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Influence of the NÄ50 neutron core on dipole excitations in87Rb
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Dipole excitations in the semimagicN550 nucleus87Rb were investigated at the Stuttgart Dynamitron
facility using bremsstrahlung with an end-point energy of 4.0 MeV. The widthsG or the reduced excitation
probabilitiesB(P1)↑ of 18 states were determined for the first time. The magnetic dipole excitations are well
reproduced in the framework of the shell model, however, these calculations cannot describe the observed
electric dipole excitations. The 1/21 state at 3060 keV is proposed to be the weak coupling of anf 5/2 proton
hole to the 32 octupole vibrational state in theN550 core88Sr. The relatively strongE1 transition from that
state to the ground state is explained as mainly the neutronh11/2→g9/2 transition. The breakup of theN550
core and neutron excitations into theh11/2 shell are essential to describe electric dipole excitations, but neutron-
core excitations do not play an important role for the structure of magnetic dipole excitations.
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I. INTRODUCTION

The properties of the semimagicN550 nuclei between
86Kr (Z536) and 92Mo (Z542) are essentially determine
by the proton subshell closures atZ538, 40, and 50 due to
the successive filling into thep3/2, p1/2, andg9/2 shells. This
is reflected in the pronounced changes of the excitation
ergies of the first 21 and 32 states shown in Fig. 1. Th
presence of these three proton shells and the gaps bet
them complicate the structure of theN550 nuclei. This is
experienced, e.g., by the difficulties to describe dipole a
quadrupole excitations in the odd-massN550 nucleus89Y
by a weak coupling of one proton or one proton hole to
even-massN550 core nuclei88Sr or 90Zr, respectively, as
confirmed by our investigation of89Y @1#.

A further important question is whetherN550 core exci-
tations contribute to the structure of low-spin states. This
certainly the case for the 32 octupole vibrational state an
for the two-phonon 12 dipole excitation. However, the two
phonon 12 excitations (21

1
^ 31

2) in the N550 isotones are
known at excitation energies 4.4 MeV<Ex<4.9 MeV @2#.
Therefore, the corresponding fragments (21

1
^ 31

2
^ particle)

are expected beyond the energy limit of the present exp
ments and are not discussed here. The fragmentation of m
netic and electric dipole strengths inN550 nuclei is only
scarcely investigated experimentally@3# and the known di-
pole excitations in these nuclei are barely reproduced wi
nuclear structure models. Photon scattering, in which pre
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entially dipole excitations take place, is a good tool to obt
information on the structure of low-spin states.

The highest angular momentum observed up to now in
N550 nucleus87Rb is that of the protong9/2 single-particle
state. The lifetimes of only two excited states are repor
@4,5#. A total of 21 dipole excitations are known up to
MeV. Of themg deexcitation has been observed only for
@4#. Until now, 87Rb was investigated in particle transfer r
actions@6–9#, in decay experiments@10,11#, in the (n,n8)
reaction@12#, with the Coulomb excitation@13# as well as
with inelastic proton@14# anda-particle scattering@5#.

Following results were obtained in the study ofN550
nuclei in the vicinity of 87Rb:

~i! Neither 88Sr (p3/2 orbit filled! nor 90Zr (p1/2 orbit

r-

- FIG. 1. Excitation energies of the first 21 and 32 states in the
N550 nuclei with 34<Z<44.
©2002 The American Physical Society15-1
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filled! represent good inert doubly closed cores. The gro
state of88Sr shows protonf 5/2 andp3/2 as well as protong9/2
admixtures. The protonf 5/2 orbit is significantly empty also
in 86Kr.

~ii ! There is an indication of a sudden and large chang
the proton distribution onceN550 is broken open.

~iii ! In most cases the core-particle coupling picture fa
for the description of excited states in the odd-massN550
nuclei, i.e., a microscopic model like the shell model w
configuration mixing has to be used to understand the st
ture of excited states in87Rb.

The aim of the present investigation is to study the fra
mentation of dipole strengths in theN550 nucleus87Rb by
means of a nuclear resonance fluorescence experiment
experimental results will be compared with the results
shell-model calculations, where also excitations of theN
550 neutron core are considered. Moreover, the applica
ity of the weak coupling model to dipole excitations in87Rb
will be discussed. The role of neutron degrees of freedom
the structure of low-spin states in87Rb is investigated.

II. EXPERIMENTAL METHODS AND RESULTS

Nuclear resonance fluorescence~NRF!, photon scattering
off bound states, represents the most sensitive techniqu
study low-lying electric and magnetic dipole excitations
heavy nuclei~Ref. @3# and references therein!. Excitation en-
ergies Ex , the integrated scattering cross sectionsI s ,
ground-state transition widthsG0, and branching ratiosG0 /G
can be extracted from the spectra of the scattered phot
These quantities can be transformed into reduced trans
probabilitiesB(E1), B(M1), or lifetimest.

In NRF experiments using continuous bremsstrahlung,
total scattering intensityI s for a decay of the photoexcite
state to the ground state, integrated over the resonance
the full solid angle, is given by

I s5gS p
\c

Eg
D 2G0

2

G
, ~1!

whereG0 is the partial decay width of the photoexcited sta
with spinJ to the ground state with spinJ0, andG is the total
width. The so-called ‘‘spin factor’’g5(2J11)/(2J011)
represents the statistical weight. The integrated scatte
cross sectionI s is proportional to the reduced excitatio
probabilitiesB(E1)↑ or B(M1)↑,

B~P1!↑5gB~P1!↓5
9

16p S \c

Eg
D 3

~gG0!. ~2!

Unfortunately, in the case of odd-mass target nuclei,
angular distributions of the scattered photons are rather
tropic. Therefore, in general, for nuclei with ground-sta
spinsJ0.1/2 no unambiguous spin assignments to the p
toexcited states are possible in present day NRF experim
which is true also for87Rb with a ground-state spin an
parity of Jp53/22. This implies that the spin factorg is
unknown. In this case only the productgG0

2/G or gG0 for
measured or known decay branching ratios can directly
05431
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extracted from the measured scattering intensities. Furt
more, the vanishing anisotropy in the angular distributio
leads to rather low polarizations of the scattered photons
prevents parity assignments that are possible for even-e
nuclei by polarization measurements@15#. The formalism de-
scribing photon scattering experiments is outlined in m
detail in @3,16,17#.

The present NRF experiments on87Rb were performed a
the bremsstrahlung facility installed at the Stuttgart Dyn
mitron accelerator@3#. The bremsstrahlung end-point energ
was 4.0 MeV. The DC electron currents used in the pres
experiments had to be limited to about 250mA because of
the thermal capacity of the radiator target. The scatter
target consisted of a87Rb2CO3 sample of 2.507 g total mas
with a relative enrichment of 99.2% in87Rb. The highly
hygroscopic rubidium carbonate was pressed to pills of
mm diameter and heated up to 160 °C under vacuum to
tract the water. The target material was sandwiched w
27Al discs ~0.7639 g; diameter 16 mm!, serving for the pho-
ton flux calibration@18#. The scattered photons were detect
by three high-resolution HPGeg-ray spectrometers installe
at angles of about 90°, 127°, and 150° with respect to
incoming bremsstrahlung beam. The efficiencies of all th
detectors amounted to about 100% each, relative to a s
dard 7.6 cm37.6 cm NaI~Tl! detector. The energy resolu
tion was typically about 2 keV at a photon energy of 1
MeV and about 3 keV at 3 MeV. Therefore, the uncertaint
of the excitation energies quoted in Table I are less tha
keV. The total effective time of data collection was about
h. Figure 2 shows the spectrum of photons scattered off87Rb
detected under a scattering angle of 90° in the energy ra
2–4 MeV. The experimental results are summarized
Table I.

As already discussed in Sec. I, the nucleus87Rb has been
studied in many different reactions. Preferably low-sp
states were excited in all of them. Therefore, the accepted
of known levels given in Ref.@4# can be assumed to b
nearly complete, and nearly the same states should be
cited in the NRF experiment. One unit of angular mome
tum, and to a much lesser extent two units, are transferre
the target nucleus via NRF. ConsideringJp53/22 for the
ground state of87Rb, the excited states are, therefore, e
pected to haveJ<5/2, but 7/2 cannot be completely ex
cluded. Thus, a level observed in the present NRF exp
ment is assumed to correspond to a known state given in
@4#, if the excitation energies agree within the experimen
errors and if the conditions for the angular momentum
realized. In the following, some levels are discussed.

The 845 keV stateis reported@4# to have spin and parity
Jp51/22,3/22. Taking into account the results of all differ
ent experiments, we assignJp51/22 to this level~Table I!.

The 2378 keV levelgiven in Table I cannot be the 237
keV state@4# observed in the (p,p8) reaction because of th
transferred angular momentum ofL5(5). It must be the
2387 keV level @4#. The parity of this state is unknown
Further onJp51/21 can be excluded, because in this ca
theg branch to theJp55/22, Ex5403 keV level would be
an M2 transition and the 2378 keV level would not ha
been observed in our experiment.
5-2
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TABLE I. Experimental results of the present (g,g8) experiment on87Rb. The excitation energyEx ,
integrated cross sectionI s , angular momentum and parityJp, value gG0

2/G, branching ratioG0 /G, total
width G, and the reduced excitation probabilityB(M1)↑ or B(E1)↑ are given. Isotropic angular correlatio
and pureM1 andE1 transitions have been assumed.

Ex I s Jp a gG0
2/G G0 /G G B(M1)↑ b B(E1)↑ c

~keV! ~eV b! ~meV! ~meV! (mN
2 ) (1024 e2 fm2)

845 12.9~17! 1/22 d 2.39~32! 1.0 4.78~64! 0.34~5!

1390 3.13~65! (3/2)2 1.57~33! e 0.81a 2.40~50! 6.2(13)31022

1463 1.51~55! (1/2)2 0.84~31! 0.87a 2.23~81! 2.7(10)31022

1578 0.64~44! 1/22,3/22 0.42~28! 0.105~8! a 8.8(58)31022

1741 13.6~10! (3/2,5/2)2 10.7~8! 0.67~3! a 0.26~2!

2014 1.01~32! (1/2,3/2,5/2)2 d 1.07~34! 1.0 1.1(4)31022

2284 3.65~36! (1/2,3/2,5/2)2 d 4.95~48! 0.67~6! 5.4(5)31022

2378 4.04~38! ~1/2,3/2,5/2! d 5.95~56! 0.70~6!

2398 29.0~17! 1/22,3/22 43.4~26! 0.85~2! 0.32~2!

2555 12.1~8! 3/21,5/21 20.6~14! 0.977~2! a 12.1~8!

2811 1.14~21! 3/21,5/21 1.57~33! 0.54~2! a 1.3~3!

3005f 4.58~41! (1/2,3/2,5/2)1 d 10.8~10! 1.0 3.8~4!

3043 0.37~12! ~1/2,3/2,5/2! d 0.89~29! 1.0
3055 0.66~13! 3/2,5/2,7/2(2) 1.60~32! 0.78~3! a 6.2(12)31023

3060 3.86~36! 1/21 9.39~87! 1.0 18.7~17! 3.1~3!

3309 9.47~73! 3/21,5/21 27.0~21! 0.908~8! a 7.8~6!

3338 0.94~18! 1/22,3/22 2.73~51! 0.34~14! 1.9(3)31022

3702 31.5~22! (1/2,3/2,5/2)(2) d 113~15! 0.93~3! 0.21~1!

3767 1.24~36! 1/22,3/22 4.6~13! 1.0 7.4(21)31023

3837 15.4~22! 1/21 59.2~86! 1.0 117~11! 10.0~15!

aTaken from@4#.
bB(M1)↑ as calculated fromgG0

2/G; 1 W.u.(M1)51.79 mN
2 .

cB(E1)↑ as calculated fromgG0
2/G; 1 W.u.(E1)51.27 e2 fm2.

dAngular momentum from this work.
eThe calculated angular correlation value has been considered.
fSuperimposed by a27Al line.
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FIG. 2. Spectrum of photons scattered off87Rb, measured at a
scattering angle of 90°. Lines marked with the transition energ
keV belong to87Rb. Also calibration lines (27Al) and background
lines are marked. SE, single escape peak; DE, double escape
The small 3055 keV line is well separated from the 3060 keV pe
but is not visible with the present scale.
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The 3055 and 3060 keV levels~Table I! are assigned to the
levels in Ref.@4#, which have the same excitation energy.
the (p,p8) reaction a level at 3058 keV has been observ
with an energy error of 8 keV, which is supposed to be
doublet @14#. Therefore, the transferred angular momentu
could not be deduced. This level has not been adopted in
compilation @4#. Considering the uncertainty of 8 keV, th
two states observed in the doublet could be the states at 3
and 3060 keV as well.

The 3702 keV levelis tentatively assigned to the 3692 ke
level adopted in Ref.@4#, although the experimental errors o
the excitation energies do not overlap. Therefore, a tenta
assignment of the negative parity is given. The 3702 k
state identified in the present experiment cannot be the 3
keV level @4# found in the (p,p8) reaction, because anL
54 transfer to this state has been found@14#.

The 3767 keV levelis assigned to a level with the sam
excitation energy adopted in Ref.@4#. A doublet at 3773 keV
has been found in the (p,p8) reaction@14#, but no angular
momentum could be deduced. This doublet has not b
adopted in Ref.@4#. One of the doublet members may be t
3767 keV state.

The 3837 keV levelis assigned to the 3834 keV leve

n
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L. KÄUBLER et al. PHYSICAL REVIEW C 65 054315
adopted in Ref.@4#. Because of the large energy difference
cannot be the reported 3824 keV state.

All states with known angular momentum observed in
NRF experiment—except the one at 3055 keV—are dip
excited levels. Therefore, the levels at 2014, 2284, 23
3005, 3043, and 3702 keV should be ascribed very lik
also to dipole excitations and we assign to them tentativ
J5(1/2,3/2,5/2) as given in Table I. For the same reason,
J57/2 assignment to the level at 3055 keV seems to be v
unlikely.

The widths G or the reduced excitation probabilitie
B(P1)↑ of 18 states given in Table I were measured for
first time. Fourteen levels of the hitherto known 21 dipo
excitations withJ<5/2 in the energy rangeEx<4 MeV @4#
have been observed in our (g,g8) experiment. The known
dipole excitations at 403, 1893, 2414, 2530, 2961, 3692,
3974 keV were not observed in our investigation. The rea
may be the typical detection limits ofB(E1)↑'1
31025 e2 fm2 and B(M1)↑'0.931023mN

2 for NRF ex-
periments at the Stuttgart bremsstrahlung facility@19#.

One new level at 3043 keV was found. For the levels
2014, 2284, 2398, 3005, 3043, 3060, 3338, 3702, 3767,
3837 keVg deexcitation was observed for the first time a
for the states given in Table IIg decays to excited level
have been found. For the energy range 0.5<Ex<3.3 MeV,
practically the same dipole excitations as in the form
(p,p8) study@14# have been observed in our (g,g8) experi-
ment. In the NRF investigation, additionally the 1578 a
3043 keV levels have been observed, in the (p,p8) experi-
ment additionally the states at 2961 and 3099 keV w
found.

Twelve of the observed 20 dipole excitations areM1 tran-
sitions, six areE1 excitations@4#. For the 845, 1741, 2398
and 3702 keV states largeB(M1)↑ values have been found
for the 2555 and 3837 keV levels largeB(E1)↑ values were
measured.

III. SHELL-MODEL CALCULATIONS

Up to now no shell-model calculation including excit
tions of the N550 neutron core has been pe
formed for 87Rb. The shell-model space used in the pres
calculations includes the active proton orbita
p(0 f 5/2,1p3/2,1p1/2,0g9/2) and neutron orbitals

TABLE II. Gamma-decay branching ratiosG1 /G obtained in the
(g,g8) experiment on87Rb. Ei and Ef denote the energies of th
initial and final states, respectively.

Eg Ei Ef G1 /G
~keV! ~keV! ~keV!

1881 2284 403 0.33~6!

1975 2378 403 0.30~6!

1995 2398 403 0.08~1!

1553 2398 845 0.07~2! a

1760 3338 1578 0.66~14!

2312 3702 1390 0.07~3!

aG2 /G.
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n(1p1/2,0g9/2,1d5/2) relative to a hypothetic66Ni core. The
orbitals are denoted by the radial quantum number that g
the number of nodes of the radial wave function exclud
the nodes at the origin and at infinity. Since an empirical
of effective interaction matrix elements for this model spa
is not available yet, various empirical sets have been co
bined with the matrix elements of a modified surface-de
interaction. Details of this procedure are described in R
@20,21#. The effective interaction in the proton shells w
taken from Ref.@22#. In that work, the residual interactio
and the single-particle energies of the proton orbitals w
deduced from a least-squares fit to 170 experimental le
energies inN550 nuclei with mass numbers between 82 a
96. The data given in Ref.@23# have been used for th
proton-neutron interaction between thep(1p1/2,0g9/2) and
then(1p1/2,0g9/2) orbitals. These data were derived from a
iterative fit to 95 experimental level energies ofN548, 49,
and 50 nuclei. The matrix elements of the neutron-neut
interaction of then(1p1/2,0g9/2) orbitals have been assume
to be equal to the isospinT51 component of the proton
neutron interaction given in Ref. @23#. For the
(p0 f 5/2,n0g9/2) residual interaction, the matrix elemen
proposed in Ref.@24# have been used.

The single-particle energies relative to the66Ni core
have been derived from the single-particle energies
the proton orbitals given in Ref.@22# with respect to the
78Ni core and from the neutron single-hole energies
the 1p1/2,0g9/2 orbitals @23#. The transformation of
these single-particle energies to those relative to
66Ni core has been performed@25# on the basis of the
effective residual interactions described above. T
obtained values are e0 f 5/2

p 529.106 MeV, e1p3/2

p

529.033 MeV, e1p1/2

p 524.715 MeV,e0g9/2

p 520.346

MeV, e1p1/2

n 527.834 MeV, e0g9/2

n 526.749 MeV, and

e1d5/2

n 524.144 MeV. These single-particle energies and

corresponding values of the strengths of the residual inte
tions have been used to calculate level energies as we
M1 and E2 transition strengths. For the latter, effectiveg
factors ofgs

eff50.7gs
free and effective charges ofep51.72e

and en51.44e @26#, have been applied. The nucleus87Rb
has nine protons and 12 neutrons in the considered con
ration space. To make the calculations feasible, a trunca
of the occupation numbers was necessary. At most three
tons are allowed to occupy the (1p1/2,0g9/2) subshell and at
most one 0g9/2 neutron can be lifted to the 1d5/2 orbital. With
these restrictions, a configuration space with dimensi
smaller than 8700 has been obtained. The calculations w
carried out with the codeRITSSCHIL @27#.

IV. DISCUSSION

A. Magnetic dipole excitations in 87Rb

As shown in Fig. 3, the shell model reproduces the rig
order of the experimentally observed first 3/22, 5/22, and
1/22 states and provides a fair reproduction of the excitat
energies. The calculated level density corresponds appr
mately to the observed one. As shown in Fig. 4, there i
5-4
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remarkable agreement of the measured and calcul
B(M1)↓ values for the transitions of the states with know
angular momentum to the ground state. Also theB(M1)↓
value for theg branch ofEg5987 keV from the second
3/22 state to the first 5/22 state is well reproduced by th
calculations, whereas theB(E2)↓ value for the 1060 keV
transition from the second 1/22 state to the first 5/22 state
deviates by a factor of about 10.

On the basis of this overall agreement we assigned s
of the experimental states to the corresponding calcula
levels~Fig. 3!. This assignment allows the following conclu
sions on the structure of the observed states on the bas
the calculated wave functions. As an example, the main c
tributions to the shell-model wave functions of the first a
second 1/22, 3/22, and 5/22 states are given in Table III
The discussion below includes all the calculated magn
dipole excitations shown in Fig. 3.

Dominating protonp3/2, f 5/2, and p1/2 single-particle
character is found for the 3/21

2 ground state, the 5/21
2 and

1/21
2 states, respectively. The other magnetic dipole exc

tions are dominated by three protons in thef p shell. In ad-
dition to the main contributions given in Table III, the wav
functions contain a large number of small components of
types p( f p)1, p( f p)3, p( f p)1n(0g9/2

211d5/2
1 )2, or

p( f p)3n(0g9/2
211d5/2

1 )2. Components with neutrons contrib
ute from 3% to 9% to the wave functions, but the excitati
of the N550 core, which is possible in our shell-model ca

FIG. 3. Comparison of experimentally observed dipole exci
levels in 87Rb with the results of our shell-model calculations. T
angular momenta are given as 2J; solid line, observed in the (g,g8)
experiment~Table I!; dashed line, taken from@4#; the lowest five
calculated states withJ51/2, 3/2, and 5/2 are given.
05431
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culation, does not allowM1 transitions. Excitations of pro
tons to the 0g9/2 shell were not predicted in our calculation

According to the wave functions, the very strong 845 k
1/21

2→3/21
2 transition is the protonp1/2→p3/2 spin-flip M1

transition, which corresponds to the 11
1→01

1 transition in
88Sr @28#. M1 transitions between the spin-orbit partnersp1/2
and p3/2 are the only allowedM1 transitions in the consid
ered shell-model space. A detailed analysis of the wave fu
tions shows that theM1 transition 3/22

2→3/21
2 is realized

between relatively strong components of the configurati
p(0 f 5/2

221p3/2
21)→p(0 f 5/2

221p1/2
1 ) and p(1p1/2

1 )n(0g9/2
211d5/2

1 )
→p(1p3/2

21)n(0g9/2
211d5/2

1 ). TheM1 transition 1/22
2→3/21

2 is
enabled via the relatively strong componentsp(0 f 5/2

221p3/2
21)

→p(0 f 5/2
221p1/2

1 ) and p(1p1/2
1 )→p(1p3/2

21). The relatively
smallB(M1)↓ value observed for the 5/21

2→3/21
2 transition

can be explained by the fact that the wave function for
5/21

2 state contains only very small components allowi
such transitions.

The present shell-model space seems to be sufficie
large to describe the magnetic dipole excitations in87Rb.
Neutron core excitations are not important for the discus
magnetic dipole transitions.

B. The weak-coupling picture in 87Rb

Several attempts have been made to describe exc
states in87Rb by means of a weak coupling of a proton
proton hole in thef p shell to theN550 core88Sr @10,12,14#.

d FIG. 4. The depopulation of experimentally observed magn
dipole excitations in87Rb compared with the results of shell-mod
calculations. TheB(M1)↓ value for the 403 keV transition ha
been taken from@4#.
5-5
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Hulstmannet al. @14# stated that the ‘‘interpretation of th
experimental results within the weak-coupling model is i
possible.’’ This result is compatible with the conclusio
drawn in our investigation of a weak coupling of ag7/2 pro-
ton to positive-parity core states in theN582 cores140Ce
and 142Nd @29#. If the coupled particle is an important con
stituent of the core state, then—because of the P
principle—the addition of this particle leads to a rearran
ment of the nucleons in the shells and the weak-coup
concept must fail.

For the detailed discussion of the weak-coupling mo
we will use the following energies: Ex(21

1 ,88Sr)
51836 keV,Ex(31

2 ,88Sr)52734 keV, and the experimen
tal proton single-particle energiesEx(p3/2)50, Ex( f 5/2)
5403 keV, Ex(p1/2)5845 keV, andEx(g9/2)51578 keV
observed in87Rb. The coupling of ap3/2 proton hole and a
p1/2 proton to the first 21 state in88Sr would give multiplets
in 87Rb at about 1800 and 2700 keV, respectively. The m
structure of the first 21 state in88Sr is given in Ref.@30# to
73% of p(1p3/2

211p1/2
1 ), which is the result of a shell-mode

calculation. Thus, the coupling particle occupies the sa
shell as the main constituents of the core state. Hence, t
is no weak coupling and the weak coupling concept fails

TABLE III. Main components of shell-model wave functions o
states in87Rb.

Jp Contribution of the configuration

1/21
2 83% p(1p1/2

1 )
6% of the typep( f p)1n(0g9/2

211d5/2
1 )2 or

p( f p)3n(0g9/2
211d5/2

1 )2

1/22
2 61% p(0 f 5/2

211p3/2
211p1/2

1 )
9% of the typep( f p)1n(0g9/2

211d5/2
1 )2 or

p( f p)3n(0g9/2
211d5/2

1 )2

3/21
2 82% p(1p3/2

21)
1.3%p(0 f 5/2

211p3/2
211p1/2

1 )n(0g9/2
211d5/2

1 )2
a

3% of the typep( f p)1n(0g9/2
211d5/2

1 )2 or
p( f p)3n(0g9/2

211d5/2
1 )2

3/22
2 28% p(0 f 5/2

211p3/2
211p1/2

1 )
25% p(1p3/2

21)
7% of the typep( f p)1n(0g9/2

211d5/2
1 )2 or

p( f p)3n(0g9/2
211d5/2

1 )2

5/21
2 71% p(0 f 5/2

21)
3% of the typep( f p)1n(0g9/2

211d5/2
1 )2 or

p( f p)3n(0g9/2
211d5/2

1 )2

5/22
2 72% p(1p3/2

221p1/2
1 )

5% of the typep( f p)1n(0g9/2
211d5/2

1 )2 or
p( f p)3n(0g9/2

211d5/2
1 )2

1/21
1 56% p(0 f 5/2

221p3/2
211p1/2

1 0g9/2
1 )

3/21
1 35% p(0 f 5/2

211p3/2
221p1/2

1 0g9/2
1 )

5/21
1 24% p(1p3/2

220g9/2
1 )

aThis small contribution is important for the explanation ofE1
transitions~cf. the text!.
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describe the considered states in87Rb.
Another possibility to produce magnetic dipole excit

tions in 87Rb with J53/2 or J55/2 would be a coupling
of a g9/2 proton to the 32 state in 88Sr. This weak coup-
ling should be possible because of the positive parity
the coupled particle. But such a multiplet should be exp
ted around 4300 keV, which is beyond the scope of o
experiment.

In the following section, we propose the weak-coupli
model to be a possible way to describe the 1/21 state in87Rb
at 3060 keV, which deexcites via a relatively strongE1 tran-
sition to the ground state.

C. Electric dipole excitations in 87Rb

In Fig. 3, also the calculated positive-parity states
shown, which can be excited byE1 transitions. According to
the shell-model wave functions given in Table III, th
positive-parity states are generated by the excitation of
proton to theg9/2 shell. However, these calculated states o
viously do not correspond to the positive-parity states
served in the experiment. The calculated states are pred
at too high excitation energies and the level density is
low. Moreover, our shell-model space does not allowE1
transitions, what is in clear discrepancy to the observatio
Thus, our shell-model calculations including even t
breakup of theN550 core are not able to describe the ele
tric dipole excitations.

As already stated in the preceding section, the we
coupling model may be used, if there is no strong over
between the coupling particle and the core state. In
sense, the following couplings of protons with the first 21 or
32 states in88Sr are allowed and enable the generation
electric dipole excitations in87Rb: ~i! 21

^ g9/2 giving a 5/21

state at about 3400 keV,~ii ! 32
^ p1/2 giving a 5/21 state at

about 3600 keV,~iii ! 32
^ p3/2 giving 3/21 and 5/21 states at

about 2700 keV, and~iv! 32
^ f 5/2 giving 1/21, 3/21 and

5/21 states at about 3100 keV. The first three couplings m
be candidates for the experimentally observed 3/21 or 5/21

states between 2300 and 3400 keV. Since the experime
spin values are not fixed, a unique experiment-to-theory
signment is impossible.

The only coupling resulting in an 1/21 state is that of the
last example given above. Therefore, the first 1/21 state at
3060 keV may be tentatively explained by the weak coupl
of a proton f 5/2 hole to the 32 octupole vibrational state in
the core88Sr, giving a 1/21 state at 3137 keV. The observe
electric dipole excitations around 3 MeV may belong to t
32

^ p f 5/2 multiplet.
The experimental valueB(E1)↓56.231024 e2 fm2 of

the 3060 keV ground-state transition in87Rb agrees approxi-
mately with that of the 31

2→21
1 transition observed in88Sr

†B(E1)↓57.6731024 e2 fm2 @31#‡. Therefore, we assum
that bothE1 transitions take place between similar config
rations.

The experimental 31
2→21

1 B(E1)↓ value in 88Sr is
well reproduced by calculations within the quasipartic
phonon model~QPM!, which is explained in Ref.@32#
in more detail. The values B(E1,31

2→21
1)53.2
5-6
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31024 e2 fm2, Ex(21
1 ,88Sr)51852 keV, andEx(31

2 ,88Sr)
52640 keV result from this model in good agreement w
the experimental values. The model wave functions are c
structed out of quasiparticle random-phase approxima
~RPA! phonons and the wave function of an excited state
taken as a superposition of one-, two-, and three-pho
components. In Table IV, the structure of the first 21 and 32

RPA phonons for the QPM calculations to88Sr is presented
The QPM wave function of the first 21 state in88 Sr consists
to 91% of the first 21

1 RPA phonon and that of the first 32

state to 92% of the first 31
2 RPA phonon. Thus, according t

the QPM calculations, the 31
2→21

1 E1 transition in 88Sr is
dominantly anh11/2→ng9/2 transition.

Regarding the possible 32(88Sr)^ p f 5/2 structure of the
1/21 level at 3060 keV in87Rb, this state should contain als
small nh11/2 components, since thenh11/2→ng9/2 transition
is the only allowedE1 transition in the considered configu
ration space. The shell-model wave function of the 3/2

ground state in87Rb contains to 1.3% the configuratio
p(0 f 5/2

211p3/2
211p1/2

1 )n(0g9/2
211d5/2

1 )2 ~Table III!. Thus, nh11/2

→ng9/2 transitions are possible also for th
1/21(3060 keV)→3/22 ground-state transition in87Rb,
what gives a qualitative explanation for this electric dipo
transition as well as for the similarity with the 31

2→21
1 tran-

sition in 88Sr. It is well known that strongE1 transitions may
be realized even by very small admixtures to the wave fu
tions. The above discussion shows that the breakup of
N550 core and the excitation of one neutron to theh11/2
shell are crucial points for the description of electric dipo
excitations in theN550 nucleus87Rb.

The weak coupling of anf 5/2 proton to the first 32 state in
theN550 nucleus86Kr at 3099 keV would give a 1/21 state

TABLE IV. Structure of the first 21 and 32 RPA phonons pre-
dicted by QPM calculations for88Sr in terms of two-quasiparticle
components. The main contributions are shown only.

Jp E Structure Contribution
~keV! ~%!

21
1 2100 n(0g9/21d5/2) 11

p(1p3/21p1/2) 29
p(0 f 5/21p1/2) 28
p(0g9/20g9/2) 9
p(0 f 5/20 f 5/2) 8
p(1p3/21p3/2) 7

31
2 2850 n(0g9/20h11/2) 8

p(1p3/20g9/2) 66
p(0 f 5/20g9/2) 8
05431
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at about 3500 keV, which could be a possible candidate
the 1/21 state in 87Rb at 3837 keV. Unfortunately, the
strength of the 31

2→21
1 transition in 86Kr is unknown and

the question remains open whether such a weak couplin
able to reproduce the very strongE1 excitation to the 3837
keV state in87Rb.

V. SUMMARY

In the first nuclear resonance fluorescence experimen
theN550 nucleus87Rb, the widthG of five and the reduced
excitation probabilitiesB(P1)↑ of 13 dipole excitations
have been determined. Theg deexcitation of ten levels and
branchings of five levels were observed for the first tim
StrongB(M1)↓ and B(E1)↓ values were deduced for th
deexcitations of the 1/22 state at 845 keV and of the 1/21

state at 3837 keV to the 3/22 ground state, respectively.
The magnetic dipole excitations are described in

framework of shell-model calculations as one- or thre
proton excitations into thef p shell, and neutron excitation
of theN550 core were found to play no important role. Th
shell-model calculations allowing the excitation of theN
550 core by lifting one neutron from theg9/2 to thed5/2 shell
are not able to reproduce the observed electric dipole exc
tions.

The weak-coupling model turns out to be not applica
for the description of the observed magnetic dipole exc
tions, whereas the electric dipole excitations may be
scribed in the framework of a weak-coupling picture. T
1/21 state at 3060 keV is proposed to result from the co
pling of an f 5/2 proton hole to the 32 octupole vibrational
state in theN550 core88Sr. The strongE1 transition of that
1/21 state to the ground state is explained as the neu
h11/2→g9/2 transition. The breakup of theN550 core and the
excitation of one neutron to theh11/2 shell are very important
for the description of the electric dipole excitations. Un
now there is no explanation for the fastE1 transition from
the 3837 keV state to the ground state.

Further experimental and theoretical investigations of
pole excitations in theN550 nuclei are needed. For the un
derstanding of the structure of these states, the shell-m
space has to be expanded by neutron excitations into theh11/2
shell. The inclusion of such excitations is not feasible y
since the dimension of the corresponding configuration sp
is beyond our possibilities for diagonalization. QPM calc
lations for the odd-massN550 nuclei could be an alterna
tive.
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N. Huxel, L. Käubler, P. von Neumann-Cosel, N. Nicolay, N
Pietralla, H. Prade, A. Richter, C. Schlegel, H. Schnare,
Schwengner, T. Servene, S. Skoda, H. G. Thomas, I. Wied
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