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Abstract

Experiments on the nucleus 1008r are re-

viewed. The activity was produced by fis-
sion with 600 MeV protons on a uranium tar-
get and after mass separation studied by
gamma-ray and conversion-electron spectro-
scopy and by nanosecond lifetime measure-
ments.

The theoretical implications of these
results are discussed on the basis of a
Nilsson-Strutinsky calculation.

1. Introduction

The region of deformation near (Z,N)=
= (40,60) was found by Cheifetz et.al.l
measurements of radiations from prompt de-
excitation of fission fragments, and recent
experiments at the mass separators JOSEF2)
and 0sTIs3) have greatly extended our know-
ledge of this region. The domain of inte-
rest is illustrated in Fig. 1, which shows
the systematics of the first 2% level in

N

b

even-even nuclei of the elements around
zirconium.

The proton number 40 has the character
of representing a shell gap for spherical
nuclei and at the same time also,a shell
gap  for 2:1 prolate deformation®’. This
character is clearly confirmed by the sy-
stematics in Fig. 1, which shows spherical
shape for the 50 closed neutron shell and
the 56 closed d5/2 subshell, while on the
sides the neutron numbers 40 and 60, which
like 7Z=40 favour prolate deformation, lead
to new regions of deformed nuclei. The be-
haviour of the 2% energies for the nuclides
with neutron number in the proximity of the
mid-shell 1/2(50+82) =66 seems to be more
smooth for molybdenum than for zirconium
and strontium. Both strontium and zirconium
exhibit a drastic drop in 2% energies be-
tween 58 and 60 neutrons, with_the stronti-
um being lowest in energy. In 1005y, the 2%
state comes as low as 129.2 keV and the ra-
tio E4+/Ep+ of 3.23, which is close to the
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Fig. 1 Systematics of 2*

energies in the mass A=100 region as a function of proton

and neutron number projected from the neutron-rich side.

The data are taken from Ref. 1-6.
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Fig. 2

Conversion electron spectrum obtained by a 3mmx 3000 mm~ Si(Li) detector and

continuous on-line counting. The energy response of the detector was calibra-

ted by observing well-known transitions in the daughter- and neighbouring ele-
ments. The inset shows a simplified level_scheme of the strongest gamma tran-

sitions observed in the B-decay of 55 ms Rb.

rigid rotor value of 10/3, is the highest
yet found in this region.

2. Experimental procedures and results

The short-lived isotopes of rubidium were
studied by y-ray and conversion-electron
spectroscopy and by nanosecond lifetime
measurements. The radioactivity was produ-
ced by fission with 600 MeV protons imping-
ing on a target of 46 g/cm2 Uranium carbi-
de at a temperature of about 2000°C, and
was separated on-line at the ISOLDE Faci-
lity at CERN. The yield of 100Rb was about
10° atoms per second.

The y-ray spectgum observed in the B-de-
cay of the 55 ms 100Rp shows two yY-lines at
129.2+0.5 keV and 288.2+0.5 keV, interpre-
ted as _representing the lowest transitions
in the Sr ground-state rotational band-/.
From gamma-gamma coincidence and conversion
electron measurements, the y-lines were
both found to be E2 transitions in coinci-
dence. The E2 character of the 129.2 keVv
line could also be extracted from the K/L-
ratio in the electron spectrum (Fig. 2).
In the coincidence experiment, a new rela-
tively strong transition of 1201+l keV was
found to populate the 4% level. The y-line
of 90.7+£0.5 keV, which also decays with the
55 ms 100Rp half-life was proved tg be-
long to the delayed neutron daughter Isr.

The lifetime of the 129.2 keV level has
been determined by measuring delayed coin-
cidences between B-particles and conversion
electrons detected in 1 mm and 0.2 mm thick
plastic scintillators.

The distribution of delayed coincidences

shown in Fig. 3 reveals a single delayed
component corresponding to a halflife of
5.15+0.20 ns. The period did not depend on
the gate settings in the beta or electron
energies.
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Time spectrum observed at 100gy

from B-ray conversion electron co-
incidences measured by two thin

plastic scintillators. The experi-
mental resolution was 1.8 ns FWHM.
The corresponding spectrum obtain-
ed for Sr is shown in the inset.

Fig. 3
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Similar measurements were performed on
98Rb. The inset in Fig. 3 shows that in
this case two delayed components are pre-
sent. Our findings seem to be in excelleny
agreement with those of Schussler et.al.> '
who explained the longer component as the
8glflife of the first excited O*-state in

Sr.

3. Excited O+ state

Part of the aim of the gamma and conver-
sion electron experiments was to look for
a pogsible low-lying excited 1%=0* state

in Sr. As can be seen from Fig. 4, these
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Fig. 4 Systematics of excited O states

in the elements Sr, Zr, and Mo as
a function of neutron number. The
data are taken fromRefs. 3, 6, 7.

o' levels are found at unexpectedly low
energies in this mass region. In the pre-
sent experiment, however, such a state, if
it excists at low energy, was not possible
to identify.

The systematics in Fig. 4 indicate that
the low-lying O% levels in Mo tend to
change between 60 and 62 neutrons. Molyb-
denum is known to have more smooth sys-
tematics of the energy levels than zirconi-
um and strontium. Therefore, in 100Sr where
the deformed shape is thought to be sta-
bilized, the first excited I=0* level might
be expected at higher energy:than in

8syr. It should be pointed out that any
low-1lying state could have escaped detec-
tion if it was fed at the percent level.
This because the experiment was performed
with a newly developed high-efficiency
surface ionizer, which gave us a certain
amount of directly produced strontium and

thus larger background.

To observe a detectable signal from an
excited I=0% state in Sr would require
a low spin value of the B—dgcaying state
in 100Rb. In the decay of 9 Rb, two iso-
mers with very small halflife difference
were observed3). The fact that the first
excited 0% state in 78sr is populated in
a large amount, points to a B-decaying
state of low spin value. Atomic hyperfine

structure measurementss) ive an uncertain
spin I=0 as a result for Sr. Similar mea-
surements8) on 27Rb point to [431]13/2% as
the most likely proton-configuration (see
contr. to this conf. by C. Ekstrdm). For
N=61 neutrons, the most likely neutron con-
figuration for strong prolate deformation
is [411]13/2%, (See Fig. 5) The coupling of
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Fig. 5 Single particle levels in the A=

100 region for the modified oscil-
lator potential as a functionof the
deformation parameter e.

The parameters are those of neu-
trons given in the figure.

these single-particle configurations should,
according to the empirical rule?), yield spin
I=3 lowest in energy. An extrapolationof the
two single-particle configurations coup-
ling to 100Rb, gives for protons [43113/2F
and for N=63 neutrons either the same as
for N=61 or [532]15/2%.

4. Discussion

The results of the experiments point to
1005y as a well-developed axial rotor. The
B(E2) value for the 2*»0% transition trans-
latesl0)into an intrinsic quadrupole moment
of 3.3b. By assuming prolate spherical
shape and using the relation between e and
Q to second order Q=4/5 z282/3 r_2e(1+1/2¢),
a deformation parameter e of 0.89 is deri-
ved. Note that the first order tirm in €
alone would lead to an e-value of 0.35.

We note that several theoretical calcu-
lations are able to explain the onset
of permanent deformation around N=60. The
"chameleon" character of the zirconium iso-
topes is explained by the proton number be-
ing a subshell gap for spheri al shapes,
while 7z=38 emerges as a substantial gap in
the Nilsson diagram for deformation o
€=0.3 - 0.4 (see figure in contr. by C.
Ekstrdm). The calculations, however, have
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difficulties in accounting for the sudden-
ness of the transition from spherical shape
at N=56 to the strong deformation encoun-
tered at N=60.

The calculation shown in Fig. 6 with
parameters as given in the caption gives
rise to a family of potential-energy cur-
ves that agree well with experiment: 94gr
with 56 neutrons comes out with a rather
deeg spherical minimum, 96sr is soft, and
98,1005y are deformed with_a (prolate) mi-
nimum at €=0.30, that for 100gy being

POTENTIAL ENERGY (MeV)

Eshen (Mev)
R

Fig. 6 The upper part of the figure shows
potential-energy curves for Sr
isotopes as a function of the de-
formation parameter e. The lower
part shows the corresponding pro-
ton shell energy for 2=38 as cal-
culated by the Strutinsky pre-
scription. A modified oscillator
potential has been used with the
following parameters: kp=«ky=0.08,
Up=0.30, uy=0.22. Only gquadrupole
deformation (¢) has been conside-
red, but it has been verified that
the hexadecapole degree of free-
dom (e4) is unimportant for these
isotopes. The pairing strength
parameter is taken as

N-7
A

with 2VI0Z (N) orbitals included in
the calculation. Calculations ba-
sed on the same set of parameters
have also been carried out for the
heavier elements. While the pic-
ture for zirconium is similar to
that shown here, molybdenum and
ruthenium have smaller deforma-
tions and a less abrupt transi-
tion to deformed shapes, in agree-
ment with experimental resultsl),

GA(£)=(1917) Mev,

deeper. The proton energy curve shown in
the lower part of Fig. 6 for Z=38 explains
why either very large or very small values
of € are favoured.

The role of the minima calculated for
oblate deformation (Fig. 6) is not clear:
they are almost as deep as the minima at
prolate deformations, and they are certain-
ly expected to connect with these via the
gamma degree of freedom. Thus, our calcu-
lations would have the heavy strontium iso-
topes to be soft vibrators in the gamma di-
rections, while the high experimental
E4+/Ey+ ratio excludes a strong triaxiali-
ty.

The moment of inertia of the 100gr
ground state rotational band is 67 % of the
prolate deformation rigid-body wvalue, about
the same as for 20Ne and well above the va-
lues of 50-55 % (see Fig. 7) found in the
rare earths and actinides. (If an oblate
deformation were assumed, the moment of
inertia would correspond to 82 % of the
rigid-body value). The high value of the
moment of inertia, possibly due to weaker
pairing correlations than in the heavier
nuclei,may be associated with the Z=38
"deformed gap" mentioned above. Further
indications for reduced pairing effects
come from the mass measurements by Epherre
et.al.l3), who find that the rubidium iso-
topes with N>50 have pairing energies much
smaller than expected.

Attempts to explain the abrupt onset of
deformation and occurrenceof very low-ly-
ing excited 0% states have been made re-

104 T T T T T T
o)
\2h
NS
D\
A D
L U e 1
5 \ \ gs.
8Be(gs) . \
\ e si(gs)
\ \ "~ ONe(gs)
sl n
1o “‘o(eoﬁ)—\A N\ \
L \ Dt N B
®o(1676) \ \
< RS $ENi(4 97)
K A \\ N
2 LN N Tl
u Lo 0 _\mos‘,
s 2 211 Prolate (c-060) NN N R S0Ce(gs) B
® 11 2 Oblate (c--075) AR Myp(gs)
532 1 Triawial (c - 086) NN 9
4 41 Prolate (e - 100) N \
o © Normal Deformation (antishell eftect) N \ 20 1
N\ \ o 20py(gs)
NN
\\ ‘\
Y e #0py(somer)
10' ]
1 1 1 1 1 1
10 10 100 1000

Mass No (A)

Fig. 7 Plot of rotational-type 2% ener-
gies for even-even nuclei over the
entire mass region in logarithmic
scales. A rotation on the basis of
a rigid moment of inertia of any
of the considered spheroidal sha-
pes, with axis ratios of 4:1 pro-
late, 2:1 prolate and 1:2 oblate,
corresponds to the three straight
(dashed) lines drawn in the figure.
The fi%sre is taken from Ragnarsson
et.allt
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cently by Federman and Pittell4)with cal-
culations on proton-neutron interaction. In
a purely independent particle picture, the
Zr isotopes with Z=40 have the 1lgg/2 pro-
ton orbital completely empty and the 1g7/,
neutron orbitalbegins to fill after N=62.
This picture is modified by residual n-n
and p-p interactions, which distribute nuc-
leons over all active orbitals by configu-
ration mixing. Neutrons and protons simul-
taneously filling selected partner orbitals
can lead to strong n-p correlations and
consequently to deformations. Mutual po-
larization of nucleons into the lgg,/p pro-
ton and 1lg7/2 neutron orbitals can occur
if the gain in n-p interaction energy ex-
ceeds the loss in single-particle plus
pairing energy.

The idea that n-p force favours large
lggéz proton.and lg7/2 neutron occupation
probabilities and that this is closely re-
lated to the onset of deformation is con-
sistent with the Nilsson model. By exa-
mining the relevant deformed proton or-
bitals, one finds that for sufficiently
large prolate deformation, the two lowest
Nilsson configurations beyond Z=38 corre-
spond to 1gg9/2, and not to 2pj/2 proton
orbital.

In conclusion, a new region of strongly
deformed nuclei is emerging. More experi-
ments are needed, especially atomic hyper-
fine structure measurements that unambi-
guously can tie down the Nilsson assign-
ments of the odd nucleons.
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DISCUSSION

E.R. Flynn: 1 disagree with the interpretation that
the first excited 0% of 26Zr is related to the rota-
tional states but is more related to a pairing vib-
ration at the N=56 subshell closure. A similar situ-
ation may exist in Sr.

I. Ragnarsson: In another contribution to this con-
ference (Bengtsson, Ragnarsson, Zhang and Aberg),

it is demonstrated that the 0% states of the spheri-
cal nuclei ...,%%Zr, °%Zr, can be considered to form
one band while the 0% states for the deformed !°2Zr,
1os7p ... form another band (fig. 3 of the men-
tioned contribution). These bands then cross close
to N=60. This suggests two coexistent close-lying ot
states for !°°Zr. Away from N=60 the two bands di-
verge rapidly. Thus, one could expect coexistent ot
states with a spacing of 1-1.5 MeV for N=58 and N=62
while further away from N=60, the energy differences
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become larger and it becomes difficult to observe
any coexistence. I would thus agree that the first
excited 0% state of °%Zr is probably not (or very
little) connected with deformed shape. A similar
situation as for the Zr isotopes is expected for
the Sr-isotopes.

J.B. Wilhelmy: Are the excited 0t Tevels in °8Sr and
1007y close to the calculated oblate minimum in the
potential energy surface? Is there any experimental
evidence for a rotational band built on these Tevels?

I. Ragnarsson: It is true that most potential-energy
surface calculations in the neutron-rich Sr/Zr region
give one oblate and one prolate minimum of about
equal depth. However, in the y-plane there is no or
a very small barrier between the two minima. Fur-
thermore, similar calculational results are obtained

also in other regions of the nuclear chart while (to
my knowledge) no firm experimental evidence for
large oblate deformation (at low spin) has been pre-
sented for nuclei above the sd shell region. Thus it
does not seem probable that the calculated oblate
minima in °%Sr and !'°°Zr would show up as excited

0* states.

F. Tondeur: 1 would 1ike to make a comment about the
theoretical prediction of a strong]y oblate minimum
in the region of '°°Zr, 1927y, 100Sy . . etc. The
results I have obtained (Nucl.Phys. A359 (1981) 278
and this conference) suggest the existence of avery
soft potential energy surface from €=0.3 to €=0.1,
which is very different from your prediction, and
which could be of some importance for the interpre-
tation of the first 0% excited state.
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