VOLUME 29, NUMBER 7

PHYSICAL REVIEW LETTERS

14 AucusT 1972

TABLE II, Angular-momentum analysis of the total
wave function of the three-nucleon bound state.

Probability

1 A L S a (%)

0 0 0 1/2 A 88.1
2 2 0 1/2 A 1.6
0 0 0 1/2 - 0.9
2 2 0 1/2 - 0.1
1 1 0 1/2 + 0.9
2 0 2 3/2 - 2.7
0 2 2 3/2 - 0.8
1 1 2 3/2 + 1.6
3 1 2 3/2 + 0.4
1 3 2 3/2 + 1.1

cluding some of them directly in the Faddeev
amplitude (then the two-nucleon interaction in
odd states occurs); in fact, one can wonder if
neglecting components of the Faddeev amplitude
which appear in the total wave function is not
somewhat inconsistent.

The use of configuration space makes the solu-

tion of Faddeev equations for bound states straight-

forward. In this case the potential occurs directly
instead of the physically equivalent two-body ¢

matrix. Moreover, the method we described
takes advantage of the appearance of the energy
as an eigenvalue, and does not set a limit on the
manageable number of components of the Faddeev
amplitude. Our results for the properties of the
three-nucleon bound state are in general agree-
ment with those obtained from another exact (but
fundamentally different) method; they confirm
the relevance of some higher orbital momentum
states in predicting the change form factor.

We wish to thank A. Hervé for stimulating dis-
cussions.
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We have studied a system consisting of a particle coupled to a rotating core. Although
a complete decoupling of particle and core occurs only at very small deformations (cou-
pling strengths), a “favored’”” high-spin band of levels tends to be decoupled over a much
larger region of deformation, This can be understood as a simple Coriolis effect, and
seems to be borne out remarkably well in some odd-A La isotopes.

In each of a series of five odd-A La isotopes,
a band of levels based on a state with /=4 has
been found!'? which has spin values increasing
monotonically from the base level by 2% per state,
and energy spacings very similar to the even-
even Ba isotope with one less proton. The corre-
spondence in energy is rather remarkable and is
shown in Fig. 1. The experimental data consist
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of in-beam y-ray studies® following reactions
Sn(**N, 3n)La, and proton-transfer-reaction stud-
ies? using the reactions Ba(a, ¢)La. The first
work revealed the cascades of stretched-E2 y
rays, and the second indicated that these cas-
cades were systematically based on ¥ states,
This band might be explained by a particle-core
weak-coupling model,® but this model seems im-
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probable for nuclei with core spacings as small parallel to I, achieving the maximum 7, —ﬁxfis
as those in Fig. 1, and has not been notably suc- nearly zero. Thus, the rotation has little effect
cessful even in more favorable cases. It is the on the coupling of the particle to the core for this
purpose of this note to show that this kind of orientation of the two, and the energy changes of
spectrum can arise as a general Coriolis effect the system just reflect the core energy changes.
without the weak-coupling assumption. Such a band of levels, which we will refer to as:
To demonstrate the physical effect involved, rotation-particle decoupled, has just the proper-
we consider qualitatively a particle coupled to a ties displayed in Fig. 1. To find under what con-
rotating core.* The principal influence of the ro- ditions this band is likely to occur as a low-lying
tation on this coupling can be expressed by intro- feature of the spectrum, we will examine a sim-
ducing the Coriolis effects, and these depend es- ple Hamiltonian that contains the essential fea-
sentlally on the Coriolis force RxJ, j, where R and tures.
j are the core and particle angular momenta. For a particle coupled to an axially symmetric

deformed core which can rotate, we can write

But for those states where R is coupled almost
| the Hamiltonian as

72 = 72 ) 72 - .
H=Hyi +5gR =Him+—3[1(1+1)-sz ]+Hc+_‘<}'(<l )—Q3), (1)

where the symbols have their usual meanmg, and Hj,, represents the Hamlltoman of the particle in
the absence of any rotation of the core. Equation (1) is derived by noting that R=1-] ], and the Coriolis
operator Hc can be written as

He=-22/2)-7- Q2= - /21, 5. +1.7.]. (2)

In diagonalizing the right-hand side of Eq. (1), we use a basis system where I and © (the projection of
j on the nuclear symmetry axis) are constants of the motion, and this corresponds to the usual one
for deformed nuclei. We must evaluate H,, in this system and, in doing so, will take j to be a good
quantum number. This assumption is not essential, but is rather good for the high-j orbitals we want
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FIG. 1. Comparison of ground band levels in some Ba 1sotopes with the negative-parity bands in the neighboring

La nuclei. In most cases (energy zero in parentheses) the La ! level is not the ground state, and its energy has
been subtracted from all levels shown for that isotope.
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to consider and permits simplifications in both

H . and the Coriolis matrix elements. We can
express Hy,, by giving the energy of the system
as a function of ©; that is, as a function of the
orientation of j to the symmetry axis of the core.
For a core with quadrupole deformation, the Nils-
son calculations® correspond to an evaluation of
these energies, but if the deformation 8 is not

too large, then we can use the limiting approx-
imation®

E(Q) =B (nlj) + 2258 (392 —j(j+1)

A3 4j(j+1)

The numerical coefficient 206/A'/% in Eq. (3)
gives reasonable agreement with the Nilsson sol-
utions for the &,,,, and i ,,, orbitals up to around
B=0.3, and since we consider only a single j
shell, the E (rlj) can be taken to be zero. We al-
so include the effects of the pairing correlations,
which are given by

Hyper(@) ={[B(Q) = 1]? + 47112 - (4)

and the usual® UV factor for Hc. Using Eq. (4),
we can diagonalize the right-hand side of Eq. (1)
for any values of I, provided we have fixed 7%/
23, B, A, and A,

We can reduce these four parameters to two es-
sential ones in the following way. There is a
very general empirical relationship between %2/
2% and B (as defined from the E2-transition life-
time) that essentially all even-even nuclei fol-
low.” For the purpose of our survey we will use
this relationship to eliminate one of these vari-
ables. This gives

8(72/2%) =E,, = 1225/A7/38> MeV. (5)

) MeV. (3)

We use B8 explicitly here only to interconnect #2/
2% and E(2), and one could take the point of view
that Egs. (3) and (5) just define an empirical re-
lationship between these quantities. However,
some deformation is implicitly required for Eq.
(1) to have any physical meaning. Of the remain-
ing parameters, A is not very important and we
take it always to be 0.8 MeV; so that the remain-
der of this note will consist of an attempt to un-
derstand Eq. (1) as a function of 8 and A.

Let us first consider the limiting cases of large
and small values for 8. For large 8 (=0.3), the
Coriolis effects are relatively unimportant since
72/29 is small [Eq. (2)], and the different & com-
ponents are widely separated. This results in
the usual strong-coupling limit of pure rotational
bands with good 2 values. As we move toward
smaller B, the Coriolis effects become more im-
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portant and perturb this structure, mixing Q val-
ues. Our model should be reliable throughout
this region. At the other limit, B =0, H;,, is a
constant, and although the diagonalization of the
right-hand side of Eq. (1) appears complex, the
left-hand side is now transparent, giving the re-
sult that the energies are just those due to the ro-
tation of the core. It is, of course, true that the
core of an odd-A nucleus is somewhat different
from that of the adjacent even-even nucleus be-
cause of the blocked level. In some cases this
might be a large effect, but the data in Fig. 1
suggest that it can also be a rather small effect.
In this limit there are states at each core energy
having spin values that range from |R -jl to R
+j, and R is a good quantum number. This is
just the case of complete decoupling discussed
by Vogel.® Near this limit, Eq. (1) gives results
identical to those of a weak-coupling model® with
(apart from the pairing effects) a pure quadru-
pole-quadrupole particle-core interaction. The
relevant feature of such a model is that the core
state is split into a multiplet centered on the
core energy, but not otherwise dependent on that
energy nor on any other property of the core.
Thus, even though the pure-rotational core ener-
gies given by Eq. (1) are not realistic for this re-
gion, the splitting of the core levels will be rea-
sonable, if the real interaction is quadrupole-
quadrupole (plus the pairing effects) and if our
estimate of the effective quadrupole strength
[Egs. (3) and (5)] is about right. Thus, we will
also examine Eq. (1) in this region of small 8 val-
ues, but we should at best only take seriously the
positions of the various levels relative to the po-
sition of the related core state.

In Fig. 2 we have plotted the solutions to Eq.
(1) for j=4, A=E(3), and $=0~+0.35. The out-
standing feature is the coincidence of the ener-
gies of the “favored” high-spin states (I=j,j+2,
j+4,+++) with those of the core states for all 8
values. The wave functions of these states show
that they do tend to be decoupled from the core
for all B values in Fig. 2; whereas the other
states only decouple when B8 is small, <0.1. The
effect of varying A has been studied and indicates
that the tendency to decouple is strongest when A
is low. It is apparent from simple geometrical
considerations that the states with low Q values
are much more important in constructing a state
with R parallel to I than are those with high
values. In prolate nuclei these essential states
lie low in the spectrum when A is low. We found
that at 8 =+0.25 (the largest value in the La nu-
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FIG. 2. Results of diagonalizing Eq. (1) for various
B values, given for the lowest state of each spin up to
I= 21 (the second I= state is 1ncluded) The ordinate
is the eigenvalue less the lowest I= elgenvalue, in
units of E,,. The abscissa is g (top) or the cube root
of the total splitting of the %44/, orbital in units of E,,
(bottom), The Fermi surface A is always located on the

=1 state, so that in the limit of very large B, the lev-
els will become a pure =3 band with a decoupling pa-
rameter of — 6, The dots show the effect of diagonaliz-
ing the Hamiltonian H =H ., + (7*/23) [R2 - BR* + CRf],
instead of Eq. (1), where B and C were adjusted to fit
the lowest few levels in ¥ Ba,

clei) the decoupling of the favored states should
occur provided A is anywhere below ~E (%). In
fact, A is clearly far below this in the La region.
Within the framework of our calculations, failure
of the lowest favored states to decouple occurs
only where 8 and A are large enough, so that
these states tend to have pure Q values rather
than pure R values. In addition to dramatic
changes in the energies of the other yrast states
(I=j+1,j+3,+++), this causes the energy, E,-,,,
- E;-,, to increase from 6%%/23 (pure R) to (4j
+6)72/23 (pure Q). An exception occurs if Q =3,
where the partial decoupling gives (2j + 5)%2/23
for this energy difference; generally about mid-
way between the above limits,

In conclusion, we believe the remarkable ener-

gy coincidences shown in Fig. 1 for some La iso-
topes can be understood as due to rotation-parti-
cle decoupling of the observed states. The pres-
ent calculations indicate that this should be a
widespread effect for the high-j unique-parity or-
bitals (%,,,9, t14/5 €tc.) occurring over a wide
range of prolate deformations at the beginning of
major shells (nearly empty orbitals) and oblate
deformations at the end of major shells (nearly
full orbitals). It may also occur for lower-j or-
bitals, but only over more limited regions. It
should be kept in mind that we are considering
only one aspect of nuclear motion, and others not
considered here will almost certainly obscure
these effects for B values smaller than some
(presently unknown) limit. Nevertheless, if this
is the correct explanation for the La spectra in
Fig. 1, it indicates that the particle sees the core
states essentially as rotational states. If this
kind of odd-A spectrum occurs rather widely

(for which there is at present some indication),

it could provide evidence that rotation is a basic
feature of the core states over wider regions of
the periodic table than generally thought.
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Mr. R. S. Simon whose computer program was
modified to perform the present calculations.
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