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1.2 Nuclei in Highly Excited States

1.2.1 High Spin States

Electromagnetic Properties of Nuclei at High Spins

G.A. Leander

UNISOR, Oak Ridge Associated Universities, Oak Ridge, TN 37830. USA

1. Introduction

A photon emitted by an excited state is l ikely to carry away, at ITOE:, 1 or 2fi
of angular momentum. Therefore, a profusion of photons is needed to deexcite
the rapidly rotating states of nuclei formed by heavy-ion reactions. The study
of electromagnetic properties has become the primary source of infrrmation on
nuclear structure at high spins and, also, at the warm temperatures present in
the In i t ia l stage of the electromagnetic cascade process. The purp:se of this
paper is a review of the El, Ml, and E2 properties of such highly excited states,
in order to set the stage with theoretical props for the section on this topic
in the present volume. This review does not aspire to completeness or a fair
distribution of credit for past achievements, but does attempt to highlight the
major current research topics in the f ie ld . A chart of these to;ics in the
plane of energy versus angular momentum is given in Fig. 1. They i-volve both
the properties of the rotating but "cold" states on or 'near the yrast l ine,
which can be experimentally resolved as discrete states, and of the increasingly
closely spaced levels at higher temperature. The former reveal the response of
nuclear structure to rotation, and the latter provide unique insic-.t into the
transition of a quantum system from order to chaos.

2. Dipole Resonances.

2.1. El Giant Resonance

The vibration of protons against neutrons superposed on any nuclear state has a
collective resonance, according to a famous hypothesis discovered by Axel in the
thesis of BRINK [1] . Empirically the resonance on low-lying states occurs at
fiu o 78 A"1/3 MeV, about 15 MeV in a medium heavy nucleus. Therefc-e, the res-
onances even on the ground-state and low-energy excited states occur in a region
of high level density. The resonances become damped, or fragmente: onto their
many neighbors, and the El transition rates from all states at ene'gies U i. r-.v
are more or less enhanced by a share of the collectivity of the resonances.

The emission of gamma-rays at the energy of the El giint resonance in heavy-ion
fusion-evaporation reactions is most likely to occur from the compound nucleus
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f r i o r to any evaporation of par t i c les . This follows from elementary s t a t i s t i c a l
physics. Transit ion rates depend on the level density p at the i n i t i a l and f ina l
States: T a p (Uf ) /P (U,-). According to the Fermi gas formula, p is the product
of a re la t i ve ly slowly varying factor with exp (2/alJ), or equivalently exp (2U/t)
where the temperature t « /U7a. Insert ing Ui-Uf - 15 MeV for the gamma ray and
Uj-Uf » 8 + 2t MeV for a neutron with binding energy 8 MeV, we get TY/Tn « exp
(-14/ t ) ^which is a rapidly increasing function of temperature. Thus, when NEWTON
et al . [2 ] observed a bump on the high-energy t a l l of the y spectrum from l l0Ar
induced fusion reactions, and were able to reproduce this bump in a s t a t i s t i c a l
model calculat ion using the £1 strength function of the resonance on the ground
s ta te , they confirmed the Axel-Brink hypothesis for states of very high energy
and angular momentum (F1g. 1).

I ViF"

£1 Giant Resonance
Ml Giant Resonance

WH Pygmy Resonance I 7,-^

Spreading of E2'i ^

Coexistence

Wobbling MI ' i f
L), Q. ii of liomers

C D Super- _
Collective E2's

/
„ g versus i

Collective EV»

New Regions of N,2

I 1 I
10 20 30 40

Angular Momentum (h)

50 60 ^ 9 * *• Hot topics in warm
and cold rotating nuclei

Continued interest in the El giant resonance rests on the fact that its shape
is sensitive specifically to the shape of the nucleus. In a deformed nucleus
there are several resonance frequencies, proportional to the reciprocal lengths
along the principal axes. The angular momentum dependence has been Investigated
theoretically 1n the cranking model. It is founa that at fixed shape there 1s
little effect on either the centroid or the splitting of the resonance [3], The
Inclusion of temperature 1n the calculations also has little effect. Even the
damping width 1s unchanged at any rate on the RPA level of the theory [4], Thus,
there 1s the prospect of studying the shape of the giant El resonance to find
out what happens to spherical and deformed shell structure at high spin and tem-
perature [5]. A splitting Into two peaks could be obtained for the "super-
deformed" shapes that might occur at very high sp'ns. Since the relative
strength of the signal Increases with temperature as discussed above, the El
resonance might be used to probe the very existence of nuclei at extremely high
temperature*.. HONG [6] has suggested that rotating toroidal shapes might be
favored under these conditions, and that the El resonance going around the torus
would appear at an unmistakably low frequency.
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2.2. Ml Resonances
It is not known whether Ml giant resonances play any role in the deexcitation of
highly excited nuclei. I t has been suggested, however, that a concentration of
Ml transition strength in some energy interval can sometimes occur [7 ] . The
resulting bump in the gaircna spectrum should be observable when this energy lies
above the energy of the yrast-like transitions. Such Ml pygmy resonances, to
use the terminology of the corresponding phenomenon in e decay, are expected to
arise when several of the strong Ml single-partirie transitions near the Fermi
level in the Nilsson scheme cluster around the same energy. In deformed nuclei
this can happen for transitions of the type [N nz A fl] • [N n2+ i A-1 fi-lj or
[N nz A n = A-l/2] • [N n2 A n •» A+1/2J. Experimental evidence for dipole bumps
at the appropriate energies have been obtained from a l ight-ion reaction leading
to 16'Dy [8] and from a study of angular distributions followinq a (HI xn)
rea-tion leading to ^ e Y b [ 9 ] . s l '• '

3. E2 Spreading Widths

When a nucleus formed by heavy-ion fusion has cooled down to a temperature of
about 1/2 MeV, E2 transitions along collective rotational bands running roughly
parallel to the yrast line ire expected to become competitive with the dipole
transitions [10,11]. Since there are many closely spaced interacting bands
above the yrast l ine, the collective E2 strength from each in i t ia l state Is
probably spread over several final states, in analogy with the damping of the El
giant resonance discussed above. The behavior of the spreading width wi l l
depend stronyly on the nature of the mechanisms that contribute to i t [12]. One
estimate, based on the fluctuations of rotation-aligned particle angular momenta
in the cranked harmonic oscillator model, gives a spreading width proportional
to I2/U [13], in other words, decreasing with increasing intrinsic excitation
energy U contrary to what might be expected intui t ively. An increase of the
spreading width with increasing temperature, on the other hand, might result
because the potential-energy-of-deformation surface generally becomes f la t ter
with increasing temperature so that the interacting bands have a wider spread in
moment of inertia [14],

Experimentally, i t is clear that the upper l imit on the E2 spreading width is
about 1/2 MeV, since the spectra from rotational nuclei exhibit a quadrupole bump
with a clear-cut edge that moves up in energy with increasing mult ipl ic i ty and
total energy of the cascades. The component of the average E2 strength function
with a width less than some tens of keV must be rather small, of the order of
1CS, because at best only weak ridge-valley structures are observed in Ey-Ey
correlation plots [15]. Similar conclusions are obtained by looking at the
change in the spectrum that comes from requiring a coincidence with some speci-
fied gamma ray energy Ey [14,16]. The width of this narrow component is constant
or slowly increasing with increasing Ey, and its fraction of the total strength
decreases, but both the width and the relative strength of the narrow component
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Fig. ?(A). A possible phenomenoiogical E2 strength function obtained by super-
imposing a broad and a narrow Gaussian (see text). (B). An E2 strength function
from the model of Ref. [12]. The dots show a Breit-Wigner line shape



are Insensitive to the total energy and mu l t i p l i c i t y of the cascades. The eval-
uation of these experimental findings Is s t i l l somewhat speculative. Figure 2A
shows a phenomenological E2 strength function that might be suggested by the data.
I t consists of two Gaussians of width i • 40 keV and 150 keV, respectively, with
10% of the strength 1n the narrow component. Figure 2B shows the strength func-
t ion obtained from consecutive transit ions using the model of interacting bands
described • ,i Ref. [12] , The d is t r ibut ion of B(£2; i * j ) B(E2; j * k) is plotted
versus the spread in energy, (Ej - Ej) - (Ej - E^). The result appears to
follow a Bre1t-W1gner d is t r ibu t ion , indicated t>y dots In Fig. 2A, which Is the
shape usually associated with damping. This result is obtained from the model
even when the I n i t i a l states i are constrained to be from the region where the
level density Increases rapidly v i th energy. The peaks of the distr ibut ions In
F1gs. 2A and B are quite s imi lar , but the ta i l s are radical ly d i f fe ren t . Taking
into account the factor Ey5 In t ransi t ion rates, the bulk of a l l t ransit ions
would go deep Into the low-energy t a i l of the Bre1t-H1gner l ike d i s t r i bu t ion ,
contrary to the empirical evidence. Before the aptness of any damping mechanism
for the E2 spreading can be established, I t w i l l be necessary to resolve this
d i f f i c u l t y .

4. Shape Coexistence

The coexistence of d i f ferent nuclear shapes at high spins has long been predicted
by theory; see, for example, the summary of the cranked Nilsson-Strutinsky model
calculations oy the Lund group during the years 1975-1980 in kef. [17] . At the
highest spins the Increase of the buik ' l i qu id drop' energy with increasing
deformation is counteracted by a decrease of the bulk rotational energy; the
potential energy surface becomes f l a t t e r , and shape-dependent shell closures
over £ wide region of deformation space come into play. I t is becoming
increasingly evident from experiment that a richness of structure stemming from
coexisting shapes and symmetries of the nucleus does indeed occur and can be
studied in the gamma-ray spectrum (e .g . , the contributions of Sharpey-Schafer,
Khoo and de Voigt to this volume).

With the existence of coexistence well established, new questions ar ise.
Most importantly, what is tiie degree of order, as opposed to chaos, in the

158Yb
I - 52h

T - 60°

-120°
Fig. 3. Potential energy in
the c,T quadrupole deforma-
tion plane for 15BYb at spin
I = 52ft, calculated for total
parity and signature u,r • +,
+ by the jiietnod of Ref. [19]
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structure of the coexisting configurations? There is a hierarchy :f quantum
numbers which are present in the theoret ical models, or at any rate 'rnposed on
them, which can be used to c lass i fy configurations and to calculate potential
energy surfaces for the classes. At the extreme of internal chaos, there are
the t rad i t iona l potential-energy surfaces [17] and their extensions to f i n i t e
temperature [18 ] . Various degrees of order were introduced in the cc'culations
by T. BENGTSSON and RAGNARSSON [19 ] . For example, in Fig. 3 the tc:al pari ty
tt and to ta l signature r are conserved. The minima then tend to t-zcooe more
d i s t i n c t , with higher potential barr iers between them, than w i t n u t these
requirements. S l ight ly d i f ferent surfaces are obtained for other co-binations
of n and r. The highest degree of order used by Bengtsson and Rac-arsson is
conservation of the number of part ic les with each combination of u, r, N r , T ,
where n and r now refer to the s ing le-par t ic le pari ty and signature, Nr is the
major osc i l l a to r quantum number in the rotat ing basis, and T is i sos ; : n . Tnen,
for example, superdeformed and weakly deformed minima do not appear i* trie same
potential energy surfaces. At low spins the onset of pair ing certain!., scatters
pairs of part ic les between the n, r, Nr groups, however, and allows d i f ferent
classes of bands to in te rac t . Data l i ke those recently obtained for :he super-
deformed band In 152Dy and the onset of i t s electromagnetic decaj in to the
weakly oblate configurations [20] are highly interest ing in th is r.onte<t.

Some types of coexisting bands which should exist according to F-g. 3 have
not yet been posi t ively iden t i f i ed at high spins, namely, the we1."-deformed
t r i a x i a l and oblate bands. Wobbling bands associated with t r i a x i a l configura-
tions might be characterized by the Ml and E2 t rans i t ions "leaking" be:ween such
bands [21,22] . High-K bands associated with well-deformed oblate configurations
could be characterized by A I = 1 t rans i t i ons .

5. Electromagnetic Moments of Discrete States

Structure theories of the more strongly populated yrast states can be tested by
measuring the i r electromagnetic moments.

5.1. " E2 Moments

One of the early predictions of the cranking model was the occurrence of high-
spin isomers, with a shape made oblate by the ring-shaped orbi ts of t*e aligned
high- j pa r t i c l es , in the regions of nuclei around A ~ 150 and 2:=Po [23 ] .
Measured e lec t r i c quadrupole moments of the high-spin isomers in li>'ic support
th is picture [24,25] . In the leiid region, however, the issue has be=n clouded
by a recent measurement for the 63/2* isomer of 211Rn which.gave no evidence for
deformation [26 ] , In co l lec t i ve ly rotat ing nuc le i , the r ing shapec orDits of
aligned high- j par t ic les in the S-band are expected to polarize f s nuclear
shape toward posit ive y ( c . f . Fig. 3) , thereby reducing the co l l ec t i v i t y of the
rotat ion [27,28] . Evidence for th is has been found in the in-band E2 t rans i t ion
moments, which are reduced above the backbend in nuclei around 15BEr 129]. The
rotat ion-al igned high- j quasipart icies obtained when the Fermi level is nearer
the middle of a high-j shell are expected to have other orb i ta l shapes, however,
and may even drive the y deformation in the opposite d i rect ion so as to enhance
the c o l l e c t i v i t y of the rotat ion [27,30] . Evidence for th is has no: yet been
found. The nucleus 172W would seem to be a relevant test case: the Fermi
level l ies higher in the neutron i i a / 2 shell than for 160Yb, and i cranking
calculat ion predicts roughly constant E2 t rans i t ion moments along the / ras t l ine
(the dashed curve in Fig. 4) . A recent experiment on 172W did give '- formation
about the high spin s t ruc ture , but of an unexpected kind which has nc: yet been
f u l l y understood [31 ] . Namely, the measured E2 t rans i t ion moments in Fig. 4
reveal a drop which is surpr is ingly sharp considering the smoothness of the
upbend in 172W, and closer analysis i f the data establishes that :he yrast
upbend 1s due to a three-band crossing (cf . the inset in Fig. 4). Er;rgy level
systematics appear to l ink the mysterious th i rd band to the proton r;/2 she l l ,
which would indeed have ring shaped aligned o r b i t a l s .
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Fig. 1. Measured Qt values
[31] for yrast levels of 172W.
Mixing of the three unperturbed
bands shown in the inset can
reproduce the yrast energies.
The unperturbed intrinsic
quadrupole moments indicated
(1n eb) in the inset were
obtained from the calculated
change in y deformation assum-
ing first (nh9/2)2 and then
(vil3/2)2 rotational alignment.
The Ot values that result from
the mixing are shown by the
solid curve
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Overal l , whereas ear l ier studies of deformed nuclei by Coulomb exci tat ion nad
shown that ro to r - l i ke E2 moments could persist up to high spins (e.g. Ref. [ 3 2 ] ) ,
the recent l i fe t ime measurements on neutron-deficient nuclei fron Ce to W i nd i -
cate a more consistent trend towards reduction of the 12 t rans i t ion moments in
the S-band than Is expected from theory.

5.2. Ml Moments

Magnetic moments probe the microscopy of nuclear rotations. The magnetic g-
factors in collective bands can indicate whether backbending phenomena are due
to neutrons or protons [33]. Direct measurements on collective states have so
far been carried out only tor a couple of actinides [34], the quasi continuum in
a few rare-earth nuclei [35], and the nucleus 1 6 8W which has a retarded yrast
transition due to weak interaction at the backbend [36]. In tl * 1 bands,
indirect information on the Ml transition moments is more readily available from
branching and mixing ratios. The signature splitting of the Ml transitions
rates in such bands is highly sensitive to the triaxiality of the nuclear shape
([37] and references therein). The magnetic moments of high-spin isomers can
put some constraints on their configurations. One interesting experiment that
has not yet been made is to measure an Ml moment of a very high spin isoraer
together with the Ml transition moment of a rotational band built on that isomer.

5.3. El Transition Moments

In recent years, i t has been established that some nuclei are characterized by
reflection asymmetric intrinsic shapes [38]. With the reflection symmetry bro-
ken, the nucleus can sustain a collective int> ;isic El moment. This El moment
cannot be observed as a static moment in the l a v a t o r y frame due to parity con-
servation, but the El transition moment leads to enhanced El transitions within
the parity-doubled rotational bands of such nuclei. Recently, several bands
have been found where the El cascade transitions are competitive with the E2
cross-over transitions.

Early theoretical work had anticipated such bands. The assumption that the
El moments could be estimated from the leading order term of the liquid drop
model was not borne out by the data, however. This term is proportional to B2S3
so the B(E1)/B(E2) branching ratios would depend only on the effective value of
3,2 . The experimental data, however, exhibit a large variation of the B(E1)/
B(E2) branching ratios over a sequence of Ra and Th isotopes (Fig, 5) whose
equilibrium g3 deformations are calculated to be quite similar. This behavior is
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Fig. 5. B(E1)/B(E2) ratios at moderately high spins in the raaium and light
thorium isotopes, from experiment (solid symbols) and from a cranked shell model
calculation [39] (open symbols). The theoretical value for 2i8Ra js an average
of the values at the prolate and oblate minima

explained by a strong shell effect on the El moment [39]. The center of gravity
for both protons and neutrons in an octupole-deformed mean fielc is displaced
toward the thick end of the "pear shape" near the spherical magic numbers, and
toward the pointed end at mid-shell. Varying the neutron number wtiile keeping
the proton number fixed at an intermediate value relative to the shell closure",
the shell correction to the El moment then changes sign. The B(E1)/B(E2) ratios
are large for the lower neutron numbers because the shell correction and the
liquid drop contribution have the same sign, and small for the Mgher neutron
numbers because the two terms have opposite signs and cancel. Fig. 5 shows that
there is quantitative agreement between the data and results from a cranked
Woods-Saxon Bogolyubov Strutinsky model calculation of equil ibrium deformations,
including the isovector dipole deformation.

There are both experimental and theoretical indications that octupole defor-
mation may occur at high spins in regions of nuclei where it does not occur at
low spins [38-40]. The observation of two or more consecutive numbers of the
Al * 1 El cascade, as in i*8,m9,is<>sm and lu6Nd [41], provides strong evidence
for such breaking cf the reflection symmetry at high spins.

6. New Regions of 1 and N. The electromagnetic properties of rotational states
are helpful in studying the structure of nuclei far from stability. A single
example of this will be given from the regon of 1 and N to be considered in
another contribution to this volume. In the 2 ~ N ~ 36 region, the search is on
for a unique, strongly oblate band structure. These oblate bands were predicted
a long time ago [42] to coexist with the strongly prolate bands that have since
been observed in this region. Three 3/2- bands are expected in tne low-energy
spectrum of 7 3Kr: the prolate 3/2[312] and 3/2[301] bands, and the oblate
3/2[321] band. They could be distinguished by the cascade to cross over branch-
ing ratio from their 7/2" band members, which would be 1:10, 2:1, and 8:1,
respectively.

In conclusion, the study of electromagnetic properties in rotating nuclei has
shed light on several new phenomena during the last few years, and rapid experi-
mental progress is encouraging the theorists to ask new or more refined questions.
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