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California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
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ROTATION OF MODERATELY-DEFORMED ODD-A NUCLEI+
F. S. Stephens, R. M. Diamond, D. Benson, Jf., and M. R. Maier
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

October 1972

Abstract:

Thé particle-pius-rotor model has been solved for some
weakly- and moderatelybdeformed 0dd-A nuclei. -Some very charac-
teristic regularities are expected'to occur for the ﬁigh—spin f
states coming from high-j orbitals, and these depend strongly
on the sign of B. Appiication to some Au, Hg, and T nuclei
shows surprising agreemehf, and indicates oblate éhapes for

' these states in all these nuélei; Under certain conditions,
a new-coupling scheme is realized where-the'partiéle angular
momentum; J, 1s quantized along the rotation axis rather than

the symmetry axis.

The rotational model, proposed by Bohrl in 1952 and developed subse-

quently by Bohr‘ahd Mottelsori2 and others, requirés that the spectrum of an.

odd-A rotationél nucleus,corresponds to that of a particle coupled to a non-
spherical rotating core. This is well borne out in the fegions of "deformed"
nuclei, where the particle is strongly coupled to the deformed shape. This
model has not feally been studied in intermediate- or weak-coupling

situations, although these were discussed in the early papers. An attempt to
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extend the model iﬁto thesé regions was made by Malik and Scholz3 in the mass
region, A = 25 - 80. The results were generally_encouraging, although the data
were nowhere sufficient to provide a very convincing picture. Recently the
striking behavior of the high-spin states in the La nucleih-gave the first
‘strong indication that this model might apply outside the strongfcoupling
regions. In the‘present note, we would like to point out the general features
of this model for high-j orbitals at moderate déformationé, and demonstrate

its applicability to the region Jjust below lead.

The problem in épplying this model to odd-A nuclei with decreasing
deformgtions is that the Coriolis effects become very large and must be dia-
gonalized exaétly, taking into account ali closely-reiated states. In the
region Just belo# lead we would at first hope that by choosing states of .
the appropriate parity, only one j-shell need be considered. »This would
be hll/2 for_protons and(il3/2 for neutrons. In fact,'for protons, states

of h9/2 j-shell from the 82-126 shell are also observed in this region of

11/2

can be diagonalized separately. We will outline briefly our method for

nuclei, but are not strongly coupled to those of the h j-shell, and thus
solving this problem, discuss the results in the Au region, and then summarize
the general features of the model.

For a particle coupled to an axially symmetric rotor, the Hamiltonian

can be written: <

H=Hijpe ¥ Uy o ‘with; (1)

v
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2 2 : 2 '
H B # = fl; [I(I+1)—Q2] + h [_52_-522] + H (2)
2 2d

rot 2 o) ?

where the symbols have their usual meanihg, HC is the Coriolis operator,
and Hintr is the Hamiltonian of the particle in the absence of any rotation.
The solution of this Hamiltonian, with the addition of pairing effects, has

. L . Lo . N o
been discussed previously using several simple approximations in order to

- 1limit the number of variables to two; the deformation B, and the Fermi surface

A. We will follow the same procedures here, and in addition will fix £ and A,
so that there remain no adjustable pafameters. We fix IB] by averaging the
value obtained from B(E2; 2 + 0) measurements for the two adjacent even-even

nuclei. For this |B|, A is fixed at the level corresponding to the correct

. number of particles according to the Nilsson diagram. Thus, for each odd-A '

case we calculate th $pectra, corresponding to a prolate and an oblate shabe
Lo the nucleus.

' There are a number of approximatidns in the above procedﬁre. It is
fairly easy to show that some, such as the assumption of pure j-values, are
rather good.. The fhreé that seeﬁ likely to be poor at times are: a) the use
of a perfect-rotor Hamiltonian for the core; b) the neglect of the effect of
the odd particle on the core parameters;-énd c) the festriction of the core to
axially-symmetric shapes. We have not made quantitive estimates of b) and c),

but we have examined (a) by using:

I - B R
H.ot =35 [R * BR + CR 1, : (3)

where B and C can be obtained from approximate fits to levels in the adjacent

even-even nuclei (see the caption to Fig. 2). In the calculations discussed
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here, we have ﬁsed Eq. (3); however, we have found that.this does not céuse
Latrge chunges-in the calculated spectra.

We will now discuss briefly the application of this model té the Au
region of the periodic téblé. A portion of>fhe Nilsson diagrém for protons
' and h

is shown in Fig. 1, which contains particularly the h j-shells.

9/2 11/2
The TL and Au nuclei have A values around 3 or 4 MeV on this chart, and this

9/2

0f diagonalizing Lg. (1) do not depend very much on A and are shown as a func-

lies.completely below the h -shell for |B| < 0.2. In such a case the results

tion of B in Fig. 2a. For the T nuclei we use |B] = 0.11, which is taken from

the even-even Hg nuclei. One set of dots in Fig. 2a shows'the location of the ob-

1990

served negative-parity levels in T2, taken as repneSentative of the lighter TR

i ,
isotopes5 and normalized to the lowest I = j calculated level (in.parentheses). The

rotational-bandlike character of these levels requires an oblate shape for these
states accordingvto Fig. 2a, which is consistent with fhé previous interpeetation.5
We believe the expianation of: a) rotational bands in TR ﬁuclei; b) the approki-
mate h2/221value 6f these bands; and c) the'sign'and réﬁgh magnitude of the
deviations from a pure-rotor spectrum, are rather conyincing for a calculation
with no adjustable parameters. To show that these‘calcuiations go over into

the region of large deformation in reasonable fashidn, we have indicéted the

178W and 18005, together with the

predictions forJl79Re, where'B is taken from
.observed statés.6 Agéin the order of the observed levels is correct as is the
approximate spaéihg ;f the levels. This interpretation of these levels in 179
is also consistent with that previously made.6

- The sitﬁation for the hll/2 J-shell 1is shown’in Fig. 2b, and is quite

similar to that of Fig. 2a, except that all spins are one higher and a given

-

P
N
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level pattern'occurs for>the opposite sign of B. This reversal is a result of

the faqt that A is now above the j-shell rather than below it. The predicted

195 196 194

position of "““Au is indicated, with IBI taken from Hg and ‘Pt, and the

experimental levels7 are again'shown as dots. In this case, an oblate shape
is clearly indicated by the decoupled-type Au spectrum and the order of levels

and spacings are surprisingly well given. - A lower A-value should be used for

179

and h

Re in both the h 5 j-shells; however, the differences are not

9/2 11/

very large so we have not made separate figures. The previously identified6'

179

= 9/2 band in Re is seen to be in rather good agfeement with the calcula-

tions for a prolate shape. The odd-parity levels in the Ir isotopes are pro-

bably also derived from the h j-shell, but we have not yet analyzed these

11/2

states.  In any case, since the Au nuclei are oblate for these levels and
the Re nuclei are prolate, one might have to deal with.triaxial shhpes in the

Ir. nuclei.
I

Our recent reéults8 on the high-spin states in the odd-A Hg nuclei
indicate that decoupled bands exist, similar to those in the La isotopes.

A series of two or three stretched E2 transitions, whose energies approximate
189,195,197;199Hg.

those of the adjacent even-even nuclei, were observed in

13/2 isomeric state was

measured and shown to be large; suggesting that the E2 cascade populates this

In one of these cases, the population of the known i

level. This_is precisely what one would expect from the i 5 j~shell around

13/
B = -0.1 according to the present calculations. Thus in T4, Hg, and Au, the
levels from the high-j orbitals can be reasonably well accounted for by the

particle-plus-rotor model, and consistently require oblate shapes.
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The general features of the solutions in Eq. (1) can be easily recog-
nized in Fig. 2. At large deformation (of either sign) a good rotational region

occurs, corresponding to a strong-=coupling between.the particle and the_defor—

.

i

mation. In thislcoupling scheﬁe, Q,_the projéction of_J_on.the symmetry axis,
is a good quantum number of the system, requifing a mikture of R values, and
the (~band lying lowest depehds on fhe position of A in the j-éhell (which'
changes with deformatipn). As the deformation decreagés,Athere is a region
~where the Coriolis_effecfs, éoupling the particle to the fotation and mixing

1Y valués, cah be iréated as é perturbation. At the other.limit of zero defor-
mation, ﬁhere’is no coupling between the particle and the (non-existent)
deformation, resultiﬁg in the degeneracy of ail the stétes corresponding to
different orientations-of 5 given J and R. The coupling scheme here has the
core rotational angular momentum, R, as a good gquantum number, requiring a
mixture of §) values. As the deformation increéses from'zero,'there is a
region where it can be treated as a pertﬁrbation”in a particle-core weak#coupiing

9

model.
If A and the sign of B locate a nucleus near the high-f levels of a

j-shell (in Fig. 1 for the Au region this would be prolate for h and oblate,

11/2
for h9/2) the abdve two perturbation regions merge into each other, and one -
shifts rather_suddenly from the strong-coupling to the Veak-coupling region
around [B| = 0.1. On this side rotational bands exist for [8] > ~ 0.1, with
a normal spin séquence and 2 = j at low f-values, changing to 2 = J - 1
as A moves cioser'to that state. For a nucleus'situated near the low-Q‘

levels (opposite to the .above shapes) there is a broad region between B ~ 0.1

and B ~ 0.3 where neither of these coupling schemes applies. This is

P
)




-7- LBL-1282

a region bf intermediate coupling, and an outstanding feature here is the
oécurrencé of the decoupled band of high-spin states (I = J, j+2, J+h,...,
with energy spacings iige those of the even-even core)}h In this region a new
coupling—scheme ié appro#imatedlo, in which a, the.projection of J on the rota-
tion axis, is a good quantum-number, requiring mixtures of both R and . The
rotatidn axis can;lie anywhére in the plane perpendicular to the symmetry axis.
Theﬁmost favorabie states are the ones where J is aligned with this axis as well as
possible (o = j), and the high-spin decoupled states all have this configﬁration
coupled with différent average values of R to make up the different I-values.
For IBI,> 0.3, the coupling scheme on this side again tends toward pure¢Q_
valﬁes,.ﬁpbroaching 2= 1/2 or 3/2 on the right side of Fig. 2a, and Q = 5/2
. on the left side‘of Fig. 2b, as determined by the'stipi§n of A.

A We héve seen that a model which treats consisteﬁtly both deformation
and rotation for nuclei with small deformations can lead to level schemes quite
differént from those oﬁtained by  simply qonstructing rotational bands on Nilsson
le%els. Undér somekéonditions a new coupling scheme is realized where the.pro-
jection of'j on the rotation ékis, rather than on the symﬁetry axis, is a good
quantum number éf the systeﬁ. There is gfowing evidence that at least high-spin
states from high—j orbitals caﬁ be represented by such a model for IBI > 0.1.
Many experiments'afe_required in order to test the nature of these high-spin
statés in greater detail, to stﬁdy the lower-spin states from the high-J orbi-
" tals, and toveiplbre the applicability of this model to éome lower-} orbitalé.
Such a simple picture is not likely to be sufficient in gréat detail, but the
implied basic unity of the so-éalled "vibrational" region with the rotational
one is very appéaling.

We have benefited greatly from discussions with A.>Bohr, B. R. Mottelson,

S. G. Nilsson, P. Kleinheinz, and R. K. Sheline.
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Figure Captions

» Fig. 1. A portion of the Nilsson diagram for protons, where only the h9/2 and

, by /p j-shells have been fully drawn. The ground states of the T2 and Au

nuclei are in the s)/p 80d dg 5 j-shells, which have been partially drawn.
Fig. 2. Solutions to Eq. (1) for the yrast states from the h9/2 gnd hll/2

j—shells,vwith A = 3.5 MeV relative to Fig. 1.. For Hrot’ Eq. (3) was used,
2)(1 - 146%) and ¢/A = (8.8 x 107°)(1 - 148°) and
199T2, 195

with B/A = (1.6 x 10

B=C=0 if |B| > 0.267. The measured negative-parity levels in
179,

Au,
and Re are shown as dots, with dashed lines connecting each dot to the

calculated level having that spin_Value.
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