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The suggestion that some atomic nuclei would be able to exist in more than one stable or
metastable configuration was proposed by Soddy in 1917. Subsequently, the first experimental
example of such an isomeric pair was reported by Hahn in 1921, in the form of two metastable
states of 234Pa, then known as UZ and UX,. Nowadays, of the 3437 nuclides listed in the most
recent NUBASE evaluation, 1318 have at least one metastable excited state with a half-life of
100 ns or longer. The present work reviews historical aspects of nuclear isomers, and the
different physical mechanisms that lead to their formation. Selected frontiers of contemporary
isomer research are discussed, with an emphasis on remote regions of the nuclear landscape.
Some possibilities for the electromagnetic manipulation of isomers are included.
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1. Introduction

There are almost 300 different combinations of neutrons and
protons (nucleons) that form the naturally occurring nuclides,
i.e. the ones that are stable or have very long half-lives, so
that they have survived on the Earth since its formation
approximately 4.5 billion years ago. As atoms, with their
surrounding electrons, these nuclides constitute the Earth
itself and everything on it. In addition, there are thousands of
nuclides with shorter half-lives, sometimes only fractions of a
second, which can be synthesised and studied in the labora-
tory, and may have important uses such as in medical imaging
and cancer treatment. Furthermore, every nuclide has excited
states that arise from different arrangements of its given set of
nucleons. The low-energy excited states typically are bound
against nucleon emission, and most of them de-excite to the
ground state rapidly by electromagnetic (y-ray or conversion-
electron) decay, on a time scale of picoseconds.

In contrast, nuclear isomers are relatively long-lived
‘metastable’ excited states, with half-lives ranging from
nanoseconds to years. The existence of isomers depends on
both the individual-nucleon orbits and the collective (whole
nucleus) behaviour, so that empirical isomer properties shed
light on these basic modes, and their interplay. The long half-
lives of isomers can open up astrophysical applications, and
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more generally applications at the atomic-nuclear interface,
including the possibility to achieve atomic manipulations of
nuclear properties. A long-sought application would be the
development of a ~-ray laser, and this goal could now be not
far over the horizon.

Historically, the concept and manifestation of nuclear
isomerism developed over several decades [1]. Initially, the
hypothesis that there could exist two or more long-lived (or
stable) states of a single nuclide was put forward by Soddy in
1917, who referred to states that are ‘different in their stability
and mode of breaking up’, representing a ‘finer degree of
isotopy’ [2], but it was not until 1921 that Hahn found the first
example of an isomeric pair of states [3], UZ and UX,, later
known as >>*Pa and **"Pa (where the m specifies a meta-
stable excitation). In fact, Hahn’s new finding from a study
of the 3 decay of ***Th was the 7| 2 = 6.7 h lowest-energy
(ground) state of 234pa, while the 1.2m decay from an
excited state, which is the principal product of ***Th (3 decay,
had been identified eight years previously by Fajans and
Gohring [4, 5].

Following Hahn’s discovery, it turned out to be difficult
to pin-down the details of the 234py structure, and in 1934
Gamow suggested that the isomerism could be due to an
antiproton in the nucleus [6]. Although he was far from the
mark with his interpretation, Gamow seems to be the first to
refer in the literature to ‘isomeric’ states, by analogy with
chemical isomers, i.e. different physical arrangements of a
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given set of constituents—atoms in the case of chemical
isomers, protons and neutrons in the case of nuclear isomers.
The following year, the production of neutrons through the
bombardment of *Be by « particles [7, 8], enabled the dis-
covery of further isomer examples, in indium and bromine
[9, 10]. Then, in 1936, the explanation of isomers was given
by von Weizsidcker in terms of spin (i.e. angular momentum)
[11, 12]: large spin changes, especially when combined with
low transition energies, could lead to low electromagnetic
transition rates, and hence to the possibility of extended half-
lives for excited states—the so-called spin isomers. These
became a linchpin of the nuclear shell model [13—17]. The
angular momentum could, in general, be understood as
coming from unpaired nucleons: one nucleon in the case of
low-energy states in odd-A nuclides (where A is the atomic
mass number) and two nucleons in odd-odd nuclides. At
higher excitation energies, broken pairs could generate sub-
stantial spin values. The existence of high-spin isomers at
relatively low excitation energies gave rise to the term ‘yrast
traps’, where the yrast (dizziest, from Swedish) states are
those of lowest energy for a given spin.

It is worth noting that, following Soddy’s suggestion
(1917) and Hahn’s discovery (1921), there remained con-
siderable scepticism about the very existence of isomers, until
von Weizsicker’s explanation (1936). Even von Weizsécker
remained doubtful, and is reported as saying (1936) that
isomers ‘in fact do not seem to occur’ [18], just before he
published his explanation of isomerism.

In 1937, Bethe published the second part of a nuclear
physics review [19] with insightful comments about isomers.
He considered that, at the time, bromine provided the best
evidence for isomerism in nuclei. He also estimated that the
mean partial 7-ray lifetime in units of seconds would be:

=15 x 1072IL12(20/E, )*+1, )]

where L is the angular momentum carried by the emitted ~-
ray photon and E, is its energy in MeV. It is now common
practice to compare experimental half-lives with the Weiss-
kopf single-particle estimates [20]. The following are the
Weisskopf half-lives [21], in units of seconds, for dipole
(L = 1) and quadrupole (L = 2) transitions:

Tl%(El) =6.76 x 10—15E7—3A—2/3’ @)

T, (M1) = 2.20 x 10 ME 3, 3)
7"1%(152) =9.52 x 10_9E;5A—4/3, @
Tl%(MZ) =3.10 x 10*8E7—5A72/3. )

The Weisskopf hindrance factor can then be expressed as:
Fy = T)) /T, 6)

where qu)z is the partial y-ray half-life, which is determined
experimentally.

The 1930s were key years for nuclear physics, leading to
Hahn and Strassmann’s observation of barium after bom-
barding uranium with neutrons (published early in 1939) [22];
and Meitner and Frisch’s explanation in terms of the fission of
uranium [23]. Meitner, in particular, had been advocating that

isomers were key to understanding the many different half-
lives that were being observed when bombarding uranium
with neutrons, perhaps significantly delaying the discovery of
fission itself. So, they are telling words in the 1939 paper: °...
it might not be necessary to assume nuclear isomerism’ [23].
This did not, of course, stop a growing interest in the role of
isomers in nuclear structure.

The realisation that nuclei could be non-spherical opened
the way to their description in terms of deformed shapes with
axial symmetry, and hence, in 1955, to the specification of the
K quantum number and K-forbidden transitions [24]. Here, K
is the projection of the total angular momentum, /, on the
symmetry axis. Due to incomplete conservation of K, these K-
forbidden transitions were already understood to be inhibited
rather than strictly forbidden, and the degree of K for-
biddenness of a transition was expressed as v = AK—L,
where AK is the change in K (see also section 4). Therefore,
while von Weizsicker [11] had focussed on the role of the
magnitude of the angular momentum, a nuclear symmetry
axis meant that the direction of the angular momentum vector
could also be important, leading to the formation of K
isomers.

In fact, K isomers had been observed even before the K
quantum number was known to exist. The first cases with
(later understood to be) highly K-forbidden decays were in
19905 (1950) [25] and "8°Hf (1951) [26]. The latter is parti-
cularly notable because of Bohr and Mottelson’s interpreta-
tion (1953) [27] of the near-perfect rotational character of the
states populated in the isomer’s decay. The (later) structural
understanding of K isomers depended to a significant extent
on the rotational character that they had themselves revealed.

A third class of isomers was discovered in 1962 by
Polikanov et al [28, 29]. They found isomeric fission from a
Ty, = 14ms excited state of 22Am, which could be
interpreted as being due to a superdeformed minimum
in the potential-energy surface [30, 31]. Fission isomers
have been found with nucleon numbers 90 < Z < 97 and
141 < N < 151 [30-32] and fall within the broader class of
‘shape isomers’ [33]. The inhibition of the decay transitions
comes from the associated shape changes, which involve
substantial configuration changes, i.e. changes in the indivi-
dual nucleon orbits. The longest-lived shape isomer is the
14 ms ***Am fission isomer.

The three principal classes of isomerism, due to changes
in spin, K and shape, can occur in any combination, though
the decay inhibition due to a shape change can be difficult to
recognise and separate from spin- and K-changing influences.
An unambiguous example of a mixture of spin and K iso-
merism is evident in the 2.5MeV, I™ = K™ = 16" isomer of
"SHf (rr is the parity). Here, the predominant electromagnetic
decay [34] is by a 13 keV, Al = 3, E3 transition (low energy,
high multipole order) with AK = 8, hence with large K-for-
biddenness, v = 5. The resulting half-life from the combi-
nation of both spin and K isomerism is 31 years. (Note that, in
deformed nuclei, the K value for an isomer is almost always
assumed to be equal to its spin, I.) From the historical per-
spective, the K™ = 10, 16 m isomer of 18273 should also be
mentioned. Discovered in 1947 [35], it is the earliest example
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Figure 1. Nuclear chart of proton number, Z, versus neutron number,
N, showing isomers (red dots) with excitation energies greater than
2 MeV and half-lives geater than 500 ns. Naturally occurring
nuclides are represented as pale blue squares. The black lines are at
the magic numbers where shell gaps favour spherical shapes.
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Figure 2. Representation of isomer half-lives in the deformed rare-
earth region (60 < Z < 76, 96 < N < 116) where each isomer
involves at least four unpaired nucleons. For a given nuclide with
more than one such isomer, the maximum half-life is illustrated.
Each value of Z is represented by a given colour, e.g. blue for

Z = 72 (hafnium). The data are from Kondev et al [38], except for
the lowest-mass example, '°°Sm [39]. Naturally occurring nuclides
are shown as squares in the N—Z plane.
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that has v > 1, K-forbidden decay, though its long half-life
comes more from the high multipole order, E3, of its pre-
dominant decay branch [36], rather than the weak (v = 2)
degree of forbiddenness—making it more of a spin isomer
than a K isomer.

Considering the whole nuclear chart, with 3437 nuclides
listed in the most recent NUBASE evaluation [37], 1318
have at least one isomer with a half-life of 100ns or
longer. They are distributed over the whole mass range,
from }?Be (2251keV, T/, = 2291ns) to {{0Ds (1390keV,
T/, = 10ms). Although widespread, the distribution of
isomers is far from being random. Figure 1 shows this effect
for isomers with excitation energies greater than 2 MeV and
half-lives greater than 500 ns. It is evident that the isomer-
favoured nucleon numbers cluster around closed shells, but
there are also groups of isomers well away from the closed
shells, in regions of prolate (rugby-ball shaped) deformation.
These are mostly high-K isomers. A different representation is

shown in figure 2 for high-K isomers involving at least four
unpaired nucleons, in the A ~ 180 deformed region, with
"7SHf providing the longest half-life of 31 years (=10’ s).

The 100 ns lower limit for specifying an isomer in the
NUBASE evaluation [37] is arbitrary. Indeed, the use of the
term ‘isomer’ depends on the context and has changed over
the years. Experimentally, a key point is that isomeric-state
half-lives can enable the separation in time and/or space of
the decay radiations, from the usually much more intense
‘prompt’ radiation flux emitted within picoseconds of the
production process. On this basis, one of the shortest-lived
isomers is a fission isomer of 240Cm, with a half-life of 10 ps
[40]—sufficient time to identify delayed-fission events. More
typically, for y-ray measurements, a half-life of a few nano-
seconds is needed.

At the other end of the half-life range, there is only one
quasi-stable isomer, 180’”Ta, which is a 75keV, K™ =9~
excitation. It could, in principle, decay by 75keV, M8
(v =0) and 35keV, E7 (v = 1) electromagnetic transitions,
but these have not been observed and the current half-life
limit is 7y, > 4.5 X 10'° years [41]. Meanwhile, the ground
state has a half-life of 8 h. Thus, uniquely, the isomer exists
naturally, but not its ground state. There is no known nuclide
where both the ground and isomeric states are naturally
occurring.

The energies of isomers in deformed nuclei range from
8.3eV fora K™ = 3/2" state in ***Th [42] with T}, = 7 s
[43], to 7.5MeV for a K™ = 57/2" state in '""Hf with
Ty, = 22 ns [38, 44], though, for the identification of higher
isomer energies, it could be experimental access that is the
main limiting feature. In spherical or near-spherical nuclei,
the highest-energy isomer known is an I™ = 28~ state in “**Pb

at 13.8 MeV, with T, = 60 ns [45].

In addition to electromagnetic decay, isomers can decay
by the same processes as ground states, namely « decay, (3
decay, fission and proton decay. Indeed, proton radioactivity
was first observed from an isomer, 33mCo [46, 47]. It could be
that neutron radioactivity will, at some future date, be first
identified from an isomer [48-50].

Leading on from earlier work [51-55], there have been
several recent reviews of isomers. Jain et al [56] listed all
isomers with half-lives greater than 10 ns, compared to the
100 ns lower limit in the NUBASE evaluation [37]; Heyde
and Wood have discussed shape coexistence and shape iso-
merism [33, 57]; Kondev et al [38] made a comprehensive
analysis of high-K isomers with mass number A > 100,
excluding one-particle isomers in odd-A nuclides and two-
particle isomers in odd—odd nuclides; Walker and Xu [58]
discussed K isomers and their rotational structures; Dracoulis
et al [59] reviewed all high-spin isomer structures for
A > 150, including discussion of experimental techniques,
and medical and other applications (note that the most com-
monly used radionuclide for medical imaging is itself an
isomer, 99”’Tc); and Ackermann and Theisen [60, 61] sum-
marised the data on K isomers in superheavy nuclei.
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2. Shape and fission isomers

Fission isomers were first observed by Polikanov et al
[28, 29] in 1962, and their discovery sparked an intense
period of investigation, with associated reviews [30-32,
62—-65]. The delayed fission enabled highly sensitive experi-
ments to be performed, with half-lives down to 10 ps [40].
The theoretical understanding hinged on the incorporation of
shell effects into the liquid drop model [31, 66, 67]. The
fission takes place from a second minimum in the potential-
energy surface, with superdeformed shape (prolate spheroid,
with axis ratio 2:1) and I™ = 0" in the case of even—even
nuclei. Two examples of fission isomers have been found
where ~-ray ‘back-decay’ to states in the first well competes
with spontaneous fission, namely By [68] and B8y [69].
Here, ~-ray back-decay can be viewed as shape-tunnelling
through the axially symmetric quadrupole () shape degree of
freedom—see also section 4 for comparison with K-isomer
decay by tunnelling through the v degree of freedom. Fission
isomer properties, including half-lives, are broadly under-
stood in terms of the underlying shell structure [70-73], with
new advances for odd-A nuclides [74]. A recent experiment
identified a T, = 3.6 ms fission isomer in 25U for the first
time [75].

Isomeric excitations within the second well were also
found, such as in 238py [76], where the more highly excited
isomer has a longer half-life. This is interpreted as a high-K
isomer in the second well, a situation recently discussed by
Liu et al [77]. In common with the other examples, it is not
known whether the high-K ‘fission’ isomer actually fissions,
or whether it v decays to the ground state of the second well
and then fissions.

Fission isomers are examples of the more general class of
shape isomers [33, 57, 78]. Often, different shapes coexist
without isomerism being evident, as exemplified in '%°Pb,
with three different /™ = 0" states identified below 1MeV
[79]: the ground state together with excited states at 532 and
650keV, having spherical, oblate and prolate shapes,
respectively. Even when isomeric, I™ = 0" excitations are
short lived, with Ty, <3 pus throughout even-even
nuclei [56].

It is interesting to consider the situation in even—even
nuclei where an I™ = 0" isomer is the first excited state. In
that case, single-photon decay to the I” = 0" ground state is
forbidden, and there is enhanced sensitivity to two-photon
decay, in competition with e~ pair decay and conversion-
electron decay. There has been successful observation of two-
photon decay in 160, 40Ca and 90Zr, in each case with a
branching ratio between 10~* and 1073 [80]. If, in addition,
the I” = 0" isomer has an excitation energy below 1022 keV,
then e’e” pair decay is no longer possible. Recently, Hen-
derson et al [81] set a branching ratio limit of < 10~ for **Mo,
where the 0" isomer is at 735 keV. Now consider producing
this kind of isomer in a storage ring [82] with all the electrons
removed, so that conversion-electron decay is impossible: the
half-life would increase by several orders of magnitude, and it
may be possible to study two-photon decay (and perhaps
other rare processes) simply by measuring the value of the

extended half-life. There are only four nuclides with 0" iso-
mers (77, > 10 ns) where this opportunity exists: 2Ge, K,
%7r and **Mo.

Shape isomerism may be combined with spin and/or K
isomerism, though the relative importance of the different
transition-inhibition mechanisms is difficult to separate. An
outstanding example is the triple coexistence, within 240 keV,
of three isomers in '*%Pb [33, 59, 83]: a prolate K™ = 8~
isomer at 2577 keV with Ty, = 1.2 us; an oblate K™ = 11~
isomer at 2702keV with T;,, = 38ns; and a spherical
I™ = 127 isomer at 2710keV with Ty, = 136 ns. Longer-
lived isomers associated with substantial shape differences
have been identified from their mean-square charge radii
measured by laser hyperfine spectroscopy [84], such as **"Y
with Ty,, = 2s, and 185mHo  with T/ =22s. In these
examples, substantial spin differences, between isomer and
ground state, are also involved.

3. Spin and seniority isomers

The lifetime of an excited nuclear state is determined by the
properties of the possible decay paths, and depends very
strongly on the angular momentum (L) of the de-exciting
photons. For non-parity-changing transitions, typical emis-
sion probabilities have ratios for L = 1(M1):L = 2(E2):
L = 3(M3):L = 4(E4) of 1:107%:107 %107 12, Corresponding
values for parity-changing transitions are 1:10~7:10~'%:107"7
[85]—see also equations (2)—(5). In addition, for a fixed L the
partial half-life is given as 7y, ~ 1/ (Ew)zLH. Consequently,
long-lived isomeric states are expected when the available
decay paths require high L and/or low E.. At low E, the
competing decay via internal electron conversion becomes
important, which can greatly reduce the T/, dependence on
energy.

As an example of spin isomers, the isotopic chain of
neutron-rich odd-mass gold isotopes is presented. The struc-
ture of 2°>Au with a magic number of neutrons, N = 126, is
characterised by single-proton-hole states. There are only two
states expected below the I™ = 11/27, hy, /2 excited state at
907 keV [86]: the 3/27, ds/, ground-state and the so-far
unidentified 1/27, s, /2 state. Therefore, the minimum spin
change of the decay is 11/2 — 3/2 = 4 /1, which results in a
seconds-long lifetime [86]. In contrast, in the lighter
203.201.199 Ay jsotopes [87-90], a 7/27" state is also present
below the 11/27 state, opening a decay path with L = 2. This
reduces the lifetime by several orders of magnitude. Never-
theless, the 11/27 states remain isomeric, due to the low
L = 2 decay energies. In '*’Au [91], the situation is some-
where between that in *Au and 2°*2°"'°Au. The available
state between the 11/2" state and ground state has spin-parity
5/27, therefore the decay from the isomer proceeds via a low
energy E3 transition. This results again in a much longer half-
life, similar to that in 205Au. The evolution of the 11 /2"
isomeric states in '*72%3Au, shown in figure 3, provides a
good illustration of the importance of both L and E.,.

In the above discussion we did not consider the wave
functions of the states involved. Transitions between states



Phys. Scr. 95 (2020) 044004

P Walker and Z Podolyak

6(2) s
12 907
0.44(3) ms 140(40) us ~340 us 1
7736)s - 549 1172 641 4172~ 594
1M2- 409 — +
1z 710 712+ 2 | 907
493 563 553
30+ 219 32+ 32+ s | 32+
197Au ’IQQAU 201Au 203Au 205Au

Figure 3. Spin isomers in the '*7 2> Au odd-mass isotopic chain
[86-91]. Transition energies and isomer excitation energies
(in italics) are in keV, and the isomer half-lives are given.
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Figure 4. Reduced transition strengths in Weisskopf units,

W.u. = 1/Fy, for the 8* isomeric states in the N = 50 isotones
92Mo, 94Ru, %Pd, and %8Cd [95-97]. The isomer half-lives are given.
The characteristic U shape is clearly visible, although it is not quite
symmetrical. On the right-hand side, as an example, the level scheme
of %8cd [98] is shown, with the seniority numbers given for each
state.

can be inhibited because of nuclear structure reasons. One
such case is that of seniority isomers.

The term seniority was introduced by Racah in the
context of electrons in order to explain atomic spectra [92]. In
nuclear physics, seniority (denoted by the letter v) is the
number of nucleons that are not paired to angular momentum
zero. Seniority isomers occur in semi-magic nuclei. In the
ground-state of an even—even nucleus the seniority is zero, i.e.
all nucleons are paired to angular momentum zero. The
lowest energy excited states are formed by breaking a proton
or neutron pair, therefore they have seniority v = 2. A classic
example of seniority isomers is in the N = 50 isotones with
7 = 42-48: °*Mo, **Ru, *°Pd, *Cd. The two unpaired pro-
tons are in the g9/, orbital and the v = 2 states have angular
momenta I = 2, 4, 6, 8. The 8" states are isomeric due to the
low energy of the 8% — 6 electric quadrupole E2 transition.
In addition, the reduced transition strength, B(E2), is small
when the valence gy, orbital is close to being half filled. This
is because the quadrupole operator is zero at mid-shell [93].
The characteristic U-shaped transition strength curve is shown
in figure 4, together with the level scheme of **Cd. Note that
the seniority isomers do not involve a change in seniority. The
isomer and the state it decays to have the same seniority. In
contrast, the B(E2) of the seniority-changing Av = 2 transi-
tions, such as the 27 — O transition, has an inverted U shape
as a function of Z, with the maximum at mid-shell [94].

While the previous case involves protons in the go/
orbital, gg,» neutrons give rise to similar 8", v = 2 seniority
isomers. This is the case in neutron-rich semi-magic (Z = 82)
lead isotopes. As expected for seniority isomers, the transition

o
~
[

B(E2) (W.u.)
o
=

\ \ \ \
128 130 132 134
Figure 5. Reduced transition strengths for the 8, neutron g92/2 states

in the 2'%21%Pb isotopes [99, 100]. The isomer half-lives are given.
The characteristic U shape is clearly visible, although it is a little
distorted.

strength of the 8" — 6" decay is larger when either the g9/,
orbital is almost empty (210Pb) or almost full (216Pb), with the
minimum when the orbital is roughly half full (*'>*'*Pb) [99].
This is illustrated in figure 5.

Neither in the N = 50 nor in the Z = 82 chains is the
variation in the transition strength from the isomeric states
perfectly symmetric. For example B(E2; **Ru) < B(E2; “°Pd),

and B(E2; *'°Pb) > B(E2; *'°Pb). These variations are
explained by a more complex structure of the two states
involved, that of the isomer and the state it decays to. In the
lead isotopes, the higher lying i;; /, neutron orbital also gives
rise to 8" and 67 states. These mix with the neutron g92/2
states, and the perfect symmetry in B(E2) is destroyed. The B
(E2) values in all four isotopes have been explained quanti-
tatively by considering effective three-body interactions [99]
in the shell model. An often invoked effect is seniority mix-
ing. Higher seniority states with v =4 can mix with the
v = 2 states of the same spin-parity. However, the mixing
matrix element is small compared to the typical energy dif-
ference between v = 2 and v = 4 states, usually resulting in
only small seniority mixing, as shown by Van Isacker [101].

Seniority isomers are expected, and have been observed,
involving other high-j orbitals as well. For example, in the
neutron-rich Z = 50 tin isotopes the f7,, neutron orbital is
the first one to be filled beyond doubly magic '**Sn. Indeed,
the 6 states with an f72/2 configuration are isomeric in
134.136.138g [102]. However, the B(E2) does not exhibit the
expected U-shaped behaviour (see figure 6). The transition
strength decreases as neutrons are added to the N = 82 closed
shell. The B(E2) at '*°Sn is large, while based on the seniority
scheme it should be zero. The experimental value can be
reproduced by reducing the neutron f5 /2 matrix elements. This
has the effect of lowering the energy of the second 4 (v = 4)
state, so that it lies close to the first 47 (v = 2) state and there
is strong mixing between them. If the yrast 4 state has
roughly equal parts of v = 2 and v = 4 components, the high
B(E2) value is reproduced [102]. (Recall that the Ay =2
transition strengths are maximal when the orbital is half full.)
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Figure 6. Reduced transition strengths for the 67 isomeric states in
134.136,138g, [102, 103]. The isomer half-lives are given. The simple
seniority scheme is not valid.

A slightly different behaviour has been observed in the
neutron-rich Z = 28, "*7°Ni isotopes. Here the 8 states
have the neutron g92/2 configuration. Close to mid-shell, in
>Ni the B(E2) value is surprisingly large, practically
destroying the isomerism [104]. The case is similar in "*Ni.
This was explained, for both nuclei, by the predicted presence
of closely spaced 6" states with seniority v = 2 and v = 4.
The 8¥, v = 2 state decays into the 6, v = 4 state with large
B(E2) [101].

The departure from the expected U shape of the B(E2)
transition strengths can also be explained within the formal-
ism of the generalised seniority scheme. This concept was
introduced by Arima and Ichimura [105] for multi-j orbits, i.e.

several orbitals with different total angular momentum.

Recently this was developed further and successfully applied
for several cases. For the '**'*8Sn nuclei discussed above,
considering multi-j degenerate orbitals, the observed trend
was reproduced [106]. The generalised seniority method is
consistent with the more sophisticated shell-model
calculations.

Higher seniority isomers also exist. For example, in the
tin isotopic chain, v = 4 isomers are known in a range of
nuclei below '2Sn, with tentative v = 6 isomers also iden-
tified [107]. The odd-mass tin isotopes exhibit v = 3 seniority
isomers [108]. All these isomers in both the even- and odd-
mass tin isotopes involve the high-j, neutron Ay, /, orbital.
Due to the low number of particles involved, the shell model
is the natural tool for the theoretical studies. The generalised
seniority scheme has also been used successfully to describe
seniority isomers with v = 2 and v = 4 in the tin isotopes,
including their E1 decays [109].

In the above, the focus has been on reduced transition
rates, as these provide sensitive probes of the model wave
functions. For nuclei close to shell closures, the shell model is
also successful with excited-state energy calculations, but
these are less discriminating.

Isomeric states can be used as a tool to increase the
sensitivity of experiments. Nuclei produced with very low
yield can be physically separated from others and their decay
properties studied. In several cases the most exotic, neutron-

12~
energy 11~
10~
9
__/ isomer :
— . K=8
—_ 6+
— a4+
2+
O+
K=0

Figure 7. Conceptual diagram of some excited states in a deformed,
axially symmetric, even—even nucleus. Here, a K™ = 8" isomer
decays into the rotational band built on the K™ = 0" ground state.
Rotational states built on the isomer are also shown. In this example,
the isomer decays by an 8~ — 8%, E1 transition with AK = 8
(angled arrow).

rich isotopes have been studied in this way, as was the case in
the above-mentioned lead and tin isotopic chains. A good
example for future work is the study of neutron-rich N = 126,
Z < 82 isotones. The even—even isotones are expected to
have a 10" seniority isomer with the proton A /2 config-
uration. These were already identified in *°°Hg [110] and ***Pt
[111]. Isomerism is expected to persist in the lighter isotones
as well, providing a gateway for their experimental study. The
understanding of these neutron-rich nuclides is essential for
refining the theoretical predictions of the properties of the
astrophysical r-process waiting-point nuclides along the
N = 126 closed shell. In contrast, some of the r-process
waiting-point nuclides along the N = 82 closed shell were
already synthesised and studied experimentally. This could be
achieved for 1*°Cd [112] and 128pg [113] due to the existence
of the v = 2, 8" seniority isomers with the proton g92/2 con-
figuration. Equivalent isomeric states are expected for lighter
isotopes as well.

The isomeric states in the r-process path nuclides are
important not only because they provide extra sensitivity for
their study. They can also influence the nucleosynthesis itself
[114]. In nucleosynthesis environments, the isomers can be
populated thermally, and they can also be fed via neutron
capture. The effective lifetimes of individual nuclides can
therefore be modified, ultimately affecting the yields of the r-
process elements.

4. K isomers

As already outlined in section 1, K isomerism arises in
deformed nuclei that have so-called ‘K-forbidden’ transitions,
which are inhibited rather than strictly forbidden. The level
structure associated with a typical K isomer is illustrated
schematically in figure 7. Note that the isomer decay proceeds
through the transition of lowest possible multipole order,
L =1, although it has a high degree of K forbiddenness,
v=AK—L =7. The nuclide '®Hf (for example) has a
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Figure 8. Schematic representation comparing K-isomer decay in
8205 by tunnelling through the ~ degree of freedom, with shape
isomer back-decay in ***U, from Chowdhury er al [128].

(e2 =~ 0.955,.)

K™ = 8 isomer of this type, with a half-life of 4 s [37] for its
E1 decay. As a rule of thumb, the transition-rate inhibition is
approximately a factor of 100 per degree of K forbiddenness
[115-117], expressed as f, ~ 100, where f, is the reduced
hindrance. More specifically, f, = F, L/ Y, where Fy is the
Weisskopf hindrance factor, as defined in equation (6).
Although the Weisskopf transition rates, and hence the hin-
drance factors, are simple approximations, this formulation
seeks to take into account the transition energy, multipole
order and K-forbiddenness, so that any variations in f;, should
depend on K-mixing processes and the associated nuclear
structure.

Reduced-hindrance values can vary widely, both between
and within nuclides. Compare, for example, the v = 7, E1
decay of the 78Hf, K™ = 8 isomer which has f, = 79, with
the v = 2, E2 decay from a K™ = 6" isomer in the same
nuclide with f;,, = 5 [38]. Evidently, there are large differ-
ences in K mixing that need to be understood [38, 55, 59].
With this objective, the principal K-mixing mechanisms can
be characterised as rotational (Coriolis) mixing [118-120];
shape tunnelling through the triaxial () degree of freedom
[121-123]; statistical mixing due to level-density effects
[58, 124, 125]; and chance near-degeneracies [126, 127].
However, it is difficult to disentangle these different con-
tributions to K mixing, and a unified treatment remains to be
established.

Consider, for example, the ~-tunnelling approach.
Chowdhury et al [128] proposed that K-isomer decay could
involve tunnelling through the v degree of freedom in the
potential energy surface, from v = —120° (prolate non-col-
lective) for the isomer itself, directly to v = 0° (prolate col-
lective) in the ground-state band. Such a decay mode is
illustrated in figure 8, where the 7-tunnelling decay of the
K™ = 25" isomer of '8?0s is compared with the axially
symmetric (y = 0°) tunnelling involved in the back-decay of
the superdeformed shape isomer of ***U. Both types of tun-
nelling decay correspond to shape transitions where the
orientation of the bulk matter remains fixed [119].

'3
100
fv(exp} A
L )
o
& . °
10
® A
A
1
1 10 100
fu(cal)

Figure 9. Comparison between 7-tunnelling estimates of £2 reduced-
hindrance factors, f, a1, and the corresponding experimental values,
Sitexpy» for Z = 70 (diamond), 72 (circles), 74 (triangles) and 76
(squares) high-K isomers. Equal calculated and experimental values
would lie on the diagonal. Most of the theoretical values are from
Narimatsu et al [122], replotted in terms of f,, values, with the K-
forbiddenness, v, taken from Kondev et al [38] (and K = 7 is
assumed for the 2685 keV level of 7*Hf [131]). The experimental
values are from Kondev ef al [38]. Additional theoretical values are
included for '"*Yb [129], which has the highest value of f,(cxp), and
for 7*W [130], which has the lowest value of Suscan- Experimental
uncertainties are smaller than the data points.

Building on the work of Bengtsson et al [121], sys-
tematic v-tunnelling calculations of M1 and E2 transition
rates from hafnium (Z = 72), tungsten (Z = 74), and osmium
(Z = 76) isomers were carried out by Narimatsu et al [122]
(see also Crowell et al [123]). The same methodology was
later used to include the K™ = 6" isomer decay of '"*Yb
[129] and the K™ = 12" isomer decay of '"*W [130], and all
the results for E2 reduced hindrance factors are shown in
figure 9.

Overall, the agreement between these calculated and
experimental E2 reduced-hindrance factors is good, especially
considering that there is a large spread of values. Never-
theless, other degrees of freedom are likely to be involved,
which could explain why some of the experimental reduced
hindrances fall below the diagonal line of figure 9. However,
the experimental hindrances for the 74yb [129] and 174w
[130] isomers lie significantly above the diagonal, and these
cannot be understood within the y-tunnelling model.

Despite difficulties with the interpretation of K-forbidden
transition rates, it is relatively straightforward to calculate K-
isomer energies in terms of unpaired nucleon orbits
[132-134]. For example, the experimental and calculated
energies of high-K states in '"*W [133, 135], up to K = 34,
are illustrated in figure 10. The configuration-constrained
calculations use a deformed Woods—Saxon potential with
Strutinsky shell correction and Lipkin—Nogami pairing [133].
It is evident that the differences between the calculated and
experimental energies increase with angular momentum.
However, as a percentage, these differences are approximately
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Figure 10. Energy as a function of angular momentum for high-K
states in '7®W, with values taken from [133, 135]. Filled red circles
represent the experimental data, and open black squares are from
configuration-constrained calculations. Experimental uncertainties
are smaller than the data points.

spin-independent, averaging 1.7% (rms value, excluding the
ground state).

The wide-ranging success of such calculations for
understanding K-isomer excitation energies, especially cal-
culations that take into account the possibility that each
excited configuration can have separately determined defor-
mation parameters (3, 7y, 53, B4, Bs) [133, 136, 137] leads to
their use to predict favoured K-isomer regions that have not
yet been adequately explored experimentally. In particular,
the neutron-rich Z = 72-76, N = 116 region, close to 188Hf,
is predicted to be strongly favoured [138, 139], and similarly
favoured is the Z ~ 110, N ~ 156 region, close to 266pg
[140]. Furthermore, there are predictions of superdeformed
high-K states in neutron-deficient lead and polonium isotopes
[141], and also oblate superdeformed high-K states in
Z > 120 superheavy nuclei [142, 143].

As with spin-trap and seniority isomers, the sensitivity
provided also by K isomers for the study of exotic nuclei is
valuable in the context of r-process nucleosynthesis. One of
the challenges for deformed nuclei is to understand the
enhanced elemental abundance in the A ~ 160 region, the so-
called rare-earth element peak [144]. Recent experimental
studies [145-147] have exploited K isomers in this neutron-
rich region to reveal excited-state structures that help to
understand the shell effects associated with the evolution of
strong quadrupole ((3,) deformation and the possibility of F¢
effects, but such studies are still at an early stage.

5. Isomers at the atomic-nuclear interface

Aside of their nuclear structure interest, isomers can interact
with their atomic environment in unusual ways that may open
up novel possibilities [148—154]. It is notable that isomers
offer different opportunities compared to nuclear ground
states. While unstable (radioactive) ground states can trans-
form by [ decay, and sometimes by « decay, fission and
proton decay, isomers can also decay electromagnetically, by

~-ray and conversion-electron emission, which is unavailable
to ground states. Therefore, the electromagnetic manipulation
of isomers is of particular interest.

For example, isomers can store large amounts of energy.
If an efficient way could be found to release that energy in a
controlled manner, then a type of nuclear ‘battery’ could be
constructed. One option would be for the energy release to be
induced by externally applied radiation, and in this respect
much attention has been given to the K" =97,
Ty >45 x 10'6 years isomer of 180T, [41, 155, 156], and
the K™ = 16", Ty, = 31 years isomer of '"*Hf [157-159].
This kind of challenge is, of course, open to all isomer types.
Furthermore, another option could be to exploit the NEET
(nuclear excitation by electronic transition) or NEEC (nuclear
excitation by electron capture) processes. While the former
was observed through excitation of the 1.9ns first excited
state of '°’Au by Kishimoto er al [160] in 2000, it is only
recently that NEEC has been reported by Chiara et al [161],
through induced depopulation of the T;,, = 7h isomer of
%Mo, although the precise mechanism is not clear [162].
Further optimisation of the experimental conditions should be
possible.

A special feature of the utility of isomers for these studies
is illustrated by SmMo. Here, a 5keV, E2 excitation from the
2.4 MeV isomer enables the rapid release of the full isomer
energy, including a 1.5MeV ~ ray. Although this is also
emitted in the spontaneous decay of the isomer, there is a
268 keV ~-ray emission that is unique to the induced isomer
decay, providing a clear signal that is distinct from any x-ray
background [161]. It is one of the problems with the inter-
pretation of the '"®Hf induced isomer decay that no such low-
energy E1, M1 or E2 excitation pathway has been identified,
although there is the possibility of a 126 keV, K-allowed M2
excitation that could enable the isomer energy to be
released [163].

The involvement of atomic processes in isomer
depopulation can also be important in astrophysical envir-
onments (see, for example, [153, 154]) and in this context
there are several long-lived, two-quasiparticle isomers in
odd-odd nuclides that provide valuable probes of those
environments. Examples include 180ma (T, 2 >45 x
10'® years) and '8"Re (T, =2 X 10° years) and brief
summaries of their roles can be found in the review of Dra-
coulis et al [59] (see also the even more recent publications
[41, 164] and refs therein).

In the wider context, it is worthwhile to draw attention to
the observation of superradiant decay (cooperative sponta-
neous emission of photons) from the 98 ns isomer of >’Fe
[165], excited by 14 keV synchrotron radiation. Furthermore,
perhaps as a step towards a 7-ray laser, the generation of
coherent v radiation from a Bose—Einstein condensate of '**Cs

isomers (T /> = 53 m, 1.6 MeV) at ~100 nK has been pro-
posed [166], without the need for externally applied radiation,
except for the isomer production itself.

Finally, it is appropriate to mention recent work on the
lowest-energy isomer of all, the 8.3 eV, K™ = 3/27 isomer of
229Th [42], where the first direct detection of its decay has
been achieved [167], as well as the first measurement of the
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neutral-atom half-life of 7 us [43]. The exceptionally low
isomer energy leads to the expectation that its half-life will be
particularly sensitive to the atomic environment [168], and
there could be the possibility to construct an ultra-stable
nuclear clock [169].

6. Conclusion

The properties of nuclear isomers have been introduced from
an historical perspective. For a hundred years, isomers have
been testing and stimulating concepts of nuclear structure,
revealing features of both the individual-particle and collec-
tive degrees of freedom. Isomers continue to be pivotal in
contemporary nuclear research, whether in their own right or
through the access that they provide to remote regions of the
nuclear landscape. Moreover, isomers offer unique opportu-
nities at the atomic—nuclear interface, with the potential for
further remarkable discoveries.
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