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Nuclear Rotational Damping: Finite-System Analog to Motional Narrowing
in Nuclear Magnetic Resonances
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From the analogy between the collective quadrupole decay among compound nuclear states in strongly
rotating nuclei and the phenomenon of nuclear magnetic resonance, it is possible to formulate a model of
nuclear rotational damping which exhibits interesting correspondences between nuclear and atomic sta-
tistical processes.
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It is well established 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. ' At small rotational frequencies, the moment of
inertia is only about half of the value for rigid rotation.
This is because nuclei in their ground state are
superfluid.

In heavy-ion reactions leading to fusion, large amounts
of angular momentum and temperature can be imparted
to the compound nucleus. In analogy with the cooling
process of a liquid drop, nucleon evaporation can reduce
the temperature of the nucleus, without much changing
its angular-momentum content. (Energy loss per eva-

porated nucleon varies as separation energy, while
angular-momentum loss per evaporated nucleon varies as
I/2, where I is the total angular momentum and 2 the
number of nucleons in the rotating system. ) Thus, the
excitation energy can be reduced to a point where fur-
ther evaporation is no longer possible but the resulting
"evaporation residue" still retains a very large amount of
angular momentum. There will still be an appreciable
excitation energy in the residue, but the system is "cold"
in the sense that almost all of this energy is tied up in the
single degree of freedom associated with the angular
momentum. Such a cold drop of nuclear Fermi liquid
can accomodate angular momenta up to about 1006.
For higher values of the spin, the rotating nucleus will

fission because of the intense centrifugal force. The loci
of the lowest-energy states of a given spin is called the
"yrast" line. Experimental studies of discrete lines in the
quadrupole gamma-decay spectrum have identified tran-
sitions within rotational bands which extend up to
around sixty units of angular momentum.

At an excitation energy of a few megaelectronvolts
above the yrast line, rotational bands become very close-
ly spaced in energy. Any single band can be viewed as a
collective sequence of related states imbedded in a dense
background of other (more or less complicated) states, to
which it will couple by residual interactions.

This coupling leads to the stationary states of the sys-
tem (the compound nucleus) which are complicated mix-
tures of the available unperturbed configurations. The
rotational degree of freedom is "damped" in these corn-
pound states in the sense that the electric quadrupole de-
cay of a single quantum state with angular momentum I
will not go to a unique final state with I —2 (as for the
unperturbed bands) but will exhibit a spectrum of final
states (strength function) all having I —2.

The nuclear rotational damping of the compound nu-
cleus has an analog in the linewidth observed in the
phenomenon of nuclear magnetic resonance (NMR) in
condensed matter ' (cf. Table I). Each nuclear spin in
its lattice precessing with a Larmor frequency deter-
mined by the external magnetic field Bo is the analog of
a rotational band. The ~hole crystal at a given tempera-
ture, and with the magnetic dipole interaction between
nearest neighbors taken into account, is the analog of the
mixed-band eigenstates of the compound nucleus. The
spin system is probed by an external time-dependent
magnetic field perpendicular to the constant field Bo,
while the analogous information on the dynamics of the
nuclear rotational motion is contained in the emitted
electric-quadrupole radiation. The linewidth observed in
the absorption process is due to the spread in Larmor
frequencies and reflects the spatial inhomogeneity of the
local magnetic field. Its analog in the nuclear case is the
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Nuclear rotation NMR

Rotational band of
"pure"
configuration

Larmor precession
of spin in homo-
genous and con-
stant external field

scop fluctuation in

rotational frequency
(for given I) for
different "pure"
bands

heep variation in

Larmor precession
at different sites

Origin of hoop.

(l) special single-
particle orbits con-
tributing significant
part of total angu-
lar momentum;
fluctuations in I(co)
associated with
occupancy/nonoccupancy
of these orbits; (2)
vibrational fluctua-
tions in nuclear
shape

Origins of scop.' (I)
local magnetic im-
purities; (2) mag-
netic (dipole) in-
teractions with
neighboring mole-
cules

Stochastic averag-
ing mechanism:
Mixing of pure
configurations to
form compound nu-

cleus; mixing mea-
sured by spreading
width I„of pure
configuration

Stochastic averag-
ing mechanism:
diffusion, character-
ized by hopping
time i.

TABLE I. Some elements used in the analogy between rota-
tional damping and the linewidth of NMR. To emphasize this
analogy h l has been used in this table.

T2 =(2hcoo) ', if 2hcoo & r (la)

The factor of 2 results from the quadrupole nature of the
radiation.

In the opposite extreme of very short diffusion time,
the dephasing results from a random walk extending over
T2/r diff'erent sites and, thus,

average out spatial inhomogeneity.
It is noted that motional narrowing occurs quite gen-

erally in systems where the frequency of a resonant pro-
cess may be influenced by time-dependent perturbations.
Another example, in the case of infinite systems, is pro-
vided by the effect lattice vibrations have on the line
shape of excitons in solids. ' Motional narrowing is also
predicted to be present in the damping of the rotational
motion in nuclei, at least within some temperature inter-
val.

From the above discussion, it emerges that the rota-
tional damping width I „t is controlled by two quantities:
the spread in rotational frequencies hmo of the unper-
turbed states and the time (hopping time) a compound
nucleus state stays in any single rotational band
(diffusion time for atoms to move between lattice sites).
This last quantity is connected to the range of energies
over which the rotational bands are mixed by the residu-
al interaction (r =ft/I „).

In keeping with the analogy to NMR, the rotational
damping width I „tcan be written as I „,=26/T2, where
T2 is the time for the difl'erent bands (the nuclear spins
in NMR) to lose phase coherence (dephasing time).
There are two different regimes for the dephasing
time. ' ' If the spread in frequencies Aeon is large com-
pared with the difl'usion rate (2dcoo& r ), dephasing
results directly from the differences in rotational fre-
quencies:

T2 = (24cop) r, if 2hcop« r (lb)
Single quantum
state emits quadru-
pole radiation with
line width (strength
function)
r„,—(acoo) (&coo/r„)
(in limit I „»hcoo),
or I „,—Acoo (in
limit I „&hcoo)

Ensemble of spins
has NMR absorp-
tion line with
width
+NMR (~coo) (~coor)
(in limit
r«(scop) '), or
rNMR
limit r& (acoo) ']

rotational damping width I „t of the electromagnetic
quadrupole decay, which has its origin in the spread in
the rotational frequencies of the manifold of bands.

While the damping width of collective motion of a
many-body system is, as a rule, an increasing function of
the temperature, the nuclear magnetic resonance line be-
comes narrower with increasing T. This phenomenon,
known as motional narrowing, " arises because higher
temperatures imply shorter diffusion times between
different lattice sites. Time inhomogeneity is able to

The above relations applied to the nuclear rotational
damping imply

2(2n. ~up), r„&2ft~~p,
2(2hhcop) /I „, I „»26hcop. (2)

number of quasiparticles

v —T—U 1/2

spreading width for a single quasiparticle (phase space),

I.-i-U;2.

The spreading width I, , of the individual
configurations in the compound nucleus is the analog of
the diffusion time in NMR and will in general depend on
excitation energy U of the states considered. Simple esti-
mates of these dependences can be made for the Fermi-
gas model'; in this model we have temperature

1/2
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spreading width for a typical configuration with v quasi-
particles,

The total angular momentum of rotational bands can
be parametrized by the linear expression I=J up+i.
Here the first term is due to the collective rotation of the
nucleus as a whole with rotational frequency mp. The
second term expresses the fluctuations in the total angu-
lar momentum at a given rotational frequency associated
with exceptional contributions from individual orbits.

Fluctuations in the rotational frequency (for fixed I)
are expected to increase slightly with excitation energy
reflecting the fact that fluctuations in the nuclear shape
as well as in the alignments associated with many quasi-
particle configurations increase with increasing tempera-
ture:

(atop)'-T-U'l2. (3)

Combining (3) with (I) we obtain for the rotational
damping

(4)

ot

U

FIG. 1. Schematic variation of the rotational damping
width as a function of the excitation energy U above the yrast
line.

These estimates lead to the variation of I „t shown
schematically in Fig. 1. The decrease of I „t with in-
creasing excitation energy is the nuclear analog of
motional narrowing in NMR. Quantitative estimates of
the coefficients appearing in the above expression lead to
estimates of I „t-100 keV in the region of the max-
imum, consistent with the tentative experimental evi-
dence on this damping eA'ect.

The simple expressions (2) and (4) are likely to fail at
high excitation energies. Indeed, there are expected to
be I-dependent terms in the two-body interaction whose
effect will increase with T, as a consequence of the in-
crease of the phase space.

From the above discussion we can conclude that the
system of atoms in a crystal with nuclear spins precess-
ing under the influence of a constant magnetic field and
interacting weakly through magnetic dipole forces is a

valid analogy to the compound states of strongly rotating
nuclei. From it a simple yet realistic model of rotational
damping can be extracted.
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