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Results from the study of the '®*Ru(*He, d)'°*Rh reaction reveal evidence for shape coexistence in odd-mass rhodium isotopes.
The strongly excited states at 786, 806, 969, 1019 and 1355 keV in '°°Rh are good candidates for a rotational-like positive-parity
band with J*=1/2%,3/2%,5/2+%,7/2* and 9/2%, respectively, coexisting with spherical shell-model states like 1go,2, 2p1,2, 23,2

and 1f5,, as well as core-coupled configurations.

The occurrence and the features of shape coexist-
ence in medium-heavy and heavy nuclet with closed-
shell configurations *1 and *3 nucleons have re-
cently been reviewed in detail by Heyde et al. [1].
For the odd-mass indium (Z=49) and silver
(Z=47) nuclei, it has been shown that the 2ds,,
and/or 1g;,, shell-model states intrude across the
Z =750 shell closure giving rise to a rotational-like po-
sitive-parity band with J*=1/2*,3/2*, ... (intruder
band), coexisting with spherical hole states
(18575, 2pi/h, 2pash, 1£55) as well as lgsh and
2p7/5 core-coupled configurations. In the indium nu-
clei, where the most extensive spectroscopic infor-
mation is available, an interpretation of these intruder
bands in terms of a single 1/2* [431] Nilsson con-
figuration was suggested by Dietrich et al. {2]. How-
ever, the presence of the nearby 3/2% [422] and other
Nilsson orbitals implies Coriolis mixing for a quan-
titative description. The latter could be shown to be
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equivalent to an interpretation as decoupled bands
built on the 2d;,, and 1g-,, orbitals with some degree
of mixing [1,3].

For the silver isotopes, the data have been less
complete and especially nothing has been known on
the more neutron-rich nuclei including the mid-shell
region at neutron number N~ 66, where a maximum
quadrupole deformation, i.e. lowest energy for these
intruder bands, is expected on the basis of the resid-
ual proton-neutron interaction. Meanwhile, evi-
dence for shape coexistence has been obtained also
for these nuclei from our own studies [4] as well as
from the Studsvik group [5], showing that the in-
truder band reaches an energy minimum in ''3Ag, i.e.
at N=66 exactly in the middle of the N=50 and 82
shell closures.

In the present paper we report on the successful at-
tempt to extend the concept of shape coexistence to
nuclei with five nucleons outside the Z= 50 shell clo-
sure, i.e. the rhodium (Z=45) nuclei. Here, the more
deformed underlying cores may probably favour an
identification and interpretation as rotational bands

125



Volume 207, number 2

built on a single Nilsson configuration. According to
the fingerprints for shape coexistence outlined in ref.
[1], pick-up and stripping reactions are a useful tool
for the identification of intruder states because of their
complementarity in exciting hole or particle states.
As known already for the indium and silver nuclei
[11], also in the rhodium isotopes the intruder states,
being particle excitations, should be strongly popu-
lated in stripping reactions like (*He, d) and not or
only weakly be observed in pick-up reactions like
(d, *He) or (1, o). Unfortunately, the most neutron-
rich rhodium isotope accessible for both transfer re-
actions is !°°Rh with N=60, while the heavier rhod-
ium isotopes can only be studied by pick-up reactions
and/or by post p-decay y-ray spectroscopic measure-
ments [4,6,7]. For 'Rh, valuable information on
the pick-up strength is available from the l""’Pd(_t', a)
work of Flynn et al. [8], while the (*He, d) study of
Dittmer and Dacehnick [9] did not reveal unambig-
uous results, probably due to the low incident beam
energy and missing forward angle information. Es-
pecially there was no evidence for any /=0 transfer
pointing towards the J*=1/2% head of an intruder
band.

Therefore, we have reinvestigated the
1%4Ru(°He, d)'%5Rh reaction using a 50 MeV *He
beam from the KVI cyclotron at Groningen. The tar-
get consisted of a '%“Ru layer (enriched to 99%) of
~ 70 pg/cm? produced by sputtering the material on
a thin carbon backing of ~20 pg/cm?. The outgoing
deuterons have been momentum analyzed with the
QMG/2-spectrograph and detected in the focal plane
of the spectrograph with a new multi-wire drift
chamber [10], where an energy resolution of ~11
keV could be obtained. Measurements have been
performed at eight laboratory angles ranging from 1.5
to 30.5° with an opening angle A@=6°. With the
computer program PAXMWDC [11] the whole
opening angle could be divided into two parts, so that
we ended up with spectra at 16 angles ranging from
6,.5="0.75 to 32.0° with an opening angle A6=3°. As
an example the deuteron spectrum taken at 13° is
shown in fig. 1. More details concerning the data
handling and the optical model parameters used are
given elsewhere [6,12]. For precise energy calibra-
tion the level energies from the B~-decay study [13]
have been used, so that energies of levels only ob-
served in the (*He, d) reaction are accurate within
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Fig. 1. Deuteron spectrum taken at 8,,,=13° in the '**Ru(*He,
d)!%Rh reaction at Esy, =50 MeV. Excitation energies of levels
in ‘%Rh are given in keV.

+1 keV. Compared to the former study of the
104Ru(3He, d) reaction [9] we were able to make un-
ambiguous /-transfer assignments favoured by both
the more pronounced structure in the angular distri-
butions at higher incident *He beam energy and by
the measurement at extreme forward angles. Among
the levels observed in our (*He, d) stripping reaction
work the five states at 786, 806, 969, 1019 and 1355
keV were strongly excited while they were not or only
weakly excited in the (i), o) pick-up reaction [8]. This
proves the particle character of these states making
them candidates for being members of an intruder
band. In fig. 2, we present angular distributions of
the deuterons together with the one-step DWBA pre-
dictions of these five candidates and for four ““nor-
mal” states, which have their origin below the Z=350
shell closure.

From fig. 2 it is clear that the level at 786 keV 1is
excited by an /=0 transfer which leads unambigu-
ously to J”=1/2"* for this state. Considering this level
asthe 1/2* [431] Nilsson state it becomes interest-
ing to search for possible rotational band members
and to compare with theoretical predictions concern-
ing level energies and spectroscopic factors. Proper
candidates for the 3/2* and 5/2% members are the
states at 806 and 969 keV which are both excited by
an /=2 transfer (see fig. 2). Taking into account the
v-decay pattern of these levels obtained by Aras and



et}

Volume 207, number 2

T T

130 keV
=1

111l

AL
TR T V1
>

T T 117717
.
>
~
_ @
w
=
Sa
<
wavanal
T T 7T

ul
PNl

149 keV

l][ T
Jt

e
—v—r—v—ﬂ?‘”]
s

P RRTTT | BER:

G
>
S

T T TTTIT
w0
o
ire)
g
)
=3
).
Rl
L)

CROSS SECTION [mb/sr]

i IIHHIA/I{

{

AV ) = F

N N

E KE N L ? :

o ) 1 392 keV

N
10 1=1 -
10-1E’1;kev \ 2 V\ 5
1=t [ o B

i l\l‘l“
L

T
*
1 4
I

1355 keV
1=4

T T TTTTIrIT
s
L 3
f
(3
-
-
L
<
T T
(o]
—_—
n
w X
>
-
L ]
=
I
sl

=)
~

L i
n m
1Y Ly

L
S
s
i
-
Ll 1

T
w |
(=]

=
~
==
w
=

@y (DEG)

Fig. 2. Examples of angular distributions of deuterons from the
194Ru(*He, d)'°*Rh reaction at Eiy. =50 MeV (for details see
iext). The curves are one-step DWBA predictions for the indi-

cated /-transfers.

Walters [13], J®=3/2"% can be assigned to the 806
keVleveland J*=5/2" seems to be the most reason-
able choice for the 969 keV state. Fitting these three
level energies to the K=1/2 rotational band formula,
one obtains 4=19.70 keV, a= —0.66 and E,=758.1
keV. The predicted energies for the 7/2* and 9/2%
levels are then 1016 and 1311 keV, which have to be
compared with experimental values of 1019 and 1355
keV, respectively. As shown in fig. 2, both levels are
excited by an /=4 transfer. Assuming that the 1019

keV state is identical to the weakly excited level at

1024+ 8 keV observed in the (_f, o) experiment of
Flynn et al. [8], J"=7/2" can clearly be assigned
from our angular distribution result for this level and
the analyzing power data of ref. [8].
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Normalized spectroscopic factors (X C2S;=1) for
the different members of the lowest K™= 1/ 2% band
(mainly the 1/2* [431] Nilsson orbital) are calcu-
lated for deformations €, between 0.25 and 0.35. The
results are obtained from a band-mixing calculation
taking into account all Nilsson orbitals from the N=4
harmonic oscillator shell [14]. In table 1 the values
are given for ¢,=0.25, 0.30 and 0.35 together with
the experimental results. The agreement is quite sat-
isfactory especially for the higher ¢, values and is im-
proved in an important way over the pure 1/2% [431]
band description, especially for the 5/2* and 7/2*

levelg

ACVOIS,

At the same time, we also calculated the decou-
pling parameter a for the 1/2% [431] Nilsson or-
bital, corresponding with the main component of the
lowest K*=1/2% band. The values a=+0.28, —0.13
and —0.36 were obtained for €,=0.25, 0.30 and 0.35,
respectively. The wave functions, resulting from the
band-mixing calculations, contain admixtures of the
other 1/2% Nilsson orbitals too. As an example we
give the 1/2* wave function corresponding to the re-
sult for e,=0.35:

[1/2+) = —0.045|1/2%[440])
+0.9951/2+[431]>+0.078(1/2+[420])

1~

+0.028j1/27

[4117>.

The small admixtures will contribute to the “‘effec-

tive” decoupling parameter characterizing the lowest
K*=1/2* band head.

As a consequence, the decouplin

S eter 4. ob-
\$ a consequence, the decoupling paramete

tained from fits to the experimental data will show
quite important deviations from the parameter a de-
duced under the assumption of a pure 1/2% [431]
band. This is the case not only in '°’Rh but also in

107,109 1, Tao <

K. AillegOUh results were UDldlIlCU lIl LHC UUU'
mass indium nuclei where a phenomenological anal-
ysis for pure 1/27* bands gives decoupling parame-
ters varying from —2.0 to —4.0 (for '"*In to '"’In).
Here the calculated decoupling parameters for a pure
1/2% [431] band are almost an order of magnitude
smaller [2,3].

In fig. 3 the nresent results for the i
A0 Ng. S UAC present rosuils Ior I intru

105Rh are compared with our former studies [ ,7] on
the more neutron-rich isotopes '°7'Rh. As ex-
pected, the excitation energy strongly decreases with
increasing neutron number and probably reaches a
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Normalized spectroscopic factors for the K*=1/2% band members (mainly the 1/2* [431] band) excited in the '*Ru(*He, d)'*°Rh

stripping reaction.

Level Jr C2S;/3C?S;
energy
(keV) experiment theory
=025 €=0.30 €=0.35
786 1/2% 0.07 0.11 0.14 0.09
806 3/27 0.18 0.18 0.26 0.19
969 5/2% 0.14 0.24 0.20 0.11
1019 7/2% 0.49 0.32 " 0.40 0.38
1355 9/2% 0.12 0.15 0.0009 0.23

minimum close to N=66, i.e. in the middle of the
N=50 and 82 shell closures.

We can conclude that good evidence has been found
for the five discussed levels in '°°Rh to form an in-

1019

7/2 - -
mSRhSO 107Rh62

Fig. 3. Low-lying positive-parity states in '°°Rh (present results
and ref. [13]), '’Rh (ref. [6]) and '®Rh (ref. [7]). Level
energies are given in keV. Candidates for members of the in-
truder band are drawn as thick lines.

ngh54
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truder band coexisting with spherical shell-model
states. Those five levels show two of the fingerprints
for intruder states, namely they are strongly excited
in stripping and not or only weakly in pick-up reac-
tions and they exhibit a rotational band structure.
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