to interpret with some
reliability the properties (including the spins) of the
lowest excited levels.

Thus even if the configuration (the values of ip and
jn) of the multiplet is known, in many cases it is hard
to explain the spins, not only of the isomeric state, but
also of the ground state of an odd-odd nucleus. As an
example to illustrate these difficulties, we may men-
tion the odd-odd nuclei ng‘} and ;yK$2. They are both
characterized by the same values p= 3/2" and jp = 7/2‘,
but have different spins, 4~ and 27, respectively.l%%

To the difficulties we have mentioned we must add
the difficulty of determining the configuration of the
ground state (the values of Jjp and jpn). Evidently the
interaction between the odd proton and the odd neutron
can sometimes change the order in which the one-par-
ticle levels are filled, as it is known as characteristic
of nuclei with odd numbers of nucleons. This can be
seen easily from the example of the odd~-odd nuclei of
eIn, for which long-lived isomeric states are known.

The spins and parities of the ground states of these
nuclei are as follows:23,%4

110

— 2, Int® 1 It I 1 4 ete.
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The Goeppert—Mayer level scheme and the data on the
spins of the odd isotopes with Z = 49 indicate that
s 9+
ip="%" (8y2).

On the same sort of evidence we can assume that
for spherical nuclei with N = 65, 67, and > 67

.3 1
In= ?+ (d3/2)’ ?+(S"/2)’ e (/111/2)-

It is not hard to see that no possible combination of
these values of j, and j, can give the spin and parity
1* which is observed for Ini! and Inllé,

A number of such examples could be given. It is
the more surprising that when the situation is so com-
plicated the behavior of the isomeric levels of certain
odd-odd nuclei manifests regularities analogous to
those found in the properties of the one-particle iso-
meric levels of nuclei with odd A.

As an example let us consider the properties of the
isomeric levels of the odd-odd nuclei 4 TI:

Tll Tje6 T]lﬁs TlZo? T1204

1137 817 7115 817 “117) 817 T121» 81~ “123°

These nuclei are similar in that they have identical
spins and parities in their ground and isomeric
states:?,24,28 9~ gang 7*.
These values of the spins can be explained if we as-
sume that in the ground state j, = Yo (sy) and j,
=%, {f5/3). The multiplet for this configuration con-

*For example, in nuclei® of the type of 5, T12¢ and ,,Bi%;?, in
which the configuration of the outer nucleons includes either one
each of neutrons and protons, or one each of their ‘‘holes.'’
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FIG. 7. Dependence of the interval A E (kev) between one-particle

levels 7tand 27(i13, and fs, in odd-odd nuclei s1T1 and odd nuclei scHg
and s2Pb on the number of neutrons.

tains only two levels, with the spins 27 and 3~.

The first of these levels is the ground state, and
the second must exist among the excited levels and
have approximately the same excitation energy in the
various isotopes of g Tl. In the isotopes TI!¥ and
T11% levels with the expected properties have actually
been observed®® (in TI!% a 3~ level at 275 kev and
in T11%% 5 3~ level at 283 kev).

The isomeric state 7* can be formed as the result
of the transition of the odd neutron from the f5, level
to an i3 level, because after this transition the con-
figuration is jp = 1/2" (sy) and jj = 13/2+ (113/2).

Therefore the interval between the levels 7* and
2" in 4Tl is actually just the interval between the one-
particle levels f;,, and iy3,. This interval can be com-
pared with the interval between the one-particle levels
f5/2 — 132 in the odd nuclei gyHg and gPh.

In Fig. 7, where this comparison is made, we see
the quite analogous behavior of the size of the interval
in the odd-odd nuclei 4Tl and the odd nuclei gHg and
g2Pb. This confirms the interpretation we have given
for the levels of the odd~odd isotopes of TI.

The further accumulation of experimental data will
presumably make it possible to find more cases of
such analogies.

b) Isomeric States of Deformed Odd-odd Nuclei.
The problems of interpreting the excited levels of
odd-odd nuclei are somewhat simpler in the case of
deformed nuclei. In such nuclei the integral of the
motion is not the angular momentum j of a nucleon,
but its projection on the axis of symmetry of the nu-
cleus,  =A +Z, where A and T = 1/2 are the pro-
jections of the orbital and spin angular momenta of
the odd nucleon on the axis of symmetry of the nu-
cleus.4,2?

The result is that a level with any given value of
 can contain only one odd nucleon (and not 1, 3,
5,..., as in spherical nuclei), and the total angular

299

momentum of an odd group of nucleons is the angular
momentum i) of this nucleon. *

Therefore one can always find the value of £p(n)
from the Nilsson scheme of one-particle levels or by
using experimental data on the spins of odd nuclei with
the same odd nucleon.

Another simplification is that when there is defor-
mation the multiplet of a given configuration always
reduces to a doublet, whose terms have*"?® the spins
I=K=|Qp+ Q.

Gallagher and Moszkowski have proposed a semi-
empirical rule for the determination of the relative
position of the levels in this doublet.?? According to
this rule the level with K = | Qj + Q| is lower if the
states of the odd proton and neutron are such that the
signs of the spin projections Zp and I, are the same
(the spin angular momenta are parallel). In the oppo-
site case (when Zp and %, have different signs, i.e.,
the spin angular momenta are antiparallel), the ground
state of the doublet is the level with K = | @, - @, ].

At present the experimental data confirm this rule
in most cases.

In all doublets

AK =19Q,+Q,|—]Q, —Q,|=29,

where {2 is the smaller of the numbers and £.

Except for configurations with Qp) = 73, AK =3,
5, 7, etc.

Since in most cases K = I, the spins of the two
levels differ by not less than 3 units. Therefore it
can be expected that if the first excited level has the
same configuration as the ground state it should be a
typical long-lived isomeric level. Depending on the
value of AI in the doublet, this level will decay by 8
or o decay (for AI >4), or for Al= 3, 4 by the
emission of y rays and conversion electrons, with
transitions of multipole character M3 and E4.

Observed isomeric levels that are evidently of
this type are found in

Na24, ]3Al26' 71Lu176‘ 73T3180, 95Am242'

11

In the first of these nuclei AI=3 and an isomeric
transition of type M3 is observed (E. = 472 kev,

Ty, = 0.02 sec). In the other nuclei AI >3 and the
isomeric states decay practically entirely through 8
decay.

The properties of the last three of these isomers
are of particular interest. In them the ground or iso-
meric state has K=0~ and I=1".31

This means that in these states the rotational angu-
lar momentum R of the nucleus is different from zero
(E=K?+R% if K=0, I=1, then R=1), and the nu-
cleus rotates as a whole around an axis perpendicular
to the axis of symmetry. Recently such a rotation has

*We recall that in spherical nuclei the total angular momentum

of an odd group of nucleons is not always equal to that of the last
odd nucleon.
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been observed directly® in the ground state of 95Am2"‘2.
Since we are concerned with the ground state or a long-
lived isomeric state, such a nucleus can be said to be
‘‘eternally rotating.”’

This peculiarity of levels with K = 0 must put its
stamp on the properties of isomeric transitions in odd-
odd nuclei, since in this case AI = AK-1. The result
is that the multipole index of the isomeric transition
is lowered by 1, and consequently the lifetime of the
level is sharply diminished.

This peculiarity must be manifested particularly
clearly in nuclei in which the ground and isomeric
states have the configuration Qp =% and Qn =%,

(Ky =3, Ky=0). Insuch isomeric transitions AK =3,
but AI= 2, and the multipole character will be E2
(and not M3, as in doublets with AK =3 but K = 07).

Since transitions of type E2 are fast,* the lifetimes
of such isomeric levels must be very short, and they
cannot be observed by means of the usual methods for
detecting activities.

Many nuclei of this type are now known:

0
cEulst, (Th1e  Thiss  Thieo  frlss  Jrls0etc,

In none of these cases has a long-lived isomeric state
been observed that has the same internal structure
(configuration) as the ground state. As we have seen,
this is in agreement with the results of the generalized
shell model.

A comparison of the properties of the nuclei GsEuggz
and G3Eu§i4 is particularly interesting in this connec-
tion. These two nuclei have the same spin and parity
3~ in the ground state, and evidently have almost the
same deformed equilibrium shape. At the same time,
as has been noted, Eu!® has no long-lived isomeric
level, but in Eul® there is a well known isomeric state
with Tye=9.2 hr.2,2¢ The spin and parity of this
state®® are 07,

This difference in the properties of the adjacent nu-
clei Eu'®® and Eu'™ is due to the fact that, unlike Eul®,
Eu!®? js right on the boundary between spherical and de-
formed nuclei. Some years ago it was shown that the
equilibrium shape of this nucleus must be in a state of
“‘unstable equilibrium.’’$* Therefore we may suppose
that with even a slight excitation there is a change of
the equilibrium shape of the nucleus, and in the iso-

meric state the nucleus ggEu}3? is spherical.3

Therefore the isomeric transition in gEuls? is due
not only to a change of the spin by 3 units, but also to
an important change of the equilibrium shape. This
must greatly slow down the isomeric transition. In
spite of careful searches, this transition of type M3
with energy 50 kev has not yet been detected. In com-
parison with ordinary one-particle proton transitions
it is slowed down by a factor of more than 5 x 105,
which fully corresponds to our expectations.

*The slowing down of these transitions owing to the weak K se-
lection rule, which comes into play in cases with AK > A I, is of
no practical importance.
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Besides isomeric levels that have the same con-
figuration as the ground state, in odd-odd nuclei one
often encounters isomeric levels associated with a
change of the state of one or both odd nucleons. The
parity of such a level can differ from that of the ground
state. Therefore no restriction is placed on the multi-
pole character of transitions from such levels. They
can be of types E3, M3, E4, M4, etc.

Isomeric levels of this type are observed in ¢Th!5,
ssTblssa 67H0160, -,3Tam, 75Re138, 93Np24°, 99Es254, etc.25:2
The experimental data are inadequate, however, for a
more detailed analysis of these levels.

3. CONFIGURATION ISOMERIC LEVELS AND POS-
SIBILITIES FOR THEIR EXCITATION BY MULTI-~
PLY CHARGED IONS

a) Introduction. As is well known, excited energy
levels of electrons in atoms can arise not only through
transitions of electrons from one shell to another but
also by various ways a given number of electrons can
be accommodated within unfilled shells. For example,
there are the levels 'D,, 3P, ; 4, and 'S, that can be
formed when there are two p electrons in the outer
shell. The energy difference of such levels, which
arises from the interactions within the shell, is rel-
atively small (~ev), and is about an order of mag-
nitude smaller than the energy difference of electrons
in different shells.

Naturally in nuclei to which the shell model applies
there can also be observed not only levels correspond-
ing to transitions between shells, but also levels aris-
ing from the intrashell interaction of nucleons —the
configuration levels, which have already been men-
tioned in the first sections of our review. The possible
values of the total angular momentum of configuration
levels when there are various numbers (k) of nucleons
in shells with j = % —1, are listed in the table, which
is taken (with some emendations) from the book by
M. Goeppert-Mayer and J. Jensen.!?

When there are only two or three nucleons {(or holes)
in the shell, shifts of one nucleon (or hole) can lead to
the realization of any of the configuration levels enumer-
ated in the table. 6, on the other hand, the shell con-
tains k = 4 nucleons (or holes), one-nucleon transi-
tions can excite only those levels which are realized
with two (for even k) or three (for odd k) nucleons
in the given shell. Not all of these levels, however,
can be realized in one-nucleon transitions — some of
them occur as the result of a mixture of one-nucleon
transitions and transitions of two or more nucleons.
For example, one-nucleon transitions from the ground
state (J = 0) of four nucleons in the shell with j = %,
cannot give the configuration levels with angular mo-
menta 9, 10, and 12.

The differences of the excitation energies of the
configuration levels enumerated in the table evidently
amount to tens and hundreds of kev, and basically these
levels are almost equidistant. Because of the necessity
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Possible values of the total angular momentum for
configuration levels ( j)k

i=3/2
k=1 3/2
2 0.
j=5/2
k=1 5/2
2 0, 2,4
3 3/2, 5/2, 9/2
j=17/2
k=1 7/2
2 0, 2, 4, 6
3 3/2 5/2, //z 9/2, 1172, 15/2
4 0, 2,2, 4, 4,5,6, 8
j=9/2
k=1 9/2
2 0, 2, 4, 8
3 ’/2 0/2, 72 9/2, %2, 11/2, 13/2, 15/2, 1772, 21)2
4 0,0,2 23 4 4, 4,5 6,6,6.7,8 8 9, 10, 12
5 1/2, 3/2, 5/2, 5/2, 1/2, 7/2, 9/2, 9/2, 9/2, 11/2, 11/2, 13/2, 13/2,
152, 15/2, 1772, 17/2, 19/2, 2172, 25/2 ;
j=11/2
k=1 03, 4 6, 8 10
2 Y 4 4, U, O, . . o - ) ‘
: 37275/, 7/2, 972, 92, 1172, 11/2, 13/2, 152, 152, 17/2, 19,2,
3 21/2, 2312, 2172
4 0,0 2,2, 2,3,4 4,4, 4,5,5,6,6,6,6,7,7,8,38,8,8,9,
9, 10, 10, 10, 11, 12, 12, 13, 14, 16
5 172 3/5, 3/2, 372, 502, 5/2, 172, 1/2, 1j2, T2, 9/2, 9/2, 92, 9/2
11/2 11/2, 1172, 14/2, 11/2, 13/2, 13/2 13/2 13/2 19/2, 10/2 15/2
1572, 15/2, 17/2, 172, 17/, 17/, 1972, 19/2, 19/2," 19/2, 2172,
2172, 21/2 232, 23/2, 2372, 35/2, 25/2, 27/2,27/2, 29/2, 31/2, 35,2
6 0,0,0,2, 2 2,2,3,3,3 ,,,4,4,4555,6,6,6,6,
6, 6, 7 7 7, 7, 8, 8, 8, 8, 8,8, 9,9, 9,9, 10, 10, 10, 10,
10 11 11, 12, 12 12, 12, 13, 13, 14, 14, 15, 16, 18

for breaking up pairs of nucleons, however, the excita-
tion energy of the first of the levels can be consider-
ably larger (~ Mev). Therefore the entire ‘‘fine”’
structure of the configuration levels will by no means
necessarily lie below all of the levels from intershell
transitions, as is the case with rotational levels. 1t is
possible for a level from an intershell transition to lie
below the group of configuration levels (if the energy
of this transition is less than the pairing energy), or
for it to fall within the range of the group. This, how-
ever, does not change the general pattern of the transi-
tions between the configuration levels. These transi-
tions must occur with the emission of E2 or M1 radi-
ation or conversion electrons. For an energy differ-
ence of 20 — 100 kev between the levels the time for an
E2 transition, calculated (without taking conversion
into account) for a one-proton transition,12:38
= (6 x 1074 —2) A~¥3 sec. Inclusion of the effect of
electron conversion can lower the upper limiting value
of T by two or three orders of magnitude. It is obvi-
ous, however, that when conversion is taken into ac-
count there is a quite real possibility of detecting iso-
meric E2 transitions between configuration levels.

As is clear from the table, such transitions (which,

by the way, must in large part fall in the ‘‘millisecond’’

region Ty, =10"°—1 sec) are most probable in shells
in which the number of nucleons (or holes) is 2.

b) Cross Sections for the Excitation of Configura-
tion Levels by Multiply Charged Ions. While they some-
times have angular momenta very different from that of
the ground state, configuration levels of the intrashell
interaction are at the same time characterized by rela-
tively small excitation energies.

This causes a specific feature of their excitation:
the most characteristic intrashell levels (with large
angular momenta) cannot be obtained by bombardment
of nuclei with elementary particles, nor as the result
of B decay or vy radiation from a level of another type.

For example, even for the relatively small angular-
momentum change Aj=4 [for instance, in the produc-
tion of O*(47) by the inelastic scattering of neutrons]
one must bombard O!® nuclei with neutrons with ener-
gies of the order of tens of Mev (which corresponds to
the condition RQ18 ~ 4%y ). Itis clearthat at such anen-
ergy all sorts of nuclear reactions will predominate,
and the excitation of intrashell levels is extremely im-
probable. Therefore, as has been pointed out in refer-
ence 37, the most effective way of exciting configura-
tion levels with large angular momenta must evidently
be by interaction with complex nuclei, i.e., by bombard-
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ing nuclei with multiply charged ions with sufficiently
large values of the angular momentum of the outer neu-
tron shells.* As examples we can name the ions O
(neutrons d/;), Ne? (d}s,), 13A" (), 36Kr® (gf)),
36Kr® (g}/,). The excitation of configuration levels can
occur both in inelastic scattering, for example,

13AT% (0) + 56Kr® (972 +) — [y Art®* (6 5- ) 4 Kr®™* (212 +),

and also sometimes in neutron transfer processes of
the type

a6K 18 (9724 )+ 365187 (9/2 4 ) —> gKr®** (8 + ) 4 555r%* (8 +).

Neutron-transfer processes have, it is true, been
rather thoroughly analyzed theoretically in a number
of papers (cf. e.g., references 38 and 39), without a
special analysis of the possibility of excitation of con-
figuration and other levels. The theory of the excita~
tion of configuration levels in inelastic scattering of
complex nuclei is given in references 37 and 40.

In reference 37 one of us has treated in the quasi-
classical approximation an interaction between com-
plex nuclei 1 and 2 in which there is an actual exchange
of two neutrons: one neutron goes from nucleus 1 to
nucleus 2, and the other goes from 2 to 1. The cross
section for this neutron-exchange interaction is pro-
portional to the exponential factor

W=exp{ — 3225 (Vaml,+ Vm) } M
where Z; and Z, are the charges of the nuclei, I; and
I, are the binding energies of a neutron in nuclei 1 and
2, m is the mass of the neutron, and E; is the energy
of the relative motion of the nuclei. The calculation of
the exponential for the exchange of the neutrons was
made in complete analogy with the calculation of E. M.
Lifshitz® for the process of transfer of a neutron from
one complex nucleus to another. The coefficient of the
exponential was estimated from a comparison of the
Lifshitz formula with experimental data on the transfer
of neutrons from N nuclei. In this way the energy
dependence of the cross section for precesses of inter-
action by direct neutron exchange was obtained, and es-
timates were found for the size of such cross sections
near the limiting barrier energy of the colliding nuclei
—values 1073 to0 1072% ¢cm?. Recently papers have ap-
peared*$»42 reporting the observation of ‘‘exchange
transfer’’ of neutrons and other particles, for example
(p ==n); the cross section for this process at the top
of the Coulomb barrier is 2 x 1073 ¢m?2, in agreement
with the estimate.’” Thus experimental data obtained
from the study of reactions of heavy ions confirm the
reasonableness of this sort of approach to the proba-
bility of the observation of many new configuration
isomeric levels. In reference 40 the theory of the ex-
citation of such levels has been further extended to the

*It can also not be excluded that there is production of nuclei
with excited intrashell-interaction levels among the fission fragments.
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case in which the process is not due to the actual ex-
change of two neutrons. The formula (1) can be re-
written in the form

2)

where R = Z,Z,e?/E, is the minimum possible distance
between the centers of the colliding nuclei, as calcu-
lated classically from the Coulomb interaction, and
= (2m]; /H?)Y? is the reciprocal of the relaxation
length of the wave function outside the nucleus, com-
puted for a neutron with binding energy I. This must
be the form of the expression for the probability of ex-
citation of one-nucleon neutron levels, not only in the
case of actual neutron exchange, but also when the pos-
sible virtual processes are considered; the only differ-
ence is that instead of I; and I, one inserts in Eq. (2)
the values I and I¥*, the binding energies of the neu-
tron in the ground and excited states of the nucleus.

In fact, we can then interpret Eq. (2) as the exponential
factor in the square of the absolute value of the matrix
element for the transition of a neutron from the state
of energy I to that of energy I* owing to a perturba-
tion localized at the distance R from the nucleus.

In the calculation of the cross sections for excita-
tion of neutron levels by such a mechanism made in
reference 40 account was also taken of some features
not considered in the approximate calculations, namely
the finite size of the nucleus and the nonadiabatic na-
ture of the process (the necessity for transfer of part
of the energy of the colliding nuclei to excitation of
the level). These two effects act in opposite direc-
tions, but cannot completely compensate each other,
because the correction to the coefficient of the expo-
nential associated with the finite size of the nucleus
does not depend on the energy, whereas the effect of
the nonadiabatic nature of the process gives a factor
which falls off exponentially for small energies of the
colliding nuclei (which also causes the predominance
of excitations of levels with small energies, for ex-
ample configuration levels). Calculations?’ made in
the quasi-classical approximation (i.e., for the clas-
sical Coulomb trajectory of the colliding particles)
gave the following expression for the cross section
for excitation of neutron levels:

Oexc = Oexc CXP { - 2(R —0) (n L xn*)

W =exp{— 2R (%, +%,)},

—2R 2 arctg (3)*
Yo

w
Yp (K+“*)} ’
where olyc is a quantity which varies rather slowly
with the energy and is close (in order of magnitude)
to the geometrical cross section, p is the sum of the
radii of the colliding nuclei, w = (I-I*)/H is the fre-
quency of the transition, and v, is the relative veloc-
ity of the motion of the colliding nuclei at infinity.

On the other hand, it can be shown that the cross
section for the transfer of a neutron from one nucleus

—1
*arctg = tan™ .
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(with binding energy Iy for the neutron) to another
(with binding energy IB for the neutron in the final
nucleus) can be written, for the case Ig < Iy, in the
form

Otrans = Ofrans €XP { —2(R—0)»g—2R (z—o arctg ;:—)%} , (@)

where kg = (2mIB)1/2, w’ = (Ig=1g)/h, and Obrans 18
a quantity of the order of magnitude of the olx; for
the final nucleus. Therefore the excitation cross sec-
tion of a nucleus with N neutrons and Z protons is

Gexe (N, Z) & Ggrans (N —1, Z) exp { —2(R )% (N, Z)

~2RI(N' Z)f/* (N, 7)
Lo,

ete D) TV, 2)
AL e It (N, Z) 1 x* (V, Z)]

I(N—1, Z)— [{N, 2)
741/0

T(N—1, 2)—1(N, %)

+ 2R g (X (N1, Zy== (¥, Z)] [ 7

arctg ]

where Ggxe and oipang are to be taken at the same
speed of the relative motion. The numerical values

of the excitation cross sections are close to the values
obtained in reference 37 for the direct neutron-exchange
interaction.

The detection of inelastic scattering by the subse-
quent radiation of millisecond duration is of course
more difficult than the detection, already accomplished,
of p ==n exchange processes, which lead to the forma-
tion of relatively long-lived active products. Work with
heavy ions is, however, coming to be done on a wider
and wider scale, and there is no doubt that its further
development will in the next few years make it possible
to establish the existence and properties of many new
configuration isomeric levels.
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