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Rotational Structure and Nilsson Orbitals for Highly Deformed Odd-A Nuclei
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Six rotational bands have been found in 3gY60& 3gY6~& 388rej and 40Z161 ~ A11 bands have
small and very similar values of 8'/28 that indicate deformations of - 0.3-0.4 and imply
that these nuclei are among the most deformed known, with 8 0 88r jgjd Relative
strengths of intraband y transitions suggest Nilsson orbital assignments of ~ 2 [422] for
the Y ground bands.

PACS numbers: 21.10.Pc, 21.10.Qv, 21.60.Cs, 27.60.+j

The region of deformed neutron-rich nuclei at
mass A - 100 was predicted theoretically in 1969
by Arseniev, Sobieczewski, and Soloviev. ' The
first experimental evidence was obtained by ob-
serving rotational bands in Cf fissipn frag-
ments with B(E2) values enhanced by factors of
40-120,' indicating deformations P of 0.3-0.4,'
which are reasonably well reproduced by calcula-
tions of Faessler et al.' Two-neutron separation
energies S,„and rms radii for Bb nuclei' also in-
dicate prolate deformations of 0.2-0.4 with the
maximum for '"Rb.

Detailed spectroscopic studies of even-A Sr,
Zr, Mo, and Ru nuclei have been pursued for
years at on-line mass separator facilities and
are summarized by Sistemich' and Pinston. '
Characteristics of the shape transition for even-
even nuclei at A - 100 are shown in Fig. I. The
2,' energy decreases by a factor of 5.7 as N in-
creases from 58 to 60 for Sr and Zr nuclei, but
the decrease becomes more gradual as Z increas-
es. The onset of deformation for Sr and Zr is
thus the most abrupt known (for comparison, the
2,' energy drops by a factor of 2.8 as N increas-
es from 88 to 90 for Sm and Gd nuclei, which
have the most abrupt onset for the rare-earth
elements). Even-A Sr potential-energy calcula-
tions indicate spherical minima for ¹ 58 and
prolate minima with P ~ 0.3 for N~ 60. For N& 60
the 4, '/2, ' energy ratios have a common trend
toward the rigid-rotor value of —", . For N&60
the trend is reversed, with the vibrational ratios

of -2.2 decreasing as the subshell at Z = 38 is ap-
proached. These ratios show that the N = 60 iso-
tones are transitional. This is strongly support-
ed by the systematics of the 0,' level energy
which is exceptionally low for Sr and Zr at N=60
but is much higher for other N values. "

A microscopic explanation for the abrupt onset
of deformation at N=60 and the existence of low-
lying excited 0' states at the onset has been giv-
en by Federman and Pittel. ' Crucial to this ex-
planation is the strong attractive interaction be-
tween neutron-proton orbitals with large spatial
overlap, such as the spin-orbit partner orbitals
zg.„,and vg„,. The ability of the n Pinter-action
to cause strong deformation requires not only
such orbitals near the Fermi surface prior to
deformation but that orbitals with large spatial
overlap also occur at the Fermi surface once the
nucleus becomes deformed. Casten et al."point-
ed out that it is precisely this requirement that
causes the largest deformation to occur for Sm
and Gd in the rare-earth region.

Prior to this Letter, only a single rotational
band for an odd-A nucleus in the A-100 region
has been reported. " This was for the decay of
an 8.6-p, s isomer of "jt.' that populates eight lev-
els of a R =

& ground band. The level energies
clpsely fpllpw the general form' for an pdd-A
rotor with negligibly small higher-order terms,
indicating a nearly rigid rotor. (The inertial pa-
rameter 8'/28 of 17.8 keV changes by less than
0.1 keV if the higher-order terms are included. )

1983 The American Physical Society



VoLv ME 5 1 NUMBER 10 PHYSICAL RREVIEWW LETTERS 5 SEvSEPTEMBER 1983

2.0-

1.4-

1.0-

I I I I I

(a) Sr

377.8(9/2)
0.9 I.4

(7/2) 24 11

(5/2)
g [ioo„~o7

0

99
38 61

408.3
2.2 2.9

(7/2)
"

21 9.1232.1

(5/2)
1 r

g goo

101
4oZ re

(7/2) 468.2
1.3 1.2

( /2) 66 321.3

(3/2) 216-9

0.8-

0.6—

0)
C

UJ 04
+
CU

0.2-

482.2 (I I/2)(II/2)
0.7 0.15

(9/2) 8M

(7/2)
'' " 125.1

(5/2) l F 0

494.5
1.9 0.47

(g/2) 291.9
2.0

1
100

128.4

(5/2) I 0

(9/2)
1.6 0.5

(7/2) 62 714.6

(&/2) 590.590.7

99
~eY6o

tO)
39 62

Sr

0.1 50 54 558 62 65 6
s s I

70 74

Rotational bandsFIG. 2. an s in deformed d

th' lt
isoton

o d-A Y lso-

a ave intens
n y tran

n in Ywas re o
ecay are show

present work.
ported (see Ref. 1e . 11) prior to the

LLI

3.0

2.5

2-0

N= 56

N=54

N=64

N =58

ization ionn source, "we h
101

xn milliseconds)
and found half-1'

)
wo Y isotopes is

Guid d

is strik-

g
, we ana, lyzed

r with sma, ll 5'

t
' " p

t
ms are i

e hi

ion le
also negligibli y small

gher-order
This ass p-

ig s of K va,l-

Tbi I remarkably similar
given

ig tl la
db t df

a sq as
even-even systemat-

1.5—
I

46pd
I

44 RU
I

42 Mo
I

4O Zr TABLE I.I. Rotational baand properties

FIG. l. 8ystematics o
region.

o even-evenn nuclei in the A. —100
Nucleus

Bandhead
(keV}

K'/28
(keV)

rs)/Q o I-
(b ')

It is the purpose of the
sent new dat a on rot

e present Lett

formed odd-
ational ban

erto r-
o d-A l thA. ——100. Usin thg e

ux beam rea, ctor at
N on line to the

h h t- emperature surfaace-ion-

99Sr
101gr

99Y

101Y

0
0

216
0
0

590

18.0
19.4
20.9
17.8
18.3
17.7

0.164+ 0.017
0.170+ 0.012
0.130+ 0.021
0.27+ 0.03
0.26 + 0.03
0.14+ 0.02

874



VOLUME 51, NUMBER 10 PHYSICAL REVIEW LETTERS 5 SEPTEMBER 1983

ics of Fig. 1, where Zr has higher 2,' energies
than Sr. The four values for Sr and Y are near-
ly identical, with only a 1.3% rms deviation in
the mean value of 17.96 keV. This value gives
8/8„,~ [8„.g,

.
d

= 0.4AM „(1.2A"' fm)'(1+0. 31p)] in
the range 0.80-0.85 for p in the range 0.3-0.5.
In comparison, the deformed rare-earth nuclei
have 8/8„,d s 0.5."

Table I also gives experimental results for
~ (g»-g»)/Q, ~, where Q, is the intrinsic quadru-
pole moment for the band and gE and g„are, re-
spectively, the intrinsic and collective g factors.
The results were obtained from branching ratios
for the intraband y transitions shown in Fig. 2,
under the assumption of pure K bands (i.e. , the
Alaga rules). " For bands with four members,
the result given in Table I is the average for the
top two levels in the band. The ground bands in
both N= 61 isotones give nearly identical values,
as do the ground bands in both Y isotopes.

The experimental ratio (g» -g»)/Qo can be used
to deduce a Nilsson orbital assignment for the
band. With Q, = [3/(5m)"']ZR'p(1+0. 16p) and R
=1.2A'" fm, Q, =9.2p(1+0. 16p) b for Z =39 and
A ~ 100. For deformed rare-earth nuclei the odd-

Ng~ values are uniformly less than the even-ev-
eng~ values, which in turn are less than the odd-
Z g„value of Z/A. ' Assuming similar relative
values for the deformed A-100 region, we used

g~ = 0.4 for Z odd and g~ = 0.2 for N odd. The tab-
ulation of Browne and Femenia" can be used to
calculate gl, for a given Nilsson orbital. For Z
=39 the only K=2 orbitals near the Fermi sur-
face for P-0.3-0.4 are —,'[422] and -', [303]. With

use of a Nilsson diagram which is appropriate
for neutrons in the neutron-rich A- 100 region,
the only R =2 orbitals expected near the Fermi
surface for P-0.3-0.4 are 2[411]and -', [541].

Calculated values of the ratio (g» -gz)/Q, are
given in Fig. 3 for the expected Nils son orbitals
and for various values of f, the ratio of the ef-
fective g, to the free g, for the odd nucleon. In
the deformed rare-earth region, the usual values
of f, obtained after accounting for mixing of R
bands due to the Coriolis interaction, are -0.6,
although values as low as 0.3 and as high as 0.9
have been obtained. " For the new deformed A
- 100 region, in which the Nilsson orbitals have
not been established, it is inappropriate to as-
sume an orbital and deduce f. Instead, a range
of values of f a,re used in Fig. 3 to allow deduc-
tion of Nilsson orbital assignments, if possible,
for the new rotational bands presented here for
deformations in the range p-0.3-0.4. For z-', -
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FIG. 3. Calculated values of (g»-gs)/Q, for proton
X =

& Nilsson orbitals expected to lie near the Fermi
sur face for Z = 39 aud P - 0.3; f =g ' ~"v'/g '~ and

q, = 9.2p (X+ 0.&6p) b.

[303] the large variation of (g» -gs)/Q, with f is
due to the near cancellation of g~ andg~. Indeed,
g»=g~ «r f=o 8.

Comparison of Fig. 3 with Table I shows that
—;[422]is clearly favored for the YR =-', ground
bands and —', [303] is favored for the "'Y 590-keV
band for P-0.3-0.4. A low f value of -0.4 is in-
dicated for the 590-keV band. However, since
the —,[301]orbital, which has a large (i.e. , - 0.4)
value of (g„-g„)/Q„ is also expected near the
Fermi surface, Coriolis mixing of the —,[303]
and 2[301]bands and an f value of - 0.6 could al-
so account for the observed 590-keV (g»-g„)/Q,
value.

For the N =61 isotones the situation is unclear.
Calculations similar to those of Fig. 3 were made
for the %=61 isotones. The curves for v 2 [411]
and v & [541] have appreciable overlap. However,
the validity of these curves is questionable since
the Nilsson parameters used in Ref. 16 are not
appropriate for N =61 isotones. Our data cannot
determine the N = 61 Nilsson assignments. Per-
haps the present ambiguity for N =61 could be re-
moved by a direct measurement of the magnetic
moment of the E = 2 ground band or by angular-
correlation measurements of intraband cascades.

An interesting feature that emerges from this
analysis is that the unique-parity orbitals p-, [422]
and v 2 [541] seem to be virtually unaffected by
Coriolis mixing, which is usually much larger
for unique-parity orbitals. The nearly identical
values of 8'/28 for all bands, whether unique par-
ity or not, indicate weak Coriolis mixing. The
Coriolis mixing appears to be suppressed in these
nuclei as a result of the large energy separation
of adjacent unique-parity orbitals.

In summary, we have presented evidence for
rotational structure in four odd-A nuclei in the
A - 100 region. All six bands have similar values
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of h'/28 whose magnitudes imply deformations

P &0.3. These odd-A results thus indicate large
deformations that occur only one or two nucleons
beyond the onset of deformation. The magnitude
of h'j28, if scaled by A "', makes this region
one of the most deformed known. For the two Y
isotopes, the K=-, ground bands are well de-
scribed by the —',[422] Nilsson state, and the 590-
keV E = —', band in ' 'Y is most likely —', [303]. The
present data for X= 61 cannot determine which
K = 2 bands are 2[411]and which are 2[541]. Fi-
nally, the existence of the n —, [422] and v —, [411]
orbitals near the Fermi surface for highly de-
formed A-100 nuclei is consistent with the con-
cept'*" that deformation is strongly promoted by
partial occupancy of neutron and proton orbitals
with strong spatial overlap.
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with R. F. Casten. All research was supported
by the U. S. Department of Energy.
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