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Evidence for new isomers and band structures in soRb
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Excited states in the doubly odd nucleus oRb have mainly been studied via the sZn(i F,n3n)
reaction at 72 MeV beam energy utilizing the NORDBALL detector system. The level scheme has
been extended up to a (15+) state at 4446 keV excitation energy. In the low-spin region seven new
isomers with lifetimes in the nanosecond region have been found. In addition, a 6+ isomer with a
half-life of the order of ps has been identified at an excitation energy of 494.4 keV. For the level
sequence built on this isomer positive parity is suggested and the states are ascribed to the intruder
two-quasiparticle configuration (@gait vg9i2) and collective excitations.

PACS number(s): 21.10.—k, 23.20.—g, 27.50.+e

B,ecently, several new isomers and high-spin level se-

quences have been identified in the doubly odd nuclei

Rb [1,2]. In particular, in s Rb a 6+ isomer has been
observed at an excitation energy of 191.3 keV which is

populated by a high-spin level sequence of positive par-
ity. This sequence is ascribed to the two-quasiparticle

(2-qp) intruder configuration (organs vgsiq) in connec-

tion with collective excitations. The occurrence of such
intruder excitations where both the unpaired proton and
the unpaired neutron occupy the same single particle or-
bital is also expected in the adjacent doubly odd nucleus

Rb. Their investigation may provide more information
about the shape driving properties of the g9i~ orbitals.

So far, in the neutron deficient nucleus soRb some low-
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spin states have been investigated via the radioactive de-

cay of the ground state of soSr [3]. In addition, states
up to a tentative spin of 5h have been studied in-beam
via the 7sBr(n, 3n) reaction [4]. Delayed p ra-y emission
with half-lives of 2.4(2) ps [5] or 1.60(2) ps [6] was also
reported for this nucleus, but the placement of such an
isomeric state in the level scheme was up to now open.

In the present study states in Rb have been ex-
cited via the s Zn( F,n3n) reaction at 72 MeV. The
fluorine beam was provided by the Tandem Accelerator
at the Niels Bohr Institute in Risg, Denmark. The p
rays have been recorded with the NORDBALL detector
system. Two coincidence measurements have been per-
formed. In the first run the p rays emitted from a thin
(1 mg/cm~) self-supporting ssZn foil (enrichment 99 %%uo)

were measured with 18 Compton-suppressed Ge detec-
tors and 10 BaF2 detectors as a multiplicity Alter. This
setup was combined with the HYSTRIX system [7] for
the detection of charged particles. In the second mea-
surement a thin s Zn layer of 1 mg/cm2 was evaporated
onto a 7.5 mg/cm~ Bi backing. The p rays were here
recorded with 19 Compton-suppressed Ge detectors and
one Compton-suppressed low-energy photon spectrom-
eter (LEPS). These detectors were operated in coinci-
dence with a multiplicity filter consisting of 39 BaF2
detectors. In the second run a total number of 9 x
10s events have been stored on magnetic tape, of which
about 8% constituted the (isF,o,3n)ssRb reaction chan-
nel. It should be mentioned that the measurements were
mainly performed in order to study 3-qp and 5-qp bands
in the odd-mass nucleus ssSr, which was populated via
the s Zn( sF,p3n) reaction [8].

On the basis of the measured coincidence relations,
e.g. , prompt Ge(p)-Ge(p) coincidences, prompt and de-

layed LEPS(p)-Ge(p) coincidences as well as prompt
alpha-Ge(p)-Ge(p) coincidences, the known [4] level
scheme of soRb could be considerably extended (see Fig.
1). The observation that the 159 keV peak is a close-lying
doublet plays an important role in establishing the level
scheme. The new level at 644.6 keV de-excites mainly via
a 158.1 keV p ray to the known state at 486.4 keV. This
p ray is clearly separated from the most intense 159.3
keV p ray in the LEPS spectrum (see Fig. 2). It should
be mentioned that the coincidence relation of the 159.3
keV peak with a p ray at nearly the same energy can
also be seen in the gated spectra shown in Ref. [4]. The
observed decay pattern of the newly introduced levels at
644.6 and 884.5 keV confirm the previous [4] level scheme
of Rb except for the ordering of the 63.1 and 88.4 keV

p rays. They have now been reordered.
The prompt coincidence spectra of the 561.2 and 707.5

keV p rays show weak peaks at 150.2 as well as at 164.0,
226.3 and 390.0 keV. These p rays de-excite the levels
at 644.6 and 884.5 keV, respectively, to a new state at
494.4 keV. The absence of prompt coincidences between
these p rays and lower-lying p rays at 63.1, 78.0, 83.9,
88.4, 159.3, and 175.6 keV is interpreted as arising from
a rather long half-life of the 494.4 keV state. To this
state a lifetime in the range of ps, so far suggested for an
unknown level in Rb, has now been assigned.

The electronic set up of the second coincidence mea-

surement was designed in such a way that in addition
to the p-ray energy and the BaF2 ball multiplicity the
time information of each Ge detector and of the I EP
spectrometer with respect to the BaF2 ball was written
on magnetic tape. Each Ge or LEPS event was used to
start an individual time to amplitude converter and the
BaF2 ball signal was taken as a common stop. Therefore,
additional proof for the existence of this ps isomer has
been obtained from sorting the data with respect to time
delays between Ge- and LEPS events. During this sorting
only such events have been stored in the matrix where the
time difference of two p rays were at least 70 ns. Two ex-
amples of delayed coincidence spectra obtained by setting
gates in this matrix are shown in Fig. 3. In the spectrum
of events belonging to the gate at 175.6 keV several tran-
sitions feeding this p ray could be identified, in particular,
the most intense p rays at 156.8 and 164.0 keV. On the
other hand, in the spectrum of events belonging to the
gate at 156.8 keV, most of the low-lying p rays assigned
previously to Rb that obviously follow the 156.8 keV
transition can be seen. Since in this spectrum both the
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FIG. 1. Partial level scheme of Rb obtained in the

present study. The lifetimes of the new isomers are indicated.

Above 900 keV the energy scale has been compressed by a

factor of 4.
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FIG. 2. Part of the prompt LEPS p-ray spectrum ob-
tained from the projection of the energy(LEPS)-energy(Ge)
matrix where the time difFerence of coincident p rays is less
than 70 ns. It should be mentioned that the 156.8 keV p ray
is a very close-lying doublet. In addition to the Rb line
there is a second component which belongs very probably to
84Y

88.4 and the 96.6 keV lines have been observed but the
96.6 keV transition is not in prompt coincidence with the
158.1 keV p ray, two separated isomeric decay branches
are proposed as shown in the magnified insert of Fig. 1.
Therefore, the isomeric decay is connected with two un-
observed p rays at 8.0 and 21.7 keV populating the levels
at 486.4 and 472.7 keV, respectively. From the observed
de-excitation paths and from systematic considerations
spin and parity of 6+ are tentatively suggested for this
ps isomer. The 16.5 keV p ray also shown in the insert
of Fig. 1 has been introduced in order to explain the ob-
served prompt coincidences between the 51.1, 72.0, and
135.0 keV p rays and the 158.1 and 561.2 keV lines.

Our spin and parity assignments to the ps isomer are
supported by earlier suggestions given on the basis of the
measured magnetic moment [5, 6]. In both papers the
time differential perturbed angular distribution method

has been used and a g factor of g = +0.56(1) has been
determined. Therefore, a spin of 6h has been proposed
in Ref. [5] whereas in Ref. [6] spin and parity of 6+ or
7 are suggested. The measured g factor can be well
reproduced by predictions of the additivity rule for the
2-qp configuration (egg/g vgs(2) which is in this case
independent on the spin of the state and gives g«i = +
0.564(2). This value has been calculated using the single
particle g factors [9] for gs~q protons derived from the
9+ 85state in Rb, g = +1.344(2), and for g&~z neutrons

taken from the z state in ssKr, g =—0.216(I). Our
interpretation of the 6+ isomer in soRb is similar to those
of the isomeric 6+ state in s Nb [10] where the g factor
has been measured to be g = +0.620(4).

The ns lifetimes of several levels have been deduced
from the background-corrected time distributions of the
de-exciting p rays recorded with the I EP spectrometer
in the second coincidence run by means of the centroid
shift method and/or by slope fitting. For this purpose
the measured LEPS events have been sorted in an energy-
time matrix of size 4096' 1024 and subsequently analyzed
by setting gates on peaks and appropriate background in-
tervals The. lifetimes found are given in the level scheme
(Fig. 1) and some results are shown in Figs. 4 and 5.
In the case of the 159.3 and 175.6 keV p rays the slope-
fitting method has also been applied since the fast timing
of the LEPS results in a time resolution of FWHM = 6.85
ns for the 155.0 keV line originating from the reaction
ssZn(isF, 4nn)7oGa (see Fig. 4). In both methods the
delayed feedings of the 159.3 and 175.6 keV lines by the
63.1 and 83.9 keV g rays have been taken into account
and the results obtained are in fair agreement. The av-

erage value of ~ = 5(1) ns is assigned to the 3& ) level at
334.9 keV. The centroid position versus the p-ray energy
is shown in Fig. 5 for some additional lines.

The assignment of the 156.8 keV p ray to feed the
6+ isomer in soRb is confirmed on the basis of o.-Ge(p)-
Ge(p) coincidences measured with the HYSTRIX set up.
The 156.8 keV p ray is found to be in coincidence with
one n particle, but not with protons. Furthermore, the
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FIG. 3. Examples of background-corrected coincidence spectra obtained by setting gates on the Ge detector projection of
the delayed energy(LEPS)-energy(Ge) matrix. In this matrix only such coincidence events have been stored off-line where the

time difference lies within the time interval 70 & tDqF ( 250 ns.
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FIG. 4. Background-corrected time distribution of the
159.3 keV p ray assigned to Rb. For the sake of compar-
ison the time distribution of the 155.0 keV p ray of Ga is
also shown which is considered as a prompt transition. The
lifetime given for the 159.3 keV p ray is obtained by slope
fitting within the interval shown. In this fit the delayed feed-
ings by the 63.1 and 83.9 keV transitions have been taken into
account.

excitation function of the 156.8 keV p ray deduced from
its intensity measured at 62, 72, and 81 MeV beam en-
ergies in coincidence with n particles is quite similar to
those of the most intense p rays of 159.3 and 175.6 keV
assigned earlier [4] to soRb. In spite of the low statistics
the 156.8 keV gate of the prompt u-Ge(p)-Ge(p) coinci-
dence matrix reveals p rays at energies of 418.8, 472.3,
484.5, and 891.3 keV which are also assigned to soRb.
These p rays are involved in a high-spin level sequence
(see Fig. 1). It should be mentioned that additional
coincidences of the 156.8 keV p ray as found in the to-
tal Ge(p) Ge(p) -matrix (e.g. , p rays at 512.1 and 914.1
keV) do not belong to soRb but very probably to the
sZn( F,3n) 4Y reaction channel.
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their delayed feedings. When not shown the statistical error
of the data point is less or equal to the size of the symbol.
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FIG. 6. Moment of inertia (= 5 /20 ) as a function of
spin for the positive-parity band built on the 8+ level at 651.2
keV. The signature inversion at spin I = 11 h can clearly be
seen as a reversal of phase in the alternating staggering.

Moreover, additional measurements have been
performed at the Rossendorf cyclotron using the
sSe(7LI,3n) Rb and ~7Se(7Li,4n)soRb reactions at

E(rLi) = 35 MeV. Here prompt and delayed singles p-
ray spectra have been recorded with respect to the radio
frequency of the cyclotron and the lowest members of the
high-spin level sequence, the 156.8, 472.3, and 891.3 keV
p rays, could unambiguously be observed. Furthermore,
an inspection of the singles spectra given in connection
with the 7 Br(n, 3n) reaction (see Fig. 1 of Ref. [4])
reveals an unidentified peak at 156.5 keV. All these ar-
guments support our assignment of the 156.8 kev p ray
to soRb

Directional correlation of oriented nuclei (DCO) ma-
trices were sorted from the events of the first coinci-
dence run under the conditions that the coincident events
are recorded by detectors placed in the rings at 37/143
and 79/101 degrees with respect to the beam axis and
with an angle between the detector planes of /=36'.
For the 156.8 keV transition an experimental DCO ra-
tio of RDco = I~(156.8 at 37/143' gated with 891.3
at 79/101')/I~(156. 8 at 79/101' gated with 891.3 at
37/143') = 1.17(21) is deduced. This value supports a
AI = 2 assignment and, therefore, spin and parity (8+)
are proposed for the level at 651.2 keV.

For the 156.8 keV composite peak an effective lifetime
of w = 20(2) ns has been determined by slope fitting.
The experimental time distribution does not show any
indication for two decay components, as might be ex-
pected from the fact that this p ray belongs with roughly
equal intensity to two different nuclei, Rb and (proba-
bly) s4Y. The only hint is that in the delayed coincidence
spectra of the 156.8 keV line the 891.3 keV transition
of soRb is much weaker than the 914.1 keV transition
of (probably) s Y, compared to equal intensity in the
prompt spectra, suggesting a longer lifetime for the s4Y

component. The lifetime of 20(2) ns gives a reduced E2
transition probability of B(E2) = 18(2) Weisskopf units
(W.u. ) for the 156.8 keV line of soRb.

The (8+) state at 651.2 keV is populated by a high-
spin level sequence which could be identified up to a
(15+) state at 4446 keV. The properties of this level se-
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quence, such as transition energies, branching ratios, and
the moment of inertia, are very similar to high-spin level
sequences found in s2 s Rb [1, 2]. Especially, a signature
inversion has been found at spin I = 11h as shown in Fig.
6. This feature has already been identified before in the
positive-parity bands of 7 Br [12, 13] and interpreted
in the framework of a two-noninteracting-quasiparticle
plus rotor model [14] assuming the intrinsic state to be
of (xgsI2 vg9/z) parentage. The model predicts a sig-
nature inversion at spin I = Qh, the highest spin based
on the intrinsic motion of two gsIz particles. States be-
low this spin are mainly built up on a realignment of the
particle angular momenta and collective rotation whereas
for the states above 9h collective motion of a system with
two fully aligned quasiparticles is involved. This situa-
tion seems obviously also to be valid for the band ob-
served in soRb. Therefore, an interpretation in terms of
the intruder 2-qp configuration (mgsI2 vgsIz) in con-
nection with collective excitations is proposed. It should

be pointed out that the signature inversion as observed
in rotational spectra based on high- j configuration bands
can also be consistent with an axially symmetric shape,
as shown for odd-odd nuclei in the mass 160 region [15].

In summary, a new level scheme of Rb has been es-
tablished which shows as a striking feature a high-spin
level sequence of positive parity. The experimental prop-
erties of this band are very similar to known bands in
adjacent odd-odd nuclei of the mass region around A
80. The signature splitting and inversion at I = lib can
qualitatively be understood in the framework of a 2-qp
plus rotor model using the intruder gsI2 orbitals for both
unpaired particles.
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