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Dipole and quadrupole excitations in the semimagicN=50 nucleus88Sr were investigated at the supercon-
ducting Darmstadt electron linear accelerator S-DALINAC with bremsstrahlung of an end-point energy of
6.8 MeV. Many new dipole excitations could be identified, and their reduced excitation probabilities were
determined. The experimental findings are discussed in the context of quasiparticle-phonon-model and shell-
model calculations. A breaking of theN=50 core is essential to describe the structure of the observed excita-
tions. The two-phonon quadrupole-octupoleJp=1− state exhibits unusual features which are presently not
understood.
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I. INTRODUCTION

The structure of the stableN=50 isotones is governed by
the filling of the thep1/2, p3/2, andg9/2 proton shells. Neither
88Sr nor 90Zr represents hereby a good doubly closed core,
and several orbitals contribute to the ground-state(g.s.) wave
functions; see, e.g.,[1–3]. Both the breaking of theN=50
core and its possible influences on the proton distributions
will affect the electric sE1d and magneticsM1d dipole
strength functions. The gross and the fine structure ofE1 and
M1 distributions below the particle threshold have been sub-
ject of recent investigations[4–8] in various nuclei. In many
of the experimental studies, the main focus was on the low-
energyE1 “pygmy” dipole resonance[9], and the main frac-
tion of the detected dipole strength has been found to have
electric character[10]. From studying the details of the low-
lying E1 strength distributions one is able to learn—through
comparison with nuclear models—whether or not these ex-
citation modes arise from the collective motion of many va-
lence nucleons, e.g., from an out-of-phase oscillation of the
excess neutrons with respect to a proton-neutron core. For a
detailed discussion, we refer to the experimental analyses of
[6–8] as well as the theoretical work cited in these papers.
Another characteristic feature in many semimagic or vibra-
tional nuclei is a low-lyingE1 excitation due to the coupling
of the quadrupole and octupole vibrations; see, e.g., Ref.[4]
and references therein. On the other hand, low-lyingM1
spin-flip excitations have been identified in light and

medium-mass nuclei. As examples for experimental and the-
oretical studies we refer to Refs.[11–13] and the literature
cited therein.

In the present study the fragmentation of dipole strength
in the N=50 nucleus88Sr is investigated by means of a
nuclear-resonance-fluorescence experiment. On the basis of a
comparison of the experimental data with the results of shell-
model and quasiparticle-phonon-coupling calculations con-
clusions on the structures of some of the observed excitations
are given. A quadrupole-octupole-coupledE1 excitation, the
distribution of electric dipole excitations above 5 MeV, the
problem of magnetic dipole strength at energies below the
particle threshold, as well as the structure of quadrupole ex-
citations, are discussed.

II. EXPERIMENTAL METHODS

Nuclear resonance fluorescence(NRF) represents a very
sensitive technique to study low-lying electric and magnetic
dipole and to a certain extent also electric quadrupole exci-
tations in heavy nuclei(see Ref.[4] and references therein).
Excitation energiesEx, integrated photon-scattering cross
sectionsIs, ground-state transition widthsG0, and branching
ratiosG0/G can be extracted from the spectra of the scattered
photons. These quantities are transformed into reduced tran-
sition probabilitiesBsE1d, BsM1d, BsE2d, or half-lives T1/2

as is shown below.
A sg ,g8d experiment on88Sr has been performed at the

superconducting electron accelerator S-DALINAC[14] of
the Technische Universität Darmstadt. Bremsstrahlung with
an end-point energy of 6.8 MeV has been collimated onto a
88SrCO3 target with an enrichment of 99.9% in88Sr, a diam-
eter of 18 mm, and a mass of 2.732 g. For photon-flux-
calibration purposes the target has been covered at the front
and back with disks of natural boron of masses of 0.271 and
0.313 g, respectively. Two EUROBALL CLUSTER detec-
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tors [15] placed at angles ofQ=94° andQ=132° with re-
spect to the incident photon beam have been used to detect
the scatteredg rays. Data have been taken for 170 h with an
average electron-beam current of about 30mA. Details of the
experimental arrangement are given in Refs.[8,13,16].

The total g-ray spectrum taken with both EUROBALL
CLUSTER detectors is given in Fig. 1. The total spectrum of
one CLUSTER detector contains single events detected in
each of the seven crystals individually as well as so-called
add-back events reconstructing full-energy signals from the
signals of neighboring crystals where part of the energy was
deposited in the case of Compton scattering or pair produc-
tion and subsequent annihilation of the positron. For the en-
ergy and efficiency calibration up to 3.5 MeV a56Co source
has been used. A Monte Carlo simulation provided the shape
of the bremsstrahlung photon flux, and the product of photon
flux and efficiency aboveEg.3.5 MeV could be determined
from the known integrated scattering cross sections of the
11B lines. The knowledge of the relative-efficiency curve is
needed when decay branches to states other than the ground
state are observed. As we have no direct information on the
detection efficiency forEg.3.5 MeV, the experimental
branching ratiosG0/G have comparatively large uncertainties
due to the necessary extrapolation of the efficiency. How-
ever, this applies to a few cases only.

The total scattering cross sectionIs for a decay of the
photoexcited state to the g.s., integrated over the resonance
and the full solid angle, is given by

Is = gSp
"c

Eg
D2G0

2

G
, s1d

whereG0 is the partial decay width of the photoexcited state
with spin J to the g.s. with spinJ0, andG is the total width.
The factor g=s2J+1d / s2J0+1d represents the statistical
weight. The integrated scattering cross sectionIs is related to
the reduced excitation probabilitiesBsE1d↑, BsM1d↑, or
BsE2d↑ through the widthG0 for decay into the g.s.:

BsE1d↑ = gBsE1d↓ = 2.8663 10−3G0

Eg
3 e2 fm2, s2d

BsM1d↑ = gBsM1d↓ = 0.2598
G0

Eg
3 mN

2 , s3d

BsE2d↑ = gBsE2d↓ = 6201
G0

Eg
5 e2 fm4. s4d

The analysis of photon scattering experiments is outlined
in detail in Refs.[4,17–19]. For the determination ofIs and
G0, the weighted average of the experimental results obtained
from the totalg-ray spectra of both CLUSTER detectors has
been calculated. To get information about the angular mo-
mentaJ of the populated levels, the efficiency-corrected in-
tensity ratiosIgs94°d / Igs132°d have been calculated using
normalization factors obtained from the measured intensities
of known g transitions. For the used detector arrangement
angular distribution ratios of 0.72 for the case 0→1→0 and
1.74 for the case 0→2→0 are expected.

III. RESULTS

The experimental results are summarized in Tables I and
II. Typical uncertainties of the given excitation energies are
about 1 keV. The excitation of 23 states in88Sr has been
observed in the present NRF experiment, where 15 levels are
clearly identified as dipole excitations(Table I). Also the
states at 4263 and 6367 keV are very likely populated by
dipole excitations, but the measured angular distribution ra-
tios deviate from the expected values. A firm assignment of
the multipole order of the transition was made when one
theoretical angular distribution ratio was within two standard
deviations of the measured value and the other theoretical
ratio was excluded by at least three standard deviations. If
one of these two criteria was violated, we have given the spin
assignment in parentheses. All the hitherto known[20] di-
pole excitations up toExø7.0 MeV have been observed. In
contrast to a NRF experiment on theN=50 nucleus87Rb [3],
we observe candidates for quadrupole excitations in88Sr.
The 2+ states at 1836 and 3219 keV are mainly populated
indirectly from higher-lying states. We did not observe any
known 2+ level between 3.5øExø6.6 MeV [20].

In the following a detailed comparison of the data for
some states observed in our experiment with the previously

FIG. 1. Totalg-ray spectra observed in the88Srsg ,g8d reaction
with two CLUSTER detectors. Peaks marked by theirg-ray energy
belong to88Sr. The symbols SE, DE, and b stand for single-escape,
double-escape, and background peaks, respectively.
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available experimental information is presented.
The 3487 keV levelis reported to have spinJ=1 as a

result of a NRF experiment[21], which has not been adopted
in the compilation[20], whereJp=s2d+ is given. The spin
J=1 and positive parity[22] have been confirmed in agree-
ment with the results of a form-factor measurement in elec-
tron scattering[23,24]. The width of G=0.171s19d eV de-
duced from our experiment agrees within the experimental
error with G=0.150s24d eV given in Ref.[21].

The 4036 keV levelis a 2+ state[20] with a half-life of
T1/2=20s10d fs or T1/2=14s3d fs, deduced from theBsE2d
values obtained in inelastic-electron-scattering experiments
by van der Bijl et al. [24] and Peterson and Alster[25],
respectively. This state has not been observed in a NRF ex-
periment up to now. The assignmentJp=2+ is confirmed by
our experiment, but we observed additionally for the first
time ag-decay branch from this state to the 21

+ state(Table

II ). We obtainT1/2=13s3d fs for the 4036 keV level in agree-
ment with the results given above.

The 4744 keV levelwith angular momentumJ=1 has
been observed in a previous NRF experiment[26], where
anyg branches other than to the ground state were not found.
In that work the parity of this level was not determined, but
it has been suggested to be a 1− state arising from the cou-
pling of the vibrational 2+ and 3− states. While clear evi-
dence exists for such 1− two-phonon states in the semimagic
Z=28, Z=50, andN=82 nuclei, the situation inN=50 iso-
tones was much less clear at the beginning of our investiga-
tion. Therefore, it was one of our goals to determine the
parity of the 4744 keV level using the EUROBALL CLUS-
TER detector placed atQ=94° as a Compton polarimeter for
the measurement of theg-ray linear polarization. Surpris-
ingly, positive parity was found[22] with a significance of
about three standard deviations. A later experiment with a

TABLE I. Experimental results of the presentsg ,g8d experiment on88Sr. The excitation energyEx, the
integrated cross sectionIs, the intensity ratioIgs94°d / Igs132°d, the angular momentum and parityJp, the
value gG0

2/G, the total widthG, and the reduced excitation probabilitiesBsM1d↑, BsE1d↑, andBsE2d↑ are
given.

Ex

(keV)
Is

(eV b)
Igs94°d / Igs132°d Jpa gG0

2/G
(meV)

Gb

(meV)
BsM1d↑
smN

2d
BsE1d↑

s10−3 e2 fm2d
BsE2d↑
se2 fm4d

3219.2c 1.01(29) 2+d 14(7)d

3378.1 2.1(3) 0.70(18) 1 6.2(9) 2.1(3) 0.014(2) 0.15(2)

3487.1 162(18) 0.68(3) 1+ 514(57) 171(19) 1.05(12)

4036.2 26(5) 1.86(16) 2+ 112(20) 34(6) 160(29)

4226.6 1.9(5) 0.66(28) 1 8.9(24) 3.0(8) 0.010(3) 0.11(3)

4262.8 1.6(5) 1.05(41) s1,2+d 7.8(25) 0.0086(28) 0.096(31) 6.8(22)

4743.8 55(7) 0.67(4) 1−e 322(42) 173(24) 3.7(5)

4771.6 2.2(6) 1.27(42) s1,2+d 13.1(33) 0.010(3) 0.12(3) 6.6(17)

4801.3 1.8(3) 0.54(25) 1 10.6(21) 3.5(7) 0.0082(16) 0.091(18)

4914.5 3.9(6) 0.65(22) 1 24.4(38) 8.1(13) 0.018(3) 0.20(3)

4989.4 3.5(21) 2.95(167)f s1,2+d 23(14) 0.016(10) 0.17(10) 9.1(55)

5600.4 1.5(7) s1,2+d 12(6) 0.0060(30) 0.066(33) 2.7(14)

5691.1 4.2(10) 0.41(29)g 1 36(8) 12(3) 0.017(4) 0.19(4)

5991.2 7.5(19) 1.57(44) s1,2+d 69(18) 14(4) 0.017(5) 0.19(5) 11(3)

6009.8 94(22) 0.71(5) 1 880(200) 294(68) 0.35(8) 3.9(9)

6201.7 37(9) 0.48(11)g (1) 374(95) 125(32) 0.136(34) 1.5(4)

6213.6 547(136) 0.77(3) 1−d 5490(1360) 1920(480) 22.4(56)

6334.4 730(187) 0.73(3) 1−d 7620(1960) 2540(650) 28.7(74)

6347.5 77(20) 0.71(3) 1 807(207) 269(69) 0.273(70) 3.0(8)

6366.8 4.2(13) 1.32(16) s1,2+d 44(14) 0.015(5) 0.16(5) 5.3(16)

6381.8 7.3(21) 0.74(17) 1 77(22) 26(7) 0.026(7) 0.28(8)

6593.1 8.6(25) 0.63(16) 1 97(28) 32(9) 0.029(9) 0.32(9)

6710.0 15(7) 0.83(29) 1 176(81) 175(85) 0.087(43) 0.96(48)

aAngular momentum as determined from this work. ForJ=2 positive parity is assumed.
bAssumingG0/G=1 except for measured branching ratios from Table II.
cThis state is populated mainly from higher-lying states.
dTaken from[20].
eParity from [27].
fEstimated intensity from double-escape peak subtracted.
gEstimated intensity from single-escape peak subtracted.
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completely polarized incidentg-ray beam generated by
Laser-Compton backscattering of relativistic electrons[10],
however, clearly identified negative parity with high accu-
racy[27] in conflict with our earlier finding. Possible reasons
for the wrong assignment of positive parity given in[22]
have already been discussed in Ref.[27]: the polarization
sensitivity of the Compton polarimeter at 4.7 MeV amounts
to a few percent only and the experimental error of the
Compton scattering asymmetry for the statistically weak
4744 keV g ray may be underestimated. In addition to
Metzger[26] two g branches deexciting the 4744 keV level
were found(Table II). The valuegG0

2/G=322s42d meV ob-
tained in the present investigation agrees with the value of
gG0

2/G=285s60d meV of Ref.[26].
The 6010 keV levelhas not been identified in a NRF ex-

periment so far. The nuclear data sheets[20] list a level at an
excitation energy of 6011.14s8d keV and tentatively assign
Jp=s2+d on the basis of the results of ast ,pd reaction. This is
in conflict with results from asp,p8d experiment that suggest
J=s1d. The latter finding is supported by the angular distri-
bution ratio in the present experiment.

The 6214 keV levelhas been detected in a photon-
scattering experiment by Isoyamaet al. [28]. A width of G
=1.81s22d eV and an angular momentumJ=1 have been ob-
tained. Negative parity was concluded from an investigation
of 88Sr with linearly polarized photons[29]. The present re-
sults confirmJ=1, but also a decay transition from this state
to the 21

+ level (Table II) has been found. Our result ofG
=1.92s48d eV agrees with that of the earlier investigation.

The 6334 keV levelwith negative parity has been ob-
served together with the 6214 keV level in the same experi-
ments[28,29]. Also for this levelJ=1 is confirmed, and our
result of G=2.54s65d eV agrees withG=2.83s29d eV ob-
tained in[28].

The 6710 keV levelis tentatively assigned to the
6708.6s3d keV level observed in thesd,pd and sp,p8d reac-
tions where no spin has been deduced[20]. We obtainJ=1
for this state.

We found evidence for a dipole transition at 3378 keV
which despite its weakness clearly stands out from the back-
ground. We did not find any possibleg ray which could be
produced by target contaminations, surrounding materials,
etc. Such a transition was also not observed during the irra-
diation of other nuclides in the same course of experiments

[8,13,16,30,31]. As the energy of this transition does not fit
the level spacing between any higher-lying state and a low-
lying state, as e.g., the first 2+ state, we consider it as a
ground-state transition. The new observation of a state at
3378 keV is surprising as this is the fifth excited state in a
nucleus as thoroughly studied as88Sr. If this state had nega-
tive parity, one should be able to observe it, e.g., in theb
decay of88Rb, but there is no evidence for such a transition
[32]. However, if positive parity is assumed, the state could
easily escape detection in ab-decay experiment. Such an
assignment could also explain the absence of a signal in pro-
ton scattering[33] and is not in conflict with the data where
unnatural-parity states have been searched for[34]. Its low
strength also precludes observation inse,e8d experiments
[23,24]. The models discussed below do not predict aJ=1
state around this energy, but several 2+ states between 3.0
and 3.7 MeV.

IV. SHELL-MODEL CALCULATIONS

The parameters of the shell-model calculation for88Sr are
adopted from Ref.[35]. The shell-model space includes the
active proton orbitalsps0f5/2,1p3/2,1p1/2,0g9/2d and neutron
orbitals ns1p1/2,0g9/2,1d5/2d relative to a hypothetic66Ni
core. Since an empirical set of effective interaction matrix
elements for this model space is not available up to now,
various empirical sets have been combined with the matrix
elements of a modified surface-delta interaction. Details of
this procedure are described in Refs.[36,37]. The effective
interaction in the proton shells was taken from Ref.[1]. In
that work, the residual interaction and the single-particle en-
ergies of the proton orbitals were deduced from a least-
squares fit to 170 experimental level energies inN=50 nuclei
with mass numbers between 82 and 96. The data given in
Ref. [38] have been used for the proton-neutron interaction
between theps1p1/2,0g9/2d and thens1p1/2,0g9/2d orbitals.
These data were derived from an iterative fit to 95 experi-
mental level energies ofN=48, 49, and 50 nuclei. The matrix
elements of the neutron-neutron interaction of the
ns1p1/2,0g9/2d orbitals have been assumed to be equal to the
isospin T=1 component of the proton-neutron interaction
given in Ref.[38]. For thesp0f5/2,n0g9/2d residual interac-
tion, the matrix elements proposed in Ref.[39] have been
used.

TABLE II. Branching ratiosG1/G andG2/G of decay transitions to the 21
+ state at 1836 keV and the 22

+

state at 3219 keV, respectively, obtained in the present88Srsg ,g8d experiment atE0=6.8 MeV. The symbols
Ei, Ef, Ji

p, and Jf
p denote the energies, angular momenta, and parities of the initial and final states,

respectively.

Ei

(keV)
Ji

p Ef

(keV)
Jf

p G1,2/G BsM1d↓
smN

2d
BsE1d↓

s10−4 e2 fm2d

4036.2 2+ 1835.8 2+ 0.190(39) 0.054−0.008
+0.012

4743.8 1− 1835.8 2+ 0.035(14) 2.5−0.3
+0.4

4743.8 1− 3219.2 2+ 0.176(54) 87−10
+14

6213.6 1− 1835.8 2+ 0.024(4) 5.5−1.1
+1.8

6710.0 (1) 1835.8 2+ 0.42(11) 0.057−0.019
+0.054 6.4−2.1

+6.0
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The single-particle energies relative to the66Ni core have
been derived from the single-particle energies of the proton
orbitals given in Ref.[1] with respect to the78Ni core and
from the neutron single-hole energies of the 1p1/2, 0g9/2 or-
bitals [38]. The transformation of these single-particle ener-
gies to those relative to the66Ni core has been performed
[40] on the basis of the effective residual interactions de-
scribed above. The obtained values of the single-particle en-
ergieses.p. are listed in Table III and have been used together
with the strengths of the residual interactions to calculate
level energies as well asM1 andE2 transition strengths. For
the latter, effectiveg factors of gs

eff=0.7gs
free and effective

charges ofep=1.72e anden=1.44e [41] have been applied.
The nucleus88Sr has 10 protons and 12 neutrons in the

considered configuration space. To make the calculations
feasible, a truncation of the occupation numbers was neces-
sary. At most three protons are allowed to occupy the
s1p1/2,0g9/2d subshell and at most one 0g9/2 neutron can be
lifted to the 1d5/2 orbital. With these restrictions, configura-
tion spaces with dimensions up to 7000 have been obtained.
The calculations were carried out with the codeRITSSCHIL

[42]. The results are discussed in relation to the experimental
findings in Sec. VI. The predicted structure of the lowest-
lying positive parity states is shown in Table IV.

V. QUASIPARTICLE-PHONON-MODEL CALCULATIONS

The nuclear quasiparticle-phonon model(QPM) [43] al-
lows one to study the gross and fine structure of elementary
excitations through coupling of quasiparticle states with low-
lying phonon modes. This has been used in the past to com-
pare the model predictions onE1-strength distributions with
the results of photon-scattering experiments. The model is
explained in detail in Ref.[44]. Here, only a brief presenta-
tion of the model will be given. The model Hamiltonian can
be written in the form

H = Hav + Hpair + HM
ph + HSM

ph + HM
pp, s5d

whereHav is the Woods–Saxon potential andHpair represents
the monopole pairing interaction.HM

ph stands for the sepa-
rable multipole-multipole interaction in the particle-hole
channel. The separable spin-multipole interaction in the
particle-hole channel is denoted byHSM

ph , andHM
pp stands for

the residual interaction in the particle-particle channel.
The model basis wave functions are constructed out of

quasiparticle random-phase approximation(RPA) phonons
[43]. We will refer to the RPA phonon states using the nota-
tion fli

pg, wherel denotes the multipolarity andi stands for
the root number. The phonons are of different degree of col-
lectivity, from collective ones(e.g., f21

+g) to pure two-
quasiparticle configurations. The wave function of an excited
state of the considered nucleus is taken as a superposition of
one-, two-, and three-phonon components[44]. The mul-
tiphonon components in the wave function lead to a violation
of the Pauli principle. This has been accounted for by using
exact commutation relations for the phonons(considering
them as superpositions of two-quasiparticle creation and an-
nihilation operators). The result for the norm of the excited-
state wave function can be found in Ref.[45].

The model Hamiltonian in terms of RPA phonons has two
parts, a harmonic one, which is in fact the RPA Hamiltonian,
and an anharmonic one, which accounts for the interaction of
phonons and quasiparticles. The latter couples multiphonon
components differing by one phonon, i.e., one- and two-
phonon components, two- and three-phonon components,
and so on. Detailed expressions for the Hamiltonian can be
found in Refs.[44,46].

The monopole-pairing interactionHpair is treated in the
BCS approximation. It is parametrized for the given basis of
single-particle states by the constant matrix elementsGn
=0.193 MeV andGp=0.210 MeV. In the present work,HM

ph

includes multipole terms of isoscalar and isovector type, with
multipolarity l=1–6. The parameters for the multipole-
multipole termsHM

ph, with angular momenta and paritiesJp

other than 2+ or 3−, are chosen in such a way that in the RPA
the first state for a givenJp is a pure two-quasiparticle state.
The parameters associated withJp=2+ andJp=3− are fixed
to fit the experimentally measured energies of the 21

+ and 31
−

states, respectively, together with the correspondingBsEld
values to the ground state. For 2+ excitations the particle-
particle channel is included. The strength of the interaction in
this channel between protons and between neutrons was cho-
sen to beGp

s2d=Gn
s2d=0.70k0

s2d, where k0
s2d is the isoscalar

quadrupole constant for the particle-hole separable residual

TABLE III. Single-particle energy levels used in the shell-model
calculations.

Orbital
es.p.

(MeV)

p0f5/2 −9.106

p1p3/2 −9.033

p1p1/2 −4.715

p0g9/2 −0.346

n1p1/2 −7.834

n0g9/2 −6.749

n1d5/2 −4.144

TABLE IV. Main components of shell-model wave functions of
the lowest-lying 0+, 1+, and 2+ states in88Sr.

Jp Ex

(keV)
Configuration

01
+ 0 94%psfpd0

6% psfpd2 ns0g9/2
−1 1d5/2d2

11
+ 3697 79%ps1p3/2

−1 1p1/2d
21

+ 1657 73%ps1p3/2
−1 1p1/2d

21% psfpd2

6% psfpd0 ns0g9/2
−1 1d5/2d2

22
+ 3210 59%ps0f5/2

−1 1p1/2d
5% ns0g9/2

−1 1d5/2
1 d

23
+ 4036 56%ps1p3/2

−2 d
42% psfpgd

2% psfpgd ns0g9/2
−1 1d5/2d2
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interaction. The spin-multipole terms of the Hamiltonian
HSM

ph have been used to generate phonons withlp=1+, 2−, 3+,
and 4−. RPA phonons with energies up to 7.5 MeV have been
taken into account.

The transition operator of the QPM has one- and two-
phonon parts[43,44]. The one-phonon part gives the contri-
bution from components in the wave function with a differ-
ence of one phonon. The two-phonon part couples
components with the same number of phonons and for the
case of a transition to the ground state couples the two-
phonon components with the ground state. The latter makes
it possible to describe transitions to the ground state due to
two-phonon components as in the case of theE1 transition
from the two-phonon 1− state.

The effective charges for theE1 transitions have to be
reduced according to Ref.[47]. In the calculations the influ-
ence of the giant dipole resonance is taken into account ex-
plicitly. For the two-phonon part of the interaction the polar-
ization of the core is taken into account by applying an
additional factors1+xd, wherex=−0.7 [47].

The structure of the lowest RPA phonons in the QPM
calculations for88Sr in terms of dominant particle-hole con-
figurations is presented in Table V.

VI. DISCUSSION

In Figs. 2–4 the experimentally obtained results are com-
pared with the predictions of shell-model and QPM calcula-
tions. Based on the angular correlation ratios(Table I), the
levels at 4263 and 6367 keV are tentatively considered to be
J=1 states, and the levels at 4772, 4989, and 5991 keV to be
quadrupole excitations. All calculated states withBsE1d↑
ù0.03310−3 e2 fm2, BsM1d↑ ù0.001mN

2, and BsE2d↑
ù1.0 e2 fm4 are plotted. The configuration space of our
shell-model calculation does not allowE1 transitions to be
computed. Therefore, only the results of the QPM calcula-
tions are compared to tentative excitations of 1− states.

A. Electric dipole excitations in 88Sr

1. The two-phonon1− state

Two-phonon 1− states are well established in many vibra-
tional nuclei near closed shells[4,5] and are formed by the
coupling of the first quadrupole and octupole phononss21

+

TABLE V. Structure of the lowest RPA phonons predicted by
QPM calculations for88Sr in terms of two-quasiparticle compo-
nents. Only the main contributions are shown.

li
p E

(keV)
Structure Contribution

(%)

11
+ 3246 ps1p3/2

−1 1p1/2d 100

21
+ 2100 ns0g9/2

−1 1d5/2d 11

ps1p3/2
−1 1p1/2d 29

ps0f5/2
−1 1p1/2d 28

ps0g9/2
−1 0g9/2d 9

ps0f5/2
−1 0f5/2d 8

ps1p3/2
−1 1p3/2d 7

31
− 2850 ns0g9/2

−1 0h11/2d 8

ps1p3/2
−1 0g9/2d 66

ps0f5/2
−1 0g9/2d 8

FIG. 2. Electric dipole strength distribution in88Sr detected in
this experiment, assuming all excitations with unknown multipole
character to be of electric nature, compared with the results of QPM
calculations. Excitations with experimentally known negative parity
are indicated. Note that further data exist[20,27–29] for 1− states
above 6.8 MeV that are not shown here.

FIG. 3. Magnetic dipole strength distribution in88Sr, assuming
all excitations with unknown multipole character to be of magnetic
nature, compared with the results of QPM and shell-model calcula-
tions. Excitations with experimentally known positive parity are
indicated.

FIG. 4. Electric quadrupole strength distribution in88Sr obtained
in the present experiment up to 6.8 MeV, compared with the results
of QPM and shell-model calculations.
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^ 31
−d. As already discussed in Sec. III, the state at 4744 keV

shows characteristics of a two-phonon 1− state in88Sr [27].
The value ofBsE1d↑ =3.7s5d310−3 e2 fm2 for the state in
88Sr is close toBsE1d↑ =3.2s2d310−3 e2 fm2 obtained for
the 4634 keV state in theN=50 nucleus92Mo [48], which is
the best candidate for a two-phonon 1− state in that nuclide.
Regarding also theBsE1d↑ values inN=82 nuclei [6], an
approximate constancy of theBsE1d values seems to be a
feature of the transitions to the 1− two-phonon states at a
given shell closure. The corresponding values for theZ=50
nuclei amount toBsE1d↑ <7310−3 e2 fm2 [5] and for the
N=82 nuclei toBsE1d↑ <17310−3 e2 fm2 [6]. Another cri-
terion for the quadrupole-octupole coupled two-phonon 1−

state is the correlation[49] of its E1 decay strength to the g.s.
with the E1 strength between the constituent one-phonon
modes. Using the quadrupole-octupole-coupledE1 operator
an E1-strength ratio ofBsE1;1−→01

+d /BsE1;31
−→21

+d=7/3
is expected for an ideal two-phonon coupling[49]. Our new
data lead to a slightly smaller experimental value of
BsE1;1−→01

+d /BsE1;31
−→21

+d=1.6s2d as expected due to
the influence of the collectivity of the single phonons and
g.s. correlations[50].

As shown in Fig. 2, the QPM calculations reproduce the
observed 1− state at 4744 keV relatively well. The model
calculations predict that the first 1− state consists to 89% of
the two-phonon structuref21

+
^ 31

−g. Considering the configu-
ration space of the QPM calculations, the only allowed
particle-holeE1 transition in the model isn0g9/2→n0h11/2,
i.e., a breakup of theN=50 core is required. The shell-model
wave function of the 0+ ground state(Table IV) contains a
6% admixture of the typepsfpd2ns0g9/2

−1 1d5/2
1 d2, in principle

facilitating such anE1 transition. However, the restrictions
of the model space did not allow us to include the 0h11/2
orbit.

In the N=50 nucleus92Mo, very similar neutron compo-
nents of the g.s. wave function are obtained, providing a
qualitative understanding of the approximate constancy of
theBsE1d values. Thus, the nearly equalBsE1;0+→1−d val-
ues for the two-phonon 1− states in theN=50 nuclei88Sr and
92Mo can be understood. In the same manner the strengths
observed in theZ=50 andN=82 semimagic nuclei suggest a
similar role of the p0g9/2→p0h11/2 and n0h11/2→n0i13/2
transitions, respectively. A simple model to describe the two-
phonon excitation strength from the g.s. along these lines is
discussed in Refs.[51,52]. Within the QPM, the mixing of
the dominant 1p1h configuration of the giant dipole reso-
nance GDR into thef21

+
^ 31

−g1− wave function reproduces
the observedBsE1d strengths quantitatively[53].

Considering the systematics off21
+

^ 31
−g1− states in

medium-mass and heavy nuclei, the 1− state at 4744 keV in
88Sr exhibits unusual features.(i) As already discussed in
Ref. [27], the valueExs1−d / fExs21

+d+Exs31
−dg, which is an in-

dication for the anharmonicity of a state, is slightly larger
than 1 (1.038). This is in contrast to most of the observed
two-phonon 1− states[5] where values smaller than 1 have
been found. Also the QPM calculations predict a value of
about 0.85. Recent investigations[54] of the low-spin level
schemes of the nuclei92Zr and96Mo indicate positive values
of the anharmonicities for the quadrupole-octupole-coupled

two-phonon 1− states in these nuclei, as well, which may be
a more typical phenomenon in theA<90 mass region.(ii ) A
significant discrepancy is observed for theg decay to the
quadrupole vibrational 2+ state between the experimental re-
sult fBsE1d↓ =2.5s4d310−4 e2 fm2g and the model expecta-
tion fBsE1d↓ =7.7310−7 e2 fm2g (iii ) A candidate for ag
branch from the 1− state to the second 2+ state at 3219 keV is
observed(Table II). Such a decay has not been reported for
any other quadrupole-octupole two-phonon state and is also
not predicted by the QPM.

2. The distribution of electric dipole excitations above5 MeV

The distribution of electric dipole excitations between
about 5 MeV and the particle threshold, which have been
observed in magic or semimagic nuclei withN=Z=20, N
=28 [55], Z=50 [56], N=82 [6], andZ=82 nuclei[7,8] are a
subject of current interest. An overview about the discussed
structures is given in Refs.[6–8]. The distributions are inter-
preted as a pygmy dipole resonance originating from surface
density oscillations of the neutron skin relative to an approxi-
mately isospin-saturated core, or as a toroidalE1 mode
which is an example for a vortex collective motion in nuclei
predicted in different models(see Refs.[6,7,57,58] and ref-
erences therein).

As shown in Fig. 2, also in theN=50 nucleus88Sr con-
siderableE1 strength is found. In this graph all experimen-
tally known 1− states and other dipole excitations with un-
known parity with energies below 6.8 MeV are included.
Additional information onE1 strength above the experimen-
tally accessed region is provided by[20,27–29].

The totalE1 strength up toEx=8.1 MeV has an energy
centroid of Ecentr=7.0s9d MeV and amounts tooBsE1d↑
=141s15d310−3 e2 fm2 exhausting 0.38(3)% of the isovector
1− energy-weighted sum rule(EWSR) [47]. These values can
be compared withEcentr=7.7s2d MeV, oBsE1d↑ =238s4d
310−3 e2 fm2, and EWSR=0.54s1d% for theN=50 nucleus
92Mo [48]. The QPM calculations for88Sr predict a cumula-
tive strength between 6 and 6.5 MeV which is in accordance
with the experiment. However, the total strength is signifi-
cantly underestimated.

B. Magnetic dipole excitations in88Sr

The only unambiguously identified magnetic dipole exci-
tation in 88Sr up to now is the transition to the 1+ state at
3487 keV, which has been observed in photon[21,22] and
electron [23,24] scattering. Both the QPM and the shell-
model calculations reproduce the energy of the level and the
BsM1d↑ strength fairly well; see Fig. 3. The structure of the
shell-model wave function given in Table IV supports a
dominant proton 1p3/2→1p1/2 spin-flip character of this
rather strongM1 transition as does the structure of the 11

+

phonon(see Table V) which contributes 95% to the wave
function of this state within the QPM. In passing we note
that the form factor of the transition[23,24] could provide a
unique testing ground for the role of weak admixtures to the
dominant configuration which gain importance at larger mo-
mentum transfers.
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In the upper part of Fig. 3 all experimental dipole states
with unknown parity are included. This is probably strongly
overestimating the possibleBsM1d strength because a survey
of the experimental data near closed shells suggests a domi-
nance ofE1 strength in the region below the spin-flipM1
resonance setting in atEx<7 MeV. Comparing the model
results, the shell model predicts lessM1 strength than the
QPM. However, this is due to the model-space limitations
which do not include most of the configurations relevant for
the spin-flipM1 resonance. Above 6.5 MeV the onset of the
spin-flip resonance is visible in the QPM results, but the full
model space extends to 7.5 MeV only. The QPM results sug-
gest that some of the weaker transitions between 5 and
6.5 MeV may be ofM1 nature, but their fraction of the total
reduced dipole strength is probably small. In fact, the exis-
tence of strongM1 excitations below 8 MeV withM1 exci-
tation strengths larger than about 0.2mN

2 [28] has been ex-
cluded from negative-parity assignments using polarized
photon beams[27,29].

C. Electric quadrupole excitations in 88Sr

As demonstrated in Fig. 4, additionally to the well known
quadrupole vibrational state at 1836 keV furtherE2 transi-
tions were found in88Sr. The experimental findings are simi-
lar to those observed in NRF experiments on theN=50 iso-
tone 92Mo, where above 3.5 MeV also some 2+ states have
been observed[48] with excitation strengthsBsE2d↑ in the
order of some 10e2 fm4.

Both the QPM and the shell model describe the lowest
experimentally observed transitions reasonably well. In de-
tail, both models reproduce theBsE2d strength of the transi-
tion to the first excited 2+ state, while the shell model some-
what underestimates the excitation energy. In the case of the
QPM, the model parameters are fitted to the properties of the
experimental 21

+ level. The structure obtained in both models
(Tables IV and V) show a predominance of proton configu-
ration with a small admixture of thens0g9/2

−1 1d5/2
1 d configura-

tion of the order of 6–7 %, similar to the shell-model ground
state.

The energies and strengths of the 2+ states at 3219 keV
and 4036 keV are reasonably well reproduced by the QPM,
while the shell model predicts both transitions but overesti-
mates the lower one and underestimates the upper one. The
QPM gives a 2+ state at 3220 keV with dominant one-
phonon character. In the shell model a 2+ state at 3210 keV
is predicted, which shows the character of aps1f5/2

−1 2p1/2
1 d

proton excitation with a smallns0g9/2
−1 1d5/2

1 d neutron contri-
bution of 5%(see Table IV) in the wave function.

Above 4 MeV, neither of the calculations resembles the
data. However, also the 2+ character of some of the observed

states is questionable because of very large error bars in the
angular distributions.

VII. SUMMARY

As a result of a nuclear-resonance-fluorescence experi-
ment on theN=50 nucleus88Sr with bremsstrahlung of an
end-point energy of 6.8 MeV, the knowledge on the structure
of dipole and quadrupole excitations in this nucleus could be
considerably extended. The experimentally obtained results
are compared with the predictions of shell-model and QPM
calculations. TheE1 transition from the 1− two-phonon state
to the ground state can be interpreted to result from an ad-
mixture of the dominantn0h11/2→n0g9/2 configuration of
the GDR into the two-phonon wave function similar to the
N=50 nucleus92Mo, explaining the nearly equal values of
BsE1d↑ <3.5310−3 e2 fm2 in both nuclides. However, the
two-phonon quadrupole-octupole 1− state in88Sr exhibits un-
usual features compared to most states with similar character,
which at present cannot be interpreted within the model cal-
culations.

As in many spherical nuclei, also in88Sr a concentration
of (presumably) electric dipole strength above 5 MeV is ob-
served. However, an extension of the present data toward
higher excitation energies is needed to draw conclusions on
their nature and the possible observation of a pygmy reso-
nance. Also, knowledge of the parity of the observed dipole
states would be important for an in-depth understanding.
Such experiments will become feasible at the NRF facility of
the ELBE accelerator at Rossendorf which has recently
started operation[59].
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