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Abstract

At few MeV above the yrast l ine the normally strong correlations among

Y-ray energies in a rotational sequence become weaker. This observation

can be interpreted as evidence for the damping of rotational motion in hot

nuclei . It seems possible to relate the spreading width of the E2-

rotational decay strength to the spread in frequency Aw of rotational

bands. The origin of these fluctuations is found i n : (1) fluctuations in

the occupation of special s ingle-part ic le orbits which contribute a s ign i -

f icant part of the total angular momentum, and (2) fluctuations in the

moment of inert ia induced by vibrations of the nuclear shape.

Estimates of Aw done making use of the hundred-odd known discrete

rotational bands in the rare-earth region lead, for moderate spin and exci-

tat ion energies ( I = 3D and U » 3-4 MeV), to rotational spreading widths of

the order of 60-160 keV in overall agreement with the data.
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1. Introduction

It is well known that nucleons can organize their motion in nuclei,

leading to quadrupole deformed shapes of the average field and to rotations

of the nucleus as a whole [1]. In a variety of rare-earth nuclei, rota-

tional bands have been observed up to spins around 40fi which decay by

emission of a cascade of y-rays that is highly correlated in time, energy

and oirection [2-5]. However, and with the exception of the superdeformed

band of 152Dy to which we come back below, above about spin 40h" individual

bands have not been resolved, this is because the dominant part of the

enhanced E2 decay passes through regions of high level density, few MeV

above the yrast line.

The resulting continuum spectra have rather conspicuous properties.

Indeed, the dependence, with angular momentum, of the average transition

energy, and the very enhanced transition probabilities indicate that the

spectra are mostly composed of stretched E2 transitions typical of rota-

tional spectra [6]. On the other hand, the y-y correlations expected if

the decay proceeds through, even unresolved, rotational bands are found to

be very weak [7-11].

Recently, a mechanism has been proposed [12] for perturbing the E2

rotational energy correlations to weaken the valley-ridge structure while

retaining the collective behavior which involves the mixing of rotational

bands. Already at 1 MeV above the yrast line, the level density is suf-

ficiently high for the basis rotational bands that carry the rotational

decay to be mixed by a residual interaction. In other words, any state of

a strongly rotating hot compound nucleus will be a linear combination of

unperturbed rotational bands, whose decay will reflect the distribution of
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rotational frequencies of the basis bands, leading thus to a weakening of

the y-Y correlation pattern. The quantity which controls the degree to

which this averaging is accomplished is the rotational damping width r t>

defined as the full width at half maximum of the strength function associ-

ated with a stretched quadrupole decay. This quantity is intimately

related to the spread in rotational frequencies of the unperturbed rota-

tional bands which Are sampled by the states of the compound nucleus. In

fact [12],
j

' 2(2Acu0) , r^ < 2 A % (1)

- , r » 2Aai , (2)
Frot

r u 0"

where A<D is the spread in rotational frequency at a given spin and excita-

tion energy, and r is the average damping width of the intrinsic state of

the unperturbed rotational bands.

A given state of the compound nucleus describing the state of motion

of a strongly rotating hot nucleus will spend a time of the order of

fi/r in each of the unperturbed rotational band states. When this time is

It is noted that special configurations whose intrinsic wavefunctions
deviate from the average configuration can retain undamped decay proper-
ties at high spin and temperature. In particular, the superdeformed band
of 152Dy recently observed [13] up to spin 60fi. Although the energy of
the band head is = 3 MeV, well inside the region of rotational damping,
the density of "superdeformed" intrinsic states is expected to be low, and
consequently the cascade along the superdeformed rotational sequence will
proceed undamped. In fact, a superdeformed band at » 3 MeV will "feel" a
density of other superdeformed bands which is of the same order of magni-
tude as the density normal deformed bands experience few hundred keV above
the yrast line, namely that of a very cold environment.
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long compared with the spread in frequencies (i.e. fi/r > (2AOI O)"
1).

is expected to increase with temperature (cf. eq. (1)). Otherwise, rrQt

becomes a decreasing function of T (cf. eq. (2)). This behavior is very

different from that expected for other nuclear excitations like single-

particle motion and giant vibrations [14], where phase space controls the

damping width, which increases with temperature. It is noted that other

physical systems are known whose relaxation mechanisms behave in a similar

way as the damping of rotational motion. In fact, the expected behavior of

r t has its analogue in the width of the line absorption observed in

nuclear magnetic resonance (NMR) [12,15,16],

2. Estimate of the rotational damping width

The experimental attempts to resolve the y-ray spectra in discrete

lines has provided information on rotational band structures containing up

to 60 units of angular momentum. The numbers of known rotational bands and

their maximum content of angular momentum is rapidly increasing with time,

and today more than 100 bands above spin 20 are known in the rare-earth

region.

The study of these rotational bands has been instrumental for obtaining

information on the nuclear structure of nuclei at high spin. Although the

interest has usually been concentrated on individual bands or on the inter-

action of a few bands, the large number of data provide an opportunity to

investigate the systematics of rotational bands in an ensemble of rota-

tional nuclei.

In the rare-earth region some systematic features are apparent. Apart

from few pronounced crossings, the major part of the bands display linear
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relationships between the angular momentum I and the rotational frequency

a) . This suggests that the angular momentum content of the nucleus may be

written as

I = ^ UQ + 1Q. (3)

where the first term describes the collective contribution to the angular

momentum, while the second term represents the contribution stemming from

the alignment of individual orbits. The quantity Jv ' is identified as the

(2)second moment of inertia. At the bandcrossings the two quantities Jv ' and

i exhibit large fluctuations and will, in some cases, diverge near the

bandcrossing frequency (backbending).

Away from the bandcrossings where the linear relationship (3) is

(2)expected to be valid, the systematics of the three quantities, Jv ', i and

to can be studied for the ensemble of rotational bands in the rare-earth

region, and the fluctuation in the rotational frequencies Aw determined.

Since this ensemble is formed by bands close to the yrast line with

excitation energies of the order of 0.5 MeV or less, care has to be exer-

cised in interpreting the data. This is because correlations may still

play an important role at these excitation energies, while &<u represents

the fluctuations in frequencies of "ideal" unperturbed rotational bands at

few MeV above yrast. In particular, in nuclei where the static pairing

plays an important role, that is nuclei with I < 20fi and T < 0.5 MeV, one

expects a strong correlation between alignment and moment of inertia. In

fact, pairing correlations affect the ability of the nucleus to generate

angular momentum. This is because, insofar as pairs of nucleons are moving

in time-reversal states, they cannot contribute toward the angular momen-

tum. This results in a factor between 2-3 reduction in the moment of
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inertia at I = 0. It follows that angular momentum will tend to weaken the

pairing correlations, thus increasing the moment of inertia and reducing

the rotational energy. Because the Coriolis force acts oppositely on the

two members of the Cooper pair, it will tend to align the particle's angu-

lar momentum as well as possible with the rotational axis. This process

eventually leads to a phase transition between superfluid and normal phase

[17]. Not far from the critical frequency and into the normal phase,

pairing vibrations will renormalize the motion of the particles which re-

sults in dynamical dealignment of the system and in the favoring of par-

ticular configurations where certain pairs of nucleons are coupled to spin

zero over configurations with other couplings of these nucleons [18-22].

Finally, at rather high frequencies (u > 1.5-2 MeV), these dynamical

pairing correlations will be also quenched by the Coriolis force [23].

The analysis of the experimental data from the yrast region is expec-

ted to lead to somewhat low estimates of the fluctuations Aw applicable at

3-4 MeV of excitation energy. This is because the data include band-

crossings. In fact, the interaction of two bands results in smaller slopes

than if the bands are not interacting. In addition, rotational bands at

3-4 MeV above yrast involve the excitation of a variety of intrinsic

degrees of freedom, measured by the seniority quantum number v. This quan-

tity is, in the region of damping, a factor 3-4 larger than the values

typical for the yrast region. Since Aw ~ /v", this effect will increase

the empirically obtained Aw by about a factor of 2.

For angular momenta I > 30fi the result of the empirical analysis leads

to Aw /u) « 0.03. Typical values of OJ in this region of spin are m « 0.6

MeV, implying 2Aoio « 80 keV at 3-4 MeV above yrast. Replacing this quantity
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in eq. (1), we obtain r « 160 keV.

Making use of the relation

ru(u) , x (£)• (4)

connecting the width of a single-quasi part icle state and a state u, with v-

quasiparticles, and the empirical relation [14] r y = 1 (x) = (x2/15)MeV-1,

where x = e-e.r measures the excitation energy of the quasiparticle state

from the Fermi surface, one can wr i te , for a nucleus of mass A « 160, the

following expression

r (U) - - L (U)3/2 MeV. (5)

In carrying out this estimate, the Fermi gas relation U = aT2 (a = A/10)

between the excitation energy above the yrast l ine U and the temperature T,

together with the relation v = (2&n2)g T, (g = 6a/i t2) , between the number

of quasiparticles v and the temperature T were used. For typical values of

U « 3 MeV, for which i t is expected [12] that r > Aw , one obtains, making

use of eqs. (2) and (5), the value r t « 60 keV.

The two estimates of r t are of the same order of magnitude ar. t y p i -

cal experimental values for nuclei of mass A « 160 and similar angular

momenta and excitat ion energies ( I » 30fi, U « 2-4 MeV). Indeed, the ob-

served values are « 80-200 keV [7 -9 ] . As mentioned above, the empirical

estimates presented here are l i ke ly to underestimate Au> and thus r

3. Conclusions

While the damping of s ingle-part ic le motion and of giant vibrations is

a well-established subject of nuclear research and has been systematically

studied during the last years ( c f . , e .g . , ref. [14] and references



therein), the field of rotational damping is extremely young and the con-

cepts appropriate to deal with the phenomena are only now being worked out

(cf., e.g., ref. [24]).

Nonetheless, it seems possible to conclude that in a similar way as

the coupling of single-particle motion and giant resonances are damped

through couplings to the collective vibrations of the surface, the doorway

state mechanism of the rotational damping is the fluctuation in the rota-

tional frequency displayed by the rotational bands a few MeV above the

yrast line. The origin of these fluctuations is to be found again in the

fluctuations of the nuclear shape and in the fluctuations in the alignment.

The competition of these two effects points to the central theme of many-

body physics of finite systems to which Gerry Brown made so profound con-

tributions, namely the interplay between single-particle and collective

degrees of freedom.
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