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The empirically observed energy gap, the re-
duction in the effective moment of inertia below
that of a rigid rotator, and the transition to
spherical shape with the approach to closed
shells all testify to the important role of the
pairing correlation in the low excited states of
deformed nuclei. The total binding energy asso-
ciated with the pairing correlations is, however,
quite small, ' and thus a rather slight disturbance
of the system may be sufficient to destroy the
pairing and cause a transition to a less corre-
lated particle motion.

An analogy with the correlations in supercon-
ductors has proved to be rather fruitful in inter-
preting the nuclear features mentioned above. '
Pursuing this analogy, the close formal corre-
spondence of the equations of motion in a constant
magnetic field and in a rotating reference sys-
tem suggests that the critical magnetic field
phenomena of superconductors should also have
their counterpart in the rotational spectra of
nuclei. Indeed, the pairing force couples two
particles in time- reversed single-particle states,
and a rotation has an opposite effect on the par-
ticles forming the pair. The Coriolis forces act
in opposite directions and tend to decouple the
pairing correlations. This is in analogy with the
effect of the magnetic forces in a metal, which
act with a different sign on electrons moving in
opposite directions and destroy the pairing when
the field reaches a critical value. The observa-
tion or nonobservation of this effect in the rota-
tional spectra of nuclei could serve as a test of
the description of the pairing correlations in nu-
clei.

A suitable approximation scheme to investigate
the quantum mechanics of this effect is provided
by the generalized Hartree- Fock method' worked
out in connection with the theory of superconduc-
tivity. The pairing forces are represented in this
scheme by a self-consistent pairing potential, the
strength of which is proportional to a gap param-
eter 4. A reference system rotating with angu-
lar frequency Q introduces a coupling term in the
self-consistent energy which is Q times the angu-
lar momentum operator l . The competing ef-
fect of the rotational motion and of the pairing
finds its mathematical expression in the fact that

Ql~ does not commute with the pairing potential.
Simple solvable models are being examined to
investigate the detailed nature of the two simul-
taneous effects.

The main results of such a treatment can be
seen from rather simple arguments. Since the
Coriolis force counteracts the pairing correla-
tions, the energy-gap parameter 4 will decrease
with increasing Q. This is reflected in an in-
crease in the effective moment of inertia 6, and
for sufficiently small Q the effect may be de-
scribed by a term in the rotational energy pro-
portional to P(1+ 1)', where I is the rotational
angular momentum. For larger values of the
rotational frequency Q, when the rotational en-
ergy is of the order of the binding energy due to
the pairing correlation, the Coriolis force be-
comes comparable to the pairing force and gives
rise to major modifications in the correlations
of the particles. For Q greater than a critical
value Q, the energy-gap parameter L vanishes
and the particles perform an approximately in-
dependent motion in the average potential.

Though in the region 0 &Q & Q one has a more
involved intermediate coupling, the value Qz can
independently be obtained from the simpler gap
equation which results with a trial ground-state
vector of the Bardeen, Cooper, Schrieffer type
formed with eigenstates of the single-particle
energy in the rotating system. In such a repre-
sentation, the relevant matrix elements of the
pairing interaction energy can be approximated
by a constant which appears as an effective coup-
ling constant so that, to second order~ in Q, the
coupling constant 6 of the pairing interaction is
replaced by

The energies ek and matrix elements (k' tlat lk)
refer to the one-particle states k of the nonro-
tating system, and the averaging is over those
states k which take part in the pairing inter'ac-
tion. The effect of Q is to reduce the value G of
the effective coupling constant, and Q~ is the
minimum value of Q for which. the gap equation
with this effective interaction leads to a vanish-
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ing gap. This happens already for some finite
value of G. For 0 =0, the level spacing d is of
the same order as the gap, and in the actual cal-
culations carried out for the deformed nuclei~ a
reduction of G by about 30% is sufficient to cause
4 to vanish.

One can obtain an estimate of O~ by evaluating
the averaged sum in (1), employing harmonic
oscillator wave functions. For S = 0, d

and so the critical angular momentum I~ is given
by I~ =Q~ 6rigid. One finds' in this way I~ - 12
for A - 180, and I - 18 for A -238. These values
are only slightly higher than the highest rota-
tional states so far observed in these nuclei'
(I=8 for A =180 and I=12 for A =238), and thus
further study of high-angular-momentum states
in these bands would be very interesting. One
expects that in multiple Coulomb excitation
studies, the rotational sequence based on the
ground state will effectively terminate7 for I-I&.
States with I&I~ will have an intrinsic structure
that is practically orthogonal to the ground state.
One would further expect that in nuclear reaction
processes populating states with I&I~, the den-
sity of states as a function of I will be governed
by a Boltzmann factor in which the rotational en-
ergy is given approximately by (j't'/2 0 id) I(I+ 1)
+ constant, as is characteristic of a fre Fermi
gas.

~On leave from the Department of Mathematical
Physics, University of Birmingham, Birmingham,
England.

~An estimate of this energy may be obtained from the
model employed in references 2 and 3. Thus, for a
nucleus with an average level spacing d between the
unperturbed (twofold degenerate) single-particle or- .

bitals, one has for the total binding energy associated
with the pairing correlation, including both neutrons
and protons, W= -D2/d, where 2d is the magnitude of
the energy gap. Inserting the empirically observed
valoes of 4 and d gives 8"--1.3 Mev for deformed nu-

clei, approximately independent of A..
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The use of a perturbation estimate at this point is
justified since 5 Qc «6e, where 6e is a typical energy
denominator in (1), i.e. , the rotational motion implies
only a small modification in the one-particle motion
although it implies a major modification in the pairing
correlation. Compare also with footnote 7.

50ne obtains essentially the same estimate for Q~
from the condition that the difference between the ro-
tational energies of the correlated and uncorrelated
states should be equal to the energy gain -W due to the
correlation.

8For the rotational band of Hf and Hf~, see, e.g. ,
D. Strominger, J. M. Hollander, and G. T. Seaborg,
Revs. Modern Phys. 30, 585 (1958); for U2 see F.
Stephens, R. Diamond, and I. Perlman, Phys. Rev.
Letters 3, 435 (1959).

~It should be emphasized that the effect considered
here is quite distinct from the modifications in the ro-
tational motion that occur when the rotational fre-
quency becomes of the order of the intrinsic particle
frequencies. These latter modifications effectively
terminate the rotational bands when I -I~, where I~
is the maximum angular momentum that can be con-
structed out of the available single-particle configura-
tions [see J. P. Elliott, Proc. Roy. Soc. (London)
A245, 128 (1958)]. For the heavy nuclei which exhibit
well-defined rotational band structure, L~ -40.


