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High-spin states of the doubly-odd nucleus Rb containing 37 protons and 49 neutrons have been
investigated via the reaction Se( Li, 3n) using Li ions with energies between 30 and 35 MeV.
The new level scheme is based on prompt pp coincidences, angular distributions and directional
correlation orientation ratios of p rays as well as on linear polarizations of some strong p rays and
contains levels with excitation energies up to 7.9 MeV and tentative spins up to 16h. For fifteen
of the levels lifetimes in the ps region have been determined by analyzing the Doppler shift of p
rays. Several fast Ml transitions with B(M1) 0.3 W.u. have been identified. The new high-
spin level scheme of Rb is interpreted on the basis of shell-model calculations in the configuration
space 1ps/2&0f5/2& 1pl/2&»d 0ga/z for the protons and 1p, /z, 0gq/q, and 1ds/z for the neutrons. The
energies of the observed levels with I & 5 as well as most of the observed electromagnetic transition
probabilities could be well described. The excitation of a Ogey2 neutron over the N=50 shell gap into
the 1d5gq orbital is predicted to cause remarkable alterations only for states with I & 15+. Some
of the reduced M1 transition probabilities calculated within the shell model are found to depend
critically on the parametrization used to describe the residual interaction.

PACS number(s): 23.20.—g, 21.60.Cs, 27.50.+e

I. INTRODUCTION

Yrast states of high spin in doubly-odd Rb nuclei are
dominated by the two-particle configurations resulting
Rom the coupling of a Oggy2 proton and a Oggy2 neutron
orbital. For the light isotope Rb a collective band up
to spin 15' built on this configuration has been found
[1] revealing the feature of signature inversion (see, e.g. ,
Ref. [2]) at spin lib. This phenomenon is possibly con-
nected with a rearrangement between particle and col-
lective angular momenta. For Rb nuclei with a greater
number of neutrons, ' Rb, information on high-spin
states is only known up to spin 10h [3, 4], and an anal-
ysis of the relation between the collective and the par-
ticle angular momentum in the high-spin excitations of
these nuclei is rather difBcult. A level scheme of high-spin
states for the even heavier nucleus Rb is up to now not
available. This nucleus contains only one proton and one
neutron less than the nucleus Sr that is often consid-
ered as an inert core in shell-model caIculations. There-
fore, the properties of high-spin states in Rb formed by
the coupling of difFerent particle angular momenta can
be analyzed using the shell model. In order to investi-
gate high-spin states in that nucleus an in-beam study
f 86Rb has been initiated. Excited states in 86Rb have

previously been studied in (n, p), in (p, n), and in differ-
ent particle transfer-reaction experiments (see the recent
compilation of Miiller and Tepel [5]). Levels decaying
to the long-lived 6 isomer at 556.0 keV were unknown
except for a (7) level at 779.5 keV.

Preliminary results on the level scheme of high-spin
states in Rb as found in the present work have been
published elsewhere [6].

II. EXPERIMENTAL PROCEDURES AND
RESULTS

Excited states in Rb have been identified using
in-beam p-ray spectroscopy in connection with the
s2Se(rLi, 3n) reaction at the cyclotron in Rossendorf and
the FN Tandem accelerator in Cologne. Angular distri-
butions and linear polarizations of p rays as well as pp co-
incidences have been measured during the bombardment
of s2Se foils (enriched to 92%, thickness 5 mg cm ) with
35 and 32 MeV Li ions. In these experiments p rays
belonging to the three final nuclei Br, Rb, and Rb
are produced with similar intensities. The p rays aris-
ing &om levels in Br could be identified on the basis
of prompt coincidences with o. particles emitted during
the formation of that nucleus [7]. A clear distinction be-
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tween p rays belonging to 6Rb and those of Rb was
observed when the bombarding energy was reduced from
35 to 30 MeV. When normalized to the strong 514 keV
line of Rb the intensities of the strong lines assigned
now to Rb rise by- approximately a factor of 3 for the
reduced beam energy.

In order to study the angular distributions of the p-
ray intensities singles p-ray spectra have been measured
at observation angles of 35', 90', 110', 130, and 145
with a Ge detector of 10'Fo relative efBciency. This exper-
iment has been carried out at the Rossendorf Cyclotron
using a 35 MeV Li beam. The normalization was ob-
tained by assuming an isotropic angular distribution for
the isomeric 514 keV p ray in Rb. Unfortunately, sev-
eral lines assigned to Rb are hidden in complex groups
and, therefore, angular distribution coefficients could be
derived only for some intense transitions (see Table I).
Previously a measurement at the observation angles 37',
90', 120', and 143' was carried out for the study of the
Doppler shifts of p rays in sRb [8]. This data set has

been analyzed also for angular distributions of p rays in
Rb and the results are found to be in fair agreement

with the values given in Table I. The p-ray intensities
have been determined &om the isotropic part of the an-
gular distribution, from the singles spectrum measured at
130' or from the intensities in the pp coincidence spec-
trum gated by the 125.2 keV transition. The results ob-
tained are given in Table I.

The measurement of the linear polarization of p rays
carried out in conjunction with our experiments on ex-
cited states in ssRb [7] has also been analyzed with re-
spect to some strong p rays in Rb. In this experi-
ment an Se powder target of 30 mg cm thickness was
bombarded with 35 MeV Li ions kom the Rossendorf
Cyclotron, and the p rays were detected using a plate-
shaped Ge(Li) detector of dimensions 27x27xs mrna.
Two singles spectra were measured, one for a parallel
and one for a perpendicular orientation of this detector
to the reaction plane. The normalization of these mea-
surements was obtained by assuming a vanishing polar-

TABLE I. Energies, intensities, angular distributions, linear polarizations, and DCO ratios for

p rays assigned to Rb and energies of the inital states and transition assignments.

ga
(keV) Ib, c

7 Ag A4 r1
Pexpt. R'

g
(keV)

125.2
129.9
144.4
224.3
263.8
287.7
331~ 5
447.0
556.2
685.9
732.8
778.1
865.4
903.6
957.3
973.7
995.4

1002.4
1161.8
1427.5
1453.7g

1598.2
1738.7
1814.1
1881.7
1894.7

62
34
2.6
100
4.0'
1.4
28'
1.4
5.6'
2.3'
42
63
17
6.5
1 ' 5'
8.5'
2.5'
12b

4.9b

0.5'
6.5'
19
2.8'
3.6
5.7'
1.2'

—0.28(2)
—0.28(2)
-0.3(2)
—0.41(5)

-0.4(1)
-0.31(4)

—0.25(7)
0.46(11)
-0.34(5)
-o.2(i)

—0.17(5)

0.07(12)

—0.04(3) -0.35(8)
—0.04(4) —0.36(11)

0.04(8)

0.00(5) —0.40(20)

0.3(2)

0.1(2)

0.06(8)

—0.2(2)

1.00(2)
0.99(6)
0.99(3)
0.94(6)
0.91(8)
0.97(5)
0.7(2)
0.95(8)

0.89(?)
1.54(5)
1.05(6)

1.3(3)
1.0(1)
i.3(2)

0.99(3)
0.9(1)

0.6(1)
1.59(7)
1.4(3)
1.0(2)
0.8(2)

0.71(3)
0.68(2)

O.63(2)
0.58(7)

0.65(3)
0.4(3)
o.6(2)

1.2(2)

0.9(2)

0.6(2)

o.8(2)

0.5(2)

1683.6
3411.7
3281.8
780.3

5557.2
3865.9
3743.2
7859.9
6113.4
6799.3
2416.4
1558.4
3281.8
1683.6
7412.9
4716.9
3411.7
1558.4
3578.2
5293.4
3137.3
3281.8
6455.6
5557.2
5293.4
3578.2

8+ 7+
11+ 10+
10+ (9+)
7 6

(13 ) (12 )
(»') (1o')
12+ 11+
(i6) (is)
(14) (» )
(is-) (14-)

9+ 8+
7+ 7
10+ 9+
8+

(is) (i4+)
13+ 12+
11+ 9'
7+ 6

(10+) 9+
(12 ) (11+)
(9+) 8+
10+ 8+

(14+) 13+
(13 ) 12+
(12 ) 11+
(10+) 8+

Energies of p-ray transitions. The errors are between 0.1 and 0.3 keV.
Relative p-ray intensities deduced from singles measurements. Errors are between 5 and 10%.
Relative p-ray intensities deduced from pp coincidence measurements. Errors are between 10 and

15 %.
Experimental values of the linear polarization of p rays.

'Ratios of directional correlations of p rays in coincidence with the 125.2 keV p ray.
Ratios of directional correlations of p rays in coincidence with the 1598.2 keV p ray.

sThis line is part of a doublet with a 1452.7 keV p ray (see text).
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ization for the isomeric 514 keV p ray in Rb. Further
information on the evaluation of the polarization mea-
surement is given in Ref. [9]. The results obtained are
given in Table I.

The measurement of pp coincidences was carried out
at the FN Tandem accelerator in Cologne using six Ge
detectors in the OSIRIS-CUBE [10] arrangement. A
s2Se foil of 5 mgcm 2 thickness (enrichment 92%%uo) was
bombarded with 32 MeV Ii ions and the p radiation
was measured with two Ge detectors at each of the ob-
servation angles of 45', 90', and 135'. (Details on the
placement of the Ge detectors can also be seen in the pa-
per of Schimmer et al. [11].) The events have been sorted
into a total matrix and, in addition, into different sub-
matrices according to the observation angles. From these
submatrices information on the directional correlations of
coincident p rays from oriented nuclei has been derived.
Furthermore, the Doppler shifts of p-ray energies in co-
incidence spectra derived &om submatrices belonging to
observation angles of 45' and 135' have been analyzed
and lifetimes of excited states have been deduced by the
Doppler shift attenuation method. In the total pp coin-
cidence matrix about 3 x 10 events are collected. Some

examples of background-corrected pp coincidence spec-
tra selected from the total matrix are shown in Figs. 1
and 2e

A. Directional correlations

Directional correlations of coincident p rays &om ori-
ented nuclei (DCO ratios) provide information on the
multipole orders of the transitions as well as the spins of
the levels involved. Since these ratios are derived from pp
coincidence spectra the uncertainties arising from over-

lapping lines should be much smaller than in the con-
ventional angular distribution experiments. DCO ra-
tios have been derived from those submatrices containing
only coincidences of a p ray detected at 90' with a p ray
detected at 45' or 135'. There are eight such detector
combinations in the data set.

For a coincidence pair pq pq the DCO ratio has been
derived &om two coincidence intensities Y measured at
different observation angles. Directional correlations be-
tween the two p rays are reflected in a change of the
intensity due to an interchange of the observation angles
for pq and pq. Thus, the DCO ratio reads

Y(pq(detected at 90'), pq(detected at 45' or 135'))
Y(pq(detected at 45' or 135'),p2(detected at 90'))
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FIG. l. Examples of pp coincidence spectra derived from
the total matrix. Only portions between 100 keV and 1 MeV
are shown. For the high-energy portions see Fig. 2. The
peaks at 228.1 and 349.9 keV in the lowest spectrum belong
to "Rb.
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FIG. 2. Examples of 7p coincidence spectra derived from
the total matrix. Only portions between 1 MeV and 2 MeV
are shown. For the low-energy portions see Fig. 1. The peak
at 1183.3 keV in the lowest spectrum belongs to Rb.
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In. order to determine the intensity Y coincidence spec-
tra have been derived for a gate at E~, &om each of the
eight submatrices and these spectra have been summed
up after subtraction of coincidences arising &om the con-
tinuum and correction for the individual detector efE-
ciencies. The same procedure has been applied to the
transposed submatrices for the determination of Y for
interchanged observation angles.

For this geometry, completely aligned nuclei, radia-
tions of pure multipole order L, and spin difFerences AI
the following typical values of R are expected [12]:

R([L = 1,BI=+1],[L=1,BI=+1])=1,
R([L = 1,b,I = kl], [L = 2, AI = +2]) = 1.6,
R([L = 2, 6I = +2], [L = 1,AI = +1]) = 0.6,
R([L = 2, 6I = +2], [L = 2, b,I = +2]) = 1 .

energy by 0.03 ps MeV was assumed. On the basis of
these assumptions we estimated earlier the side-feeding
time for levels in Rb [8] which are populated after the
evaporation of four neutrons &om the compound system

Rb while the population of states in Rb is accom-
panied by the evaporation of only three neutrons kom
the same compound system. In Rb a vanishing side-
feeding time was estimated for the highest observed state
at 7.1 MeV and was also supported in the analysis of the
experimental data [8].

According to these assumptions the side-feeding time
in Rb should vanish for states with excitation ener-
gies higher than 18 MeV, and for the highest observed
state at 7.8 MeV a side-feeding time of -0.3 ps is ex-
pected. However, the analysis of the line shape of the
1738.7 keV peak under the assumption of vanishing side-
feeding times for the levels at 7859.9, 7412.9, and 6455.6

If the multipole order and the spin of the initial and the
6nal states for the gate transition pq are known, experi-
mental values of this intensity ratio B allow us to assign
values of L and/or AI for the second transition in the
cacscade.

Reliable experimental values have, however, only been
obtained for the gate transitions 125.2, 129.9, 331.5, and
1598.2 keV since these p rays are rather well separated
Rom other peaks and do not show a strong Doppler
shift. The results obtained for the gates at 125.2 keV
and 1598.2 keV are given in Table I. The data obtained
are consistent with the spin assignments.
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0 2300
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B. Doppler shi8t attenuation analysis

In order to analyze Doppler shifts of p rays in Rb
coincidence spectra derived &om the corresponding sub-
matrices have been summed up for each of the observa-
tion angles 45' and 135' separately. Gates have been set
on the strong transitions at 125.2, 129.9, and 331.5 keV.
Lifetimes of excited states have been derived by compar-
ing the observed line shapes with calculated line shapes
based on a Monte Carlo calculation of the velocity dis-
tribution of the emitting nuclei. In this calculation reac-
tions in different depths of the target, the kinematics of
an evaporation reaction as well as the slowing down and
deQection of the recoiling nuclei are taken into account.
For the slowing-down process Lindhard's cross sections
[13] have been used with correction factors f,=0.9 and
f„=07for the el.ectronic and nuclear stopping powers,
respectively. The same description of the calculated line-
shapes has already been used to analyze the Doppler shift
of p rays in s Rb [8].

In order to estimate the side-feeding time for the pop-
ulation of states at high excitation energy it is assumed
that the side-feeding time vanishes for states which might
be directly populated in the reaction (entry states). The
excitation energy of those states can be estimated &om
the kinematics of the reaction under the assumption of
an average kinetic energy of 2.5 MeV for each evapo-
rated neutron. Levels below that energy are populated
via more and more intermediate nuclear states, and an in-
crease of the side-feeding time with decreasing excitation

I
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FIG. 3. Illustrations for the line shape analysis for the

p rays at 447.0 and 331.5 keV. The line shapes for the two
observation angles of 45 and 135' are described in a joint
fit. The energy of the transition given in the figure has been
found in that analysis. The experimental line shape of the
447.0 keV peak has been taken from a sum of the coincidence
spectra gated by the 125 and 331 keV p rays.
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keV results in an apparent lifetime of 0.2 ps for the 6455.6
keV level. Therefore, it is reasonable to assume that the
side-feeding time for this level is not longer than 0.2 ps.
Furthermore, it is rather unlikely that the side-feeding
time for the level at 6799.3 keV is longer than 0.4 ps since
the analysis of the line shape of the 685.9 keV p ray with-
out feeding correction results in an apparent lifetime of
only 0.5 ps. Based on these arguments we applied a side-
feeding time of 0.15 ps for the level at 7.8 MeV. For states
at lower excitation energies E the side-feeding time was
increased by 0.03[7.8 —E (MeV)] ps.

It should be mentioned that an increase of the side-
feeding time with decreasing excitation energy by ap-
proximately 0.05 psMeV ~ has been derived [14] in a
detailed study of experimental line shapes of p rays in

Br. In that analysis the side-feeding time vanishes for
excitation energies higher than 5 MeV while levels are
identified up to 7 MeV and the energy of the entry states
is even higher than 10 MeV.

Experimental and calculated line shapes are compared
for the observation angles 45' and 135 in a joint fit.
Typical examples of such analyses are shown in Figs. 3,
4, and 5. Including two line shapes in a joint fit requires
one additional normalization parameter to describe the
ratio between the efficiencies of the detectors positioned
at the two observation angles. Due to the symmetry of
these angles with respect to 90 the two line shapes are
symmetric with respect to a reBection at the energy of
the transition. In this way, the inBuence of interfering
peaks or of other distortions in the experimental spectra
is remarkably reduced.

The lifetime of the 3411.7 keV level could not be de-
termined directly due to the rather small energy shift
expected for the 129.9 keV p ray. Therefore, the evalu-
ation of lifetimes for the lower-lying levels at 3281.8 and
2416.4 keV is hindered. As we know from the polarization
measurement that the 129.9 keV transition is of multipo-
larity M1 a lower limit for the lifetime of the 3411.7 keV
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FIG. 4. Illustrations for the line shape analysis for the
p rays at 685.9 and 556.2 keV. The line shapes for the two
observation angles of 45 and 135' are described in a joint
fit. The energy of the transition given in the figure has been
found in that analysis.

FIG. 5. Illustrations for the line shape analysis for the
p rays at 973.7 and 732.8 keV. The line shapes for the two
observation angles of 45' and 135 are described in a joint
fit. The energy of the transition given in the figure has been
found in that analysis.
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level (7 & 7 ps) can be estimated by assuming an up-
per limit of B(M1) & 2 Weisskopf units (W.u. ) for that
transition. The specific value of a lifetime in the region
of 7 ps for a feeding level has only little inQuence on the
analysis of the Doppler shift for the p rays emitted &om
lower-lying levels because the recoiling nuclei are already
stopped after some picoseconds. Based on the assump-
tion of 7 ps for the lifetime of the 3411.7 keV level we
derived a lifetime of less than 1 ps for the level at 3281.8
keV &om the line shapes of the 865.4 and 1598.2 keV p
rays in the coincidence spectrum gated by the 125.2 keV
p ray. Considering, however, the line shapes of the two
transitions deexciting the 3281.8 keV level in the coin-
cidence spectrum gated by the 129.9 keV transition we
observe the implications of the long lifetime of the 3411.7
keV level since we know that the lifetime of the 3281.8
keV level itself is much smaller and other populations of
the 3281.8 keV level are excluded. In this way we de-
termined values of w =10(1) ps and 7 =7(1) ps for the
lifetime of the 3411.7 keV level &om the line shapes of
the 865.4 keV and 1598.2 keV p rays, respectively, and

an average lifetime of r „=8(2) ps is adopted. The ex-
perimental lifetimes for levels in Rb are given in Table
II.

III. THE LEVEL SCHEME

The information derived &om the present experiments
is summarized in the level scheme for Rb shown in Fig.
6. Based on the results of prompt pp coincidences a
new cascade of eleven p rays is established (see Figs. 1
and 2). This cascade is assigned to populate the long-
lived 6 isomer in Rb as derived &om both the relative
excitation function and the nonobservation of these lines
in particle-p coincidence experiments [7]. Spin and parity
assignments given in Fig. 6 are deduced &om the results
of the angular distribution, directional correlation, and
polarization measurements for p rays (see Table I).

From previous work (see the compilation [5]) the as-
signments of spin and parity 6 and (7) to the isomeric
level at 556.0 keV and to a level at 779.5 keV, respec-
tively, were known. A level at 779.5 keV was observed in

TABLE II. Lifetimes in Rb.

Elevel

(keV)

7859.9
7412.9
6799.3
6455.6
6113.4
5557.2

5293.4
4716.9
3865.9
3743.2
3578.2

3411.7

3281.8

3137.3
2416.4

E~
(keV)

447.0
957.3
685.9

1738.7
556.2
263.8

1814.1
1881.7
973.7
287.7
331~ 5

1161.8
1894.7
129.9
995.4
865.4

1598.2
144.4

1453.7
732.8

gB
Fo

100
100
100
100
100

53(5)
47(5)
92(9)
100
100
100

80(6)
20(5)
93(2)
7(2)

44(5)
49(5)
?(2)
100
100

b

(ps)
Gate

125 keV

0.29(3)
0.05(4)
0.36(2)
1.3(1)

0.35(5)
0.12(1)
1.8(5)
1.8(1)
0.32(3)
0.33(4)

1.2(2)
0.8(1)

0.8(1)
0.35(1)

b

(ps)
Gate

130 keV

0.25(3)
0.05(3)
0.31(2)
1.2(1)

0.44(6)
0.11(1)

1.9(1)

8(2)'

b

(ps)
Gate
sum'

1.0(1)
0.6(1)

0.02(3/2)

0.8(1)

0.12(1)

Lifetime

(ps)

Adopted~

1.0(2/3)
0.6(1/2)
0.3(1/2)
0.05 (6/4)
0.4(1/2)
1.1(2/3)

0.5 (1/2)
0.12(5/7)

1.8(5)
1.9(2)

0.4(1/2)

8(2)'

1.0(2)

0.8(2)
0.4(1)

Branching ratio of the p rays deexciting the level at the energy given in the first column.
Lifetimes obtained in this analysis. The errors are given in parentheses in units of the last decimal.

When asymmetric the notation is (upper/lower) uncertainty. Only statistical errors are given. The
lifetimes depend on the assumptions on the side-feeding time (see text).
'Coincidence spectrum obtained by adding the spectra belonging to the gates at 125, 130, and 331
keV.

Errors are given in parentheses in units of the last decimal. When asymmetric the notation is

(upper/lower) uncertainty. The errors of the adopted values include uncertainties of 10' for the

stopping power and +O.l ps for the side-feeding time.
'This lifetime has been determined from the line shapes of the 865.4 and 1598.2 keV p rays in the
coincidence spectrum gated by the 129.9 keV p ray (see text).
This line is part of a doublet with a 1452.7 keV p ray (see text).
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FIG. 6. Level scheme of Rb deduced in the present in-
beam study. Levels built on the ground state (see the compi-
lation in Ref. [5]) are omitted.

different particle-transfer reactions but a p ray with en-

ergy 223.9(10) keV connecting these two states was only
observed in a (n, p) study. In the present work a strong
224.3 keV transition was found as the most intense p ray
in the new cascade and placed directly onto the isomer.
The experimental value of the angular distribution coefE-
cient A2 of this p ray points to a AI =1 dipole transition
with a small admixture of quadrupole radiation. Since
for that low-energy transition an E2 admixture is more
likely than an M2 admixture we assign I =7 to that
level. This assignment is supported by a strong L = 4

population of that state in the (d, p) reaction on the 2

ground state of ssRb [5]. According to the p-ray energy
determined in this work for the 224.3 keV transition the
level energy reads now 780.3 keV.

The positive A2 value of the 778.1 keV p ray is inter-
preted as arising &om an L=1 transition between states
of the same spin. This assignment is also supported by
the observation of a negative A2 value for the 1002.4 keV
crossover transition to the isomeric 6 state. The results
of both the angular distribution and the linear polariza-
tion measurements reveal the multipolarity Ml for the

125.2 keV transition connecting levels differing in spin
by 1h. Therefore, the two states at 1558.4 and 1683.6
keV belong to the same parity. We assign positive parity
to these two states since in that case the nonobserva-
tion of a transition from the upper level (8+ level) to
the 6 isomer might be related to the M2 multipolarity.
Positive parity is also assigned to the levels at 2416.4,
3137.3, 3281.8, 3411.7, 3743.2, and 4716.9 keV. Among
the transitions connecting these states the multipolarity
Ml is deduced for the 129.9 and 331.5 keV p rays &om
the results of the linear-polarization measurement. In
addition, the assignment of the multipolarity Ml to the
transitions at 129.9, 144.4, 331.5, 732.8, and 973.7 keV
is strongly suggested &om the reduced electromagnetic
transition probabilities since the assumption of El transi-
tions would lead to B(E1)values greater than 10 s W.u.
which is the greatest B(E1)value observed in this mass
region (see, e.g. , the compilation [15]). The DCO ra-
tio derived for the 1598.2 keV crossover transition points
to a stretched quadrupole transition while for the other
strong transitions in this level sequence stretched dipole
transitions are indicated.

While the assignment of the same parity to all states of
this sequence is well established from the analysis of our
data the preference of positive parity is mainly derived
&om systematics. If all these states would belong to neg-
ative parity the absence of all low-lying high-spin states
of positive parity in this study cannot be explained. The
strong Doppler shift of the weak 1738.7 keV transition
hinders us to derive precise DCO information. The life-
time of the 6455.6 keV level could only be determined
with large uncertainty. Nevertheless, the reduced elec-
tromagnetic transition probability derived for the 1738.7
keV transition favors an Ml assignment for this tran-
sition. The assumption of the multipolarity E1 would
again lead to a B(E1) value greater than 10 s W.u.
Thus, the spin and parity assignments for the upper lev-
els in this level sequence is less accurate.

The population intensities of the levels at 6799.3 and
6113.4 keV indicate that these levels might be yrast
states. The reduced transition probabilities determined
for the 685.9, 556.2, and 263.8 keV p-ray transitions
strongly suggest Ml multipolarity for these three tran-
sitions because the assumption of the multipolarity E1
would imply that their B(E1) values should exceed
the greatest B(E1) value observed in this mass region
(see, e.g. , the compilation [15]).

The main intensity depopulating these levels Bows via
the 1881.7 keV p ray to the 11+ level at 3411.7 keV.
Unfortunately, a decision between the multipole types
M1 and El for this transition cannot be derived &om
our data. Based on the DCO ratios of the 263.8 and
556.2 keV p rays determined from the coincidence in-
tensities with the 129.9 keV p ray we propose the spins
(14), (13), and (12) for the levels at 6113.4, 5557.2, and
5293.4 keV, respectively. In addition, spin (15) is pro-
posed for the level at 6799.3 keV due to the multipolarity
M1 suggested for the 685.9 keV p ray &om the lifetime
measurements. From a comparison with predictions of
shell-model calculations (see Sec. IV) an assignment of
negative parity to this group of states is very likely. This
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assignment implies the multipolarity El for the transi-
tions at 1814.1 and 1881.7 keV. From the experimental
lifetimes of the levels at 5557.2 and 5293.4 keV (see Ta-
ble II) values of B(El)= 3.6x10 W.u. and 1.5x10
%.u. , respectively, have been derived for these transi-
tions.

In addition, the level at 5293.4 keV decays via a cas-
cade of transitions at 287.7 and 1427.5 keV to a (10+)
level at 3578.2 keV that is well established due to the
transitions of 1161.8 and 1894.7 keV to the 9+ and 8+
levels, respectively. Spin and parity (11+) are tentatively
assigned to the level at 3865.9 keV on the basis of the
angular distribution measurement as well as the reduced
transition probability of the 287.7 keV transition.

The peak at 1453 keV is identified as a doublet formed
&om the two close-lying lines at 1452.7 and 1453.7 keV
that have been observed in the coincidence spectra gated
by the 732 keV and 125 keV transitions, respectively. The
coincidence spectrum gated by the doublet at 1453 keV
indicates that only 25% of the intensity of the doublet
belongs to the 1452.7 keV component which obviously
feeds to the 9+ level. Since other information on the
placement of this component has not been obtained, it
is not included in the level scheme. The intensity rela-
tion between the two components has been used in the
analysis of the Doppler shift of the 1453.7 keV p ray in
the coincidence spectrum gated by the 125 keV transi-
tion. The assignment of (9+) to the level at 3137.3 keV
is based on both the decay to the 8+ level and the large
B(M1) value for the 144.4 keV transition populating this
level from the 10+ level.

IV. SHELL-MODEL CALCULATIONS

The nucleus Rb is formed from 37 protons and 49
neutrons. In the spherical shell model, both these num-
bers of particles fill almost all levels up to a marked en-

ergy gap between successive levels. This situation makes
numerical calculations within the shell model easier since
only some orbitals below that gap are usually considered
as active orbitals. In the following we shall compare our
experimental data on high-spin states in Rb with pre-
dictions of the shell model. For the calculations the code
RITsSCHIL [16] has been employed.

A. Residual interactions

The model space has been generated out of the active
orbitals Ofs/2, 1ps/2, lp~/2, and Ogs/2 for the protons (m)
and the 1p&g2, 0g9~2, and 1d5~2 orbitals for the neutrons

(v) relative to a hypothetic sNi core.
Since an empirical Hamiltonian for this configuration

space is so far not available, it was necessary to com-
bine different empirical Hamiltonians with results ob-
tained from schematic nuclear interactions. (For details
see the paper by Winter et al. [17] on shell-model cal-
culations in ss s Kr.) The effective interaction in the
proton shells has been taken from the paper by Ji and
Wildenthal [18]. In that work the residual interaction
and the single-particle energies of the proton orbitals are
found in a least-squares fit to 170 experimental energy

levels in N=50 nuclei with mass numbers between 82 and
96. For the proton-neutron interaction connecting the
vr(lp~/2, Ogs/2) and the v(lp~/2, Ogs/2) orbitals the data
given by Gross and Frenkel [19] have been used who de-
rived the effective nuclear interaction in the (1p~/2, Ogs/2)
space by an iterative fit to 95 experimentally known en-
ergies of states in %=48, 49, and 50 nuclei. The ma-
trix elements of the neutron-neutron interaction for the
1pqy2, 0g9~2 orbitals have been assumed to be equal to
the T=l component of the harv interaction given by Gross
and Frenkel [19]. For the (xOfs/2, v0gs/2) residual inter-
action the matrix elements proposed by Li et at. [20]
have been applied. The diagonal matrix elements for the
v(0gs/2, 1ds/2) multishell have been taken from the work
of Li and Daehnick [21]. They determined the residual
interaction by the particle-hole transformation of exper-
imental energies of the multiplet v(0gs/2, 1ds/2) in Sr.
Following Muto et al. [22] we calculated the remain-
ing matrix elements involving the vld5y2 orbital with
the surface delta interaction (see, e.g. , Glaudemans et
aL [23]). The values of the strength parameters are, in
MeV, Az' —y = 0.251 and AT —p = 0.318 [22].

The single-particle energies relative to the Ni core
have been derived from the single-particle energies of
the proton orbitals given by Ji and Wildenthal [18] with
respect to the Ni core, from the neutron single-hole
energies of the 1py/2 Ogg/2 orbitals [19], and the neu-
tron single-particle energy of the 1ds/2 shell [22] rel-

ative to the Sr core. The transformation of these
single-particle energies with respect to the Ni core
has been performed [24] on the basis of the effective
residual interactions given before. The obtained values
are, in MeV, e& ———9.106, e„, ,=—9.033, &„, ,=—4.715,

—4.144.
These single-particle energies and the corresponding

values for the strengths of the residual interactions (in
the following this parameter set is called PARSET-A)
have been used to calculate level energies as well as M1
and E2 transition probabilities.

For comparison, additional calculations have been car-
ried out using a new parametrization of the consid-
ered effective nuclear interaction [25] (later on called
PARSET-B). This model space is generated out of the

Ogs/2, 1pq/2, 1p3/2 and Ofs/2 proton and neutron hole-

orbitals with respect to the doubly closed 50Sn core,
and the Kuo-Brown method [26] was applied to calculate
the T=l and T=O components of the efI'ective two-body
interaction while the one-hole energies have been deter-
mined by a least-squares fit to experimental energies.

B. Configuration space

Due to the large number of active orbitals a truncation
of the model space was necessary to make the calculation
feasible. In a first step the neutron configurations have
been restricted to the Og9~2 orbital and the 1p&~2 and
1d5y2 orbitals have been neglected. Considering the pro-
ton orbitals only it is sufIicient to allow at most three pro-
tons to occupy the Ogg/2 shell [18] while the occupation
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of the other proton orbitals is not limited. The coupling
of a one-neutron hole excitation in the Ogs~2 shell to this
proton space yields a model space (configuration space
I) which has dimensions of up to 7900. The addition of
excitations in the vlpq~2 orbital to this space results in
energy shifts of less than 15 keV for the yrast levels of
negative parity with I &16 and for yrast as well as yrare
levels of positive parity with 7& I & 16. Therefore, the
one-hole configuration v(lpi~2) has been neglected in
further calculations.

Since we are considering levels with energies up to 7.8
MeV and spins up to 16h, the inclusion of the 1d5~2
neutron shell might be of importance. The coupling of
the proton configuration (Ofq~21ps~2) (Ogs~2) to a sin-

gle neutron hole in the Ogs~z shell results in a maximum
spin value of 15h. Positive-parity states with higher spin
values can be generated either by lifting three protons to
the Ogey~ shell or by including the seniority-three neutron
excitation (Ogss&21ds&2) .

Our results of shell-model calculations for Kr reveal
that the breakup of a Ogs~2 neutron pair and the exci-
tation of one of these neutrons to the 1d5~2 shell needs
approximately 5 MeV. Such neutron excitations carry an-
gular momenta of up to 7h and are found to be important
for describing high-spin states with spin & 7h in ssKr [17].

In Rb a maximum increase of the angular momentum
by 6h might result from lifting the unpaired Og9g2 neu-
tron to the 1ds~2 orbital and breaking additionally a Ogs~2
neutron pair. In order to include such three-neutron ex-
citations as well as proton excitations with three protons
in the Og9~2 orbital in the calculations for Rb a severe
reduction of the physical configuration space is necessary
to handle the matrices on the computer.

For a schematic calculation taking into account the ex-
tended neutron space we consider states of positive parity
with I ) 7 only. From the nine active protons either six
or eight are allowed to occupy orbitals of the negative-
parity subshell (0fr~2, 1psy2, 1pig2) and, correspondingly,
three or one proton may occupy the Ogs~2 orbital. At
least four of the protons in the negative-parity subshell
are restricted to the 0fs~2 orbital and at least two protons
are assumed to remain in the 1p3y2 orbital.

Furthermore, the neutron configuration space built up
&om excitations in the Oggy2 and 1d5~2 orbitals has been
truncated by taking into account only those configura-
tions in which the neutrons moving in the Og9~2 or-
bital are coupled to a total angular momentum of at
least 2h. In this way neutron configurations of the
type (Ogsy2)s&2(lds~2) and (Ogsg2)s s(ldq~2)s&2 are kept
while the configurations (Ogsy2)o 2 4(ldll/2)~g2 are omit-
ted. With these restrictions of the proton and neutron
configuration spaces a model space with dimensions of
less than 12500 was obtained (configuration space II)
for describing high-spin states of positive parity in Rb.
A coupling of the neglected three-neutron configurations
to the Ogeg2 proton orbital would lead to positive-parity
states with angular momenta up to 11h. Since the exci-
tation energy of the 11+ yrast state is only 3.4 MeV, it
is very unlikely that the shell-model description of that
state is considerably affected by the neglection of config-

urations containing both the 1dsy2 neutron orbital and a
broken Ogs~z neutron pair.

V. RESULTS AND DISCUSSION

A. Results obtained in con6guration space I

A comparison of experimentally observed levels with
predictions of the shell-model calculations using the
parametrization PARSET-A is shown in Fig. 7. In this
configuration space excitations of the vlds~2 orbital have
been neglected. In agreement with the experimental re-
sult the ground state is predicted as the 2 level which is
characterized by the coupling of one neutron hole in the
Ogs~q orbital to the z(0fs&z, lps&z) configuration. The
same structure is prevailed in the wave function of the
lowest 7 level whereas the lowest 6 state is predomi-
nantly formed by coupling one hole in the v0gq~2 orbital
to the x(0f~~&2, 1pss&2) configuration.

The excitation energies of the experimentally known
yrast states with 7+ & I & 13+ are well reproduced
in the calculations. The structure of the wave function
of these levels are determined by the residual interaction
between the proton and neutron Og9~2 orbitals and the
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FIG. 7. Comparison of experimental and calculated level
energies of Rb using shell-model parameters PARSET-A
and configuration space I (see text). From the calculated
levels only the ground state, the yrast states with I & 6
or I & 7+, and the second-lowest states with I & 9+ are
shown. Based on the calculated energies only a weak popu-
lation of the states with I = 8 and 9 is expected, and
experimental information on these states has not been ob-
tained.
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coupling of the (vr0gsi/2, vOgs/2) configuration to the re-

maining eight protons occupying the negative-parity or-
bitals. The 7+, 8+, and 9+ as well as the 10+, 11+,
12+, and 13+ yrast states result mainly &om the cou-
pling of the (derog&/2, vogz/2) configuration to the proton
cluster (Of&/2, Ip&/2)& where the angular momentum J
takes the values Oh and 4h, respectively.

Positive-parity states with higher spin values can
be formed by breaking an additional proton pair in
the x(0fs/2, Ips/2, 1pi/2) subshell and generating the

x(0fs/2, 1ps/2, lpi/2) & s+ configuration. The coupling of
this cluster to the (vrOgsi/2, vOgss/2) structure results in

states with a maximal spin value of 15h. The excitation
of one proton to the vrlpqg2 orbital explains the rather
large energy separation between the 13+ and 14+ yrast
states which is well reproduced in the calculations. In
order to form excitations with spins higher than 15h in
this configuration space a proton pair must be lifted to
the Og9~2 orbital. Accordingly, the calculations predict a
rather large energy separation between the 15+ and 16+
yrast levels which is not supported by our experimental
findings. A description of these high-spin states within

an extended neutron con6guration space is presented in
the next subsection.

The levels observed at 3137.3, 3578.2, and 3865.9 keV
correspond very likely to the second-lowest 9+, 10+, and
11+ shell-model states.

The properties of the levels with tentative spins of (12),
(13), (14), and (15) observed at 5293.4, 5557.2, 6113.4,
and 6799.3 keV, respectively, are found to be in good
agreement with the shell-model prediction for yrast states
of negative parity (see Fig. 7 and Table III). The descrip-
tion of both, the small level separations and the rather
large B(MI) values for the b,I = 1 transitions between
these states point to an assignment of negative parity
to these states whereas the second-lowest states of posi-
tive parity with the same spin values cannot explain the
properties observed for this group of levels.

In order to illustrate the shell-model predictions based
on the other set of parameters for the residual inter-
action [25] we show the level energies calculated with
PARSET-B together with the experimental energies in
Fig. 8. Again, the predictions for the yrast states of
positive parity are in satisfactory agreement with the ex-
periment but the separation between the 7+ level and the

TABLE III. Comparison of experimental and calculated transition probabilities in Rb.

E; (keV)

7859.9
7412.9
6799.3
6455.6
6113.4
5557.2
4716.9
3865.9
3743.2
3578.2
3578.2
3411.7
3411.7
3281.8
3281.8
3281.8
3137.3
2416.4

I7f ~ 17I' b
f

(16) m (15)
(is) ~ (i4+)

(is-) ~ (i4-)
(i4+) ~ i3+

(14 ) ~ (13 )
(13 ) -+ (12 )

13+ ~ 12+
(11 ) m (10+)

12+ -+ 11+
(io+) ~ 9+
(io+) -+ 8+
11+ m 10+
11+ m 9+
10+ m 9+
10+ + 8+

10+ -+ (9+)
(9+) -+ 8+
9+ -+ 8+

B(oA);„,
0.4(2/1)
0.06 (3/1)
0.3(6/1)
0.12(50/1)
0.5(5/1)
0.8(3/1)
0.3(4/1)
0.7(3/2)
0.46(5/4)
0.04(4/1)
O.7(8/2)'
1.7(6/4)
0.3(2/1)'
0.022(6/4)
1.7(5/3)'
0.7(2/1)
0.013(5/2)
0.20(7/4)

I1I'

i f
16+ ~15+
15+ w 14+
15~ ~ 14'
14+ ~ 13+
14~ —+ 13'

1 ~ 1

131 M 121
11' —+ 102
12+1 -+ 11+
10+ m 9+

102 —+ 8~
11+ m 10+
111+ -+ 9+1

10' m 9q

10~ —+ 8~
10+ m 9+
9~+ m 8+,

9+ -+ 8~

B(srA)",
1.1x10 '

0.95
0.54
0.001
0.45
0.53
0.54
0.004
0.72
0.03
1.50
0.71
0.01
0.43
0.02
0.15
0.05
0.99

B(rrA)s',

0.001
0.035
1.70

0.006
2.06
2.49
0.48
0.72
0.86
0.31
3.56
1.17
0.42
0.05
0.84
1.28

0.008
1.22

B(oA),"'„
0.56
0.05

0.10

0.50
0.07
0.97
0.16
0.51
1.37
0.02
0.62
0.04
0.22
0.05
0.97

Energy of the initial state.
Experimental spin and parity assignments of initial and final states.

'Experimental values of B(oA) are given in Weisskopf units. If not labeled with ' these are B(M1)
values. B(M1) and B(E2) values have been derived from the adopted lifetimes and the branching
ratios given in Table II. Multipole mixing is neglected. In cases where no parities of the levels could

be deduced only Ml transitions are considered.

Spin, parity, and number of the states considered in the shell-model calculation of transition
probabilities.
Shell-model parameters PARSET-A, configuration space I.
Calculated transition probabilities are given in Weisskopf units. In the calculations of B(M1) and

B(E2) values the g factors of the free nucleons and efFective charges 1.35e for protons and 0.35e for

neutrons, respectively, have been used.
gShell-model parameters PARSET-B, configuration space I.
"Shell-model parameters PARSET-A, configuration space II ~

'B(o A) values given in this row are B(E2) values.
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ground state is too small compared to the experiment@, l
value. Furthermore, the sequence of the calculated en-

ergies for the 6 and 7 yrast levels is reversed. The
calculated levels with spins 12, 13,14, and 15 have
excitation energies and energy separations comparably
to the level sequence measured at 5293.4, 5557.2, 6113.4,
and 6799.3 keV. This result supports our assignment of
negative parity to these states.

Electromagnetic transition probabilities have been cal-
culated using the wave functions obtained with both sets
of parameters for the residual interaction (see Table III).
For calculating B(M1) values the free-nucleon g factors
have been taken. Some B(E2) values have also been cal-
culated using effective charges of 1.35e and 0.35e [27] for
protons and neutrons, respectively. A comparison be-
tween experimental and calculated transition probabili-
ties is presented in Table III.

The calculations on the basis of PARSET-A and
PARSET-B lead to B(M1) values that are roughly in the
same order of magnitude. For transitions between yrast
states there are two exceptions, 15& ~ 14+& and 10&

9& where in the two parametrizations obviously different
states are predicted as yrast states. The large transition
probabilities calculated on the basis of both parametriza-
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FIG. 8. Comparison of experimental and calculated level
energies of Rb using shell-model parameters PARSET-B
snd configuratio space I (see text). From the calculated
levels only the ground state, the yrast states with I & 6
or I & 7+, and the second-lowest states with I ) 9+ are
shown. Based on the calculated energies only a weak popu-
lation of the states with I = 8 and 9 is expected, and
experimental information on these states has not been ob-
tained.

tions for the Ml transitions between the states 12~,
13y 14y and 15y are in qualitative agreement with
the experimental data of the B(M1) values between the
states on top of the level at 5293.4 keV. For the M1 de-
excitation of the two yrare states 112 and 102 as well as
for the B(E2) value 10i+ -+ 8i rather strong discrepan-
cies between the two parametrizations are found. In cases
where both calculations lead to similar values of B(0'A)
these values tend to agree with the experimental data.
In most cases where the two predictions deviate strongly
&om each other the prediction based on PARSET-B is
found to be more close to the experimental results than
the other prediction. It should be mentioned that the
discrepancies concerning the B(M1) values discussed be-
fore cannot be removed by the use of effective g factors

(g,
' = 0.7g,'" and effective g factors given in [25] for

PARSET-A and PARSET-B, respectively) in the calcu-
lations.

Strong deviations between the transition probabilities
obtained in the two shell-model calculations indicate a
critical balance between different components of the wave
function. The discrepancy between calculated and exper-
imental B(M1) values for the transition between the (16)
level at 7859.9 keV and the (15) level at 7412.9 keV might
be a hint to considerable admixtures of the vld5~2 shell
in the wave functions of these states which is considered
in the next subsection.

B. Results obtained in configuration space II

Compared to configuration space I used in the preced-
ing subsections configuration space II contains a much
larger subspace for neutron excitations but a smaller
subspace for proton excitations (see Sec. IVB). Con-
sequences of these alterations on the calculated level en-
ergies are illustrated in Fig. 9. The inBuence of the
truncation of the proton space can be seen by compar-
ing the level energies given in columns 1 and 2 of Fig. 9
that are obtained by coupling the smaller neutron space
(only Ogss&2) to the large and to the reduced proton space,
respectively. The limitations in the occupation numbers
of the negative-parity proton orbitals result in a wrong
prediction of the 2 ground state and of the 6 isomeric
state with respect to the positive-parity states. There-
fore, the calculated level sequences (columns 1, 2, and 3
in Fig. 9) have been matched to each other at the 7+
level. %ith this normalization a systematic shift of al-
most all levels to somewhat lower energies is observed in
the reduced proton configuration space .

The inBuence of the increased configuration space for
the neutrons can only be demonstrated for the reduced
proton space (see columns 2 and 3). The extension of
the neutron space leads to rather small alterations of the
energies of levels with I & 14+. Comparing the data
in columns 1 and 3 a drastic change of the level separa-
tions is only observed between the states with I = 16+
and I = 15+ which have in configuration space II pre-
vailing contributions of the three-neutron configuration
(Ogs&2, 1dsi&2). The level energy predicted for the I=16+
yrast state in this configuration space is in better accor-
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figuration space II (column 3) using shell-model parameters
PARSET-A (see text).

dance with the experimental data than that obtained in
configuration space I (column 1).

The change of the structure of the wave functions be-
tween the 14+& and 15+& levels is also reflected in the tran-
sition probabilities calculated with the wave functions
obtained in con6guration space II and using PARSET-
A (see last right column in Table III). The rather large
B(Ml) value of about 0.5 W.u. is predicted between the
states characterized by three-neutron excitations (16+i

and 15+i) while the B(M1) value of 0.05 W.u. between
the 15~ and 14+& levels points to a change of the con6gu-
ration between these states, which is in qualitative agree-
ment with the experimental data. The B(Ml) value of

The results of an in-beam study of high-spin states
in Rb populated via the reaction s2Se(71,i, 3n)ssRb
are presented. A new level scheme of Rb containing
states up to 7.9 Mev in excitation energy and spins up
to I= (16) has been deduced. Furthermore, for 15 of the
levels lifetimes in the ps region have been determined
by analyzing the Doppler shift of p rays. Several fast
Ml transitions with B(M1)~ 0.3 W.u. have been iden-
ti6ed. Shell-model calculations have been carried out
to interpret these experimental results. Two different
parametrizations of the Hamiltonian have been taken to
describe level energies and reduced electromagnetic tran-
sition probabilities in Rb. The level energies predicted
by both parametrizations are found to be in fair agree-
ment with each other and with the experimental data.
Also, most of the experimentally determined electromag-
netic transition probabilities could be reasonably well re-
produced by the shell-model calculations. However, for
some of the B(M1) values considerable deviations be-
tween the results obtained in the two calculations have
been obtained. The inclusion of neutron particle-hole
excitations over the %=50 shell gap leads in Rb to an
improved description only for the positive-parity states
with I & 15.
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