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Dipole and quadrupole excitations in®Sr up to 6.8 MeV

L. Kaubler! H. Schnaré, R. Schwengnet,H. Prade’ F. Dénaut P. von Brentand,J. Ebertt? J. Enders, A. Fitzler?
C. Fransed,M. Grinberg? R.-D. Herzberd* H. Kaiser>" P. von Neumann-Cos&IN. Pietralla®® A. Richter® G. RuseV:**
Ch. StoyanoV,and I. Wiedenhovér*
Ynstitut fur Kern- und Hadronenphysik, FZ Rossendorf, Postfach 510119, 01314 Dresden, Germany
2Institut fiir Kernphysik, Universitat zu Koln, Zulpicher Stral3e 77, 50937 Kdln, Germany
SInstitut fiir Kernphysik, Technische Universitat Darmstadt, Schlossgartenstral3e 9, 64289 Darmstadt, Germany
“Institute for Nuclear Research and Nuclear Energy, BAS, 72 Tzarigradsko Chaussee, 1784 Sofia, Bulgaria
5Department of Physics and Astronomy, State University of New York at Stony Brook, Stony Brook, New York 11794, USA
(Received 30 August 2004; published 10 December 2004

Dipole and quadrupole excitations in the semimage50 nucleu®sr 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 tHé=50 core is essential to describe the structure of the observed excita-
tions. The two-phonon quadrupole-octupdie=1" state exhibits unusual features which are presently not

understood.
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[. INTRODUCTION medium-mass nuclei. As examples for experimental and the-

oretical studies we refer to Refgl1-13 and the literature
cited therein.

In the present study the fragmentation of dipole strength
in the N=50 nucleus®®sr 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-
Todel and quasiparticle-phonon-coupling calculations con-

wil aﬁﬁ? th? ele_(lz_trzlc (E1) an((ij r;a?netlc(Ml) dllga’;)lz clusions on the structures of some of the observed excitations
strength functions. The gross and the fine structutgloand 5.0 given. A quadrupole-octupole-couplgd excitation, the

M1 distributions below the particle threshold have been S“baistribution of electric dipole excitations above 5 MeV, the

ject of recent investigatiorfél—§ in various nuclei. Inmany  ,h1em of magnetic dipole strength at energies below the

of the expf_\nment,?l studies, the main focus was on the oWp,ice threshold, as well as the structure of quadrupole ex-
energyEl “pygmy” dipole resonancg9], and the main frac- citations. are discussed

tion of the detected dipole strength has been found to have
electric charactef10]. 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- Nyclear resonance fluorescen@¢RF) represents a very
citation modes arise from the collective motion of many va-gensitive technique to study low-lying electric and magnetic
lence nucleons, e.g., from an out-of-phase oscillation of thgjipole and to a certain extent also electric quadrupole exci-
excess neutrons with respect to a proton-neutron core. Forgtions in heavy nucleisee Ref[4] and references thergin
detailed discussion, we refer to the exp_erim_ental analyses @fycitation energiesk,, integrated photon-scattering cross
[6-8 as well as the theoretical work cited in these paperssectionsl,, ground-state transition widtHg, and branching
Another characteristic feature in many semimagic or vibrayatiosT'y/I" can be extracted from the spectra of the scattered
tional nuclei is a low-lyinge1 excitation due to the coupling  photons. These quantities are transformed into reduced tran-
of the quadrupole and octupole vibrations; see, e.g., [Rf. sjtion probabilitiesB(E1), B(M1), B(E2), or half-lives Ty,

and references therein. On the other hand, low-yWid§ 55 is shown below.

spin-flip excitations have been identified in light and A (y,7') experiment orf®Sr has been performed at the

superconducting electron accelerator S-DALINATA] of
the Technische Universitdt Darmstadt. Bremsstrahlung with
*Present address: Oliver Lodge Laboratory, University of Liver-an end-point energy of 6.8 MeV has been collimated onto a
pool, Liverpool L69 7ZE, U.K. 83rCO, target with an enrichment of 99.9% Sr, a diam-
"Present address: Ingenieurbiiro Fritz, 64683 Einhausen, Geeter of 18 mm, and a mass of 2.732 g. For photon-flux-
many. calibration purposes the target has been covered at the front
*Present address: Physics Department, Florida State Universitgnd back with disks of natural boron of masses of 0.271 and
Tallahassee, FL 32306. 0.313 g, respectively. Two EUROBALL CLUSTER detec-

The structure of the stabM=50 isotones is governed by
the filling of the thep,,,, p3/», andgg, proton shells. Neither
831 nor °°zr represents hereby a good doubly closed core
and several orbitals contribute to the ground-sfgts) wave
functions; see, e.g[1-3]. Both the breaking of th&l=50
core and its possible influences on the proton distribution

Il. EXPERIMENTAL METHODS
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The total scattering cross sectidp for a decay of the
photoexcited state to the g.s., integrated over the resonance

40000 and the full solid angle, is given by

30000 | (1)
wherel’, is the partial decay width of the photoexcited state
with spinJ to the g.s. with spirdy, andT is the total width.
The factor g=(2J+1)/(2J,+1) represents the statistical
weight. The integrated scattering cross sectign related to
the reduced excitation probabilitieB(E1)7, B(M1)1, or
B(E2)1 through the widthl' for decay into the g.s.:
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The analysis of photon scattering experiments is outlined
in detail in Refs.[4,17-19. For the determination df; and
I'y, the weighted average of the experimental results obtained
U from the totaly-ray spectra of both CLUSTER detectors has
, , , , been calculated. To get information about the angular mo-
5000 %0% (keV) 6000 6500 mentaJ of the populated levels, the efficiency-corrected in-

' tensity ratiosl (94°)/1,(132°) have been calculated using

FIG. 1. Totaly-ray spectra observed in t§8Sr(y, y') reaction ~ Normalization factors obtained from the measured intensities
with two CLUSTER detectors. Peaks marked by themay energy ~ Of known y transitions. For the used detector arrangement
belong t0®®Sr. The symbols SE, DE, and b stand for single-escapeangular distribution ratios of 0.72 for the case-:0— 0 and
double-escape, and background peaks, respectively. 1.74 for the case ©:2— 0 are expected.
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tors [15] placed at angles o0®=94° and®=132° with re-
spect to the incident photon beam have been used to detect . RESULTS

the scattered rays. Data have been taken for 170 h with an  The experimental results are summarized in Tables | and
average elecltron-beam current of abouy3u. De3ta||s oftheé | Typical uncertainties of the given excitation energies are
experimental arrangement are given in Ré8513,14. about 1 keV. The excitation of 23 states 4%6r has been

The total y-ray spectrum taken with both EUROBALL : .
CLUSTER deétectors is given in Fig. 1. The total spectrum Ofobserved in the present NRF experiment, where 15 levels are

. : .clearly identified as dipole excitation@able ). Also the
one CLUSTER detector contains single events detected i .
each of the seven crystals individually as well as so-calle tates at 4263 and 6367 keV are very likely populated by

add-back events reconstructing full-energy signals from théIiIOOIe e_xcitations, but the measured angqlar distfibution ra-
signals of neighboring crystals where part of the energy walios deviate from the expected values. A firm assignment of

deposited in the case of Compton scattering or pair produdhe multipole order of the transition was made when one
tion and subsequent annihilation of the positron. For the entheoretical angular distribution ratio was within two standard

ergy and efficiency calibration up to 3.5 Me\VP%Co source  deviations of the measured value and the other theoretical
has been used. A Monte Carlo simulation provided the shapétio was excluded by at least three standard deviations. If
of the bremsstrahlung photon flux, and the product of photor®ne of these two criteria was violated, we have given the spin
flux and efficiency abov&,>3.5 MeV could be determined assignment in parentheses. All the hitherto kno@@] di-
from the known integrated scattering cross sections of th@ole excitations up t&,<7.0 MeV have been observed. In
1B |ines. The knowledge of the relative-efficiency curve iscontrast to a NRF experiment on the=50 nucleu$’Rb [3],
needed when decay branches to states other than the grouwe observe candidates for quadrupole excitation§®gr.
state are observed. As we have no direct information on th&he 2 states at 1836 and 3219 keV are mainly populated
detection efficiency forE,>3.5 MeV, the experimental indirectly from higher-lying states. We did not observe any
branching ratiod’,/I" have comparatively large uncertainties known 2" level between 3.5 E,<6.6 MeV [20].

due to the necessary extrapolation of the efficiency. How- In the following a detailed comparison of the data for
ever, this applies to a few cases only. some states observed in our experiment with the previously
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TABLE |. Experimental results of the presefnyg, y') experiment or?8Sr. The excitation energk,, the
integrated cross sectidg, the intensity ratid ,(94°)/1,(132°), the angular momentum and paril§, the
valuegl“gll“, the total widthI", and the reduced excitation probabilitiBsM1)1, B(E1)1, andB(E2)] are

given.

Ey ls  1,94°)/1,(132°9 J™ gréir - r°  BMD)T B(E)]  B(E2)
(keV)  (eVh) (meV) (meV) (ud) (103 e2fm?) (e?fm?)
3219.5 1.0129) 2+d 14(7)°
3378.1  2.13) 0.7Q118) 1 6.29) 213 0.0142) 0.152)
3487.1 16218 0.643) 1+ 51457) 171(19) 1.0512)

4036.2 265) 1.8616) 2t 112200  34(6) 16029)
42266  1.95) 0.6628) 1 8924 3.08) 0.0103) 0.11(3)
4262.8 1.5 1.0541) 1,29 7.8(25) 0.008628)  0.09631) 6.822)
4743.8 5%7) 0.674) 1° 32242) 17324 3.75)
47716  2.26) 1.2742) 1,2 13133 0.0143) 0.123) 6.617)
4801.3  1.83) 0.5425) 1 10.621) 3.57) 0.008216)  0.09%18)
49145  3.%) 0.6522) 1 24.438) 8.1(13) 0.0183) 0.203)
4989.4 3821) 295167 (1,2 23(14) 0.01610) 0.1710) 9.1(55)
5600.4  1.57) 1,29 12(6) 0.006@30)  0.06633) 2.7(14)
5691.1 4.2100  0.41(29)° 1 368 12(3) 0.0174) 0.194)
5991.2  7.519 1.5744) 1,29 69(18) 14(4) 0.0175) 0.195 11(3)
6009.8 9422 0.71(5) 1 8802000 29468) 0.358) 3.99)
6201.7 319)  0.4811)° (1) 37495 12532 0.13634) 1.54)
6213.6 547136 0.773) 179 54901360 192Q480) 22.456)

6334.4 730187) 0.733) 179 762q1960 2540650 28.774)

6347.5 7720 0.713) 1 8071207) 26969) 0.27370) 3.08)
6366.8  4.213) 1.3216) 1,29 4414 0.0155) 0.165) 5.316)
6381.8  7.821) 0.7417) 1 77220 26(7) 0.0267) 0.288)
6593.1  8.625) 0.6316) 1 9728) 329)  0.0299) 0.329)
6710.0 157) 0.8329) 1 17681) 17585 0.08743) 0.9648)

@Angular momentum as determined from this work. Ber2 positive parity is assumed.
bAs,sumingl“o/l“:l except for measured branching ratios from Table II.

“This state is populated mainly from higher-lying states.

4Taken from[20].

Parity from[27].

"Estimated intensity from double-escape peak subtracted.

YEstimated intensity from single-escape peak subtracted.

available experimental information is presented. II). We obtainT,,,=13(3) fs for the 4036 keV level in agree-
The 3487 keV levels reported to have spid=1 as a ment with the results given above.
result of a NRF experimeri21], which has not been adopted ~ The 4744 keV levewith angular momentum)=1 has
in the compilation[20], whereJ"=(2)" is given. The spin  peen observed in a previous NRF experimg2], where
J=1 and positive paritf22] have been confirmed in agree- anyy branches other than to the ground state were not found.
ment with the results of a form-factor measurement in electn that work the parity of this level was not determined, but
tron scattering[23,24. The width of '=0.17X19) eV de- it has been suggested to be astate arising from the cou-
duced from our experiment agrees within the experimentapling of the vibrational 2 and 3 states. While clear evi-
error withI'=0.15024) eV given in Ref.[21]. dence exists for such™two-phonon states in the semimagic
The 4036 keV leveb a 2 state[20] with a half-life of  Z=28, Z=50, andN=82 nuclei, the situation itN=50 iso-
T12=20(10) fs or T,,=14(3) fs, deduced from théB(E2)  tones was much less clear at the beginning of our investiga-
values obtained in inelastic-electron-scattering experimentson. Therefore, it was one of our goals to determine the
by van der Bijl et al. [24] and Peterson and AlstgR5], parity of the 4744 keV level using the EUROBALL CLUS-
respectively. This state has not been observed in a NRF eX-ER detector placed & =94° as a Compton polarimeter for
periment up to now. The assignmelft=2" is confirmed by the measurement of the-ray linear polarization. Surpris-
our experiment, but we observed additionally for the firstingly, positive parity was found22] with a significance of
time ay-decay branch from this state to th¢ fate(Table about three standard deviations. A later experiment with a
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TABLE II. Branching ratiosI';/T" andT',/T" of decay transitions to thejXtate at 1836 keV and the, 2
state at 3219 keV, respectively, obtained in the pre€iSity, ') experiment aEy=6.8 MeV. The symbols
Ei, E;, J7, and J7 denote the energies, angular momenta, and parities of the initial and final states,

respectively.

E, Jr E; Jr [y,/T B(M1)| B(E1)|

(keV) (keV) 7o) (104 & fm?)

4036.2 2 1835.8 2 0.19039) 0.0549:92
4743.8 T 1835.8 2 0.03514) 2594
4743.8 T 3219.2 2 0.17654) 8713
6213.6 T 1835.8 2 0.0244) 55718
6710.0 1) 1835.8 2 0.4211) 0.0573:%%4 6.457

completely polarized incidenty-ray beam generated by [8,13,16,30,3]L As the energy of this transition does not fit
Laser-Compton backscattering of relativistic electr¢h@],  the level spacing between any higher-lying state and a low-
however, clearly identified negative parity with high accu-lying state, as e.g., the first" State, we consider it as a
racy[27] in conflict with our earlier finding. Possible reasons ground-state transition. The new observation of a state at
for the wrong assignment of positive parity given [i22] 3378 keV is surprising as this is the fifth excited state in a
have already been discussed in Rg¥7]: the polarization nucleus as thoroughly studied &Sr. If this state had nega-
sensitivity of the Compton polarimeter at 4.7 MeV amountstive parity, one should be able to observe it, e.g., in ghe
to a few percent only and the experimental error of thedecay of°®Rb, but there is no evidence for such a transition
Compton scattering asymmetry for the statistically weak{32]. However, if positive parity is assumed, the state could
4744 keV y ray may be underestimated. In addition to easily escape detection in @gdecay experiment. Such an
Metzger[26] two y branches deexciting the 4744 keV level assignment could also explain the absence of a signal in pro-
were found(Table Il). The vaIuegl“g/F=322(42) meV ob-  ton scatterind33] and is not in conflict with the data where
tained in the present investigation agrees with the value ofinnatural-parity states have been searched3dy}. Its low
gFS/I‘:285(60) meV of Ref.[26]. strength also precludes observation (& e’) experiments
The 6010 keV levédas not been identified in a NRF ex- [23,24. The models discussed below do not predici=l
periment so far. The nuclear data shgeg list a level at an  state around this energy, but severéls2ates between 3.0
excitation energy of 6011.18) keV and tentatively assign and 3.7 MeV.
7=(2*) on the basis of the results of(g p) reaction. This is
in conflict with results from dp,p’) experiment that suggest
J=(1). The latter finding is supported by the angular distri-
bution ratio in the present experiment. The parameters of the shell-model calculation®8r are
The 6214 keV levehas been detected in a photon- adopted from Ref[35]. The shell-model space includes the
scattering experiment by Isoyaned al. [28]. A width of ' active proton orbitalsr(0fs;», 1ps/2, 1p1/2, 0dg/2) @and neutron
=1.81(22) eV and an angular momentudix 1 have been ob- orbitals »(1p;,,00e, 1ds,) relative to a hypothetic®®Ni
tained. Negative parity was concluded from an investigatiorcore. Since an empirical set of effective interaction matrix
of &sr with linearly polarized photoni29]. The present re- elements for this model space is not available up to now,
sults confirmJ=1, but also a decay transition from this state various empirical sets have been combined with the matrix
to the Z level (Table Il) has been found. Our result &  elements of a modified surface-delta interaction. Details of
=1.9248) eV agrees with that of the earlier investigation. this procedure are described in Ref36,37. The effective
The 6334 keV levewith negative parity has been ob- interaction in the proton shells was taken from Réf. In
served together with the 6214 keV level in the same experithat work, the residual interaction and the single-particle en-
ments[28,29. Also for this levelJ=1 is confirmed, and our ergies of the proton orbitals were deduced from a least-
result of [=2.5465) eV agrees with['=2.8329) eV ob-  squares fit to 170 experimental level energiesl#50 nuclei
tained in[28]. with mass numbers between 82 and 96. The data given in
The 6710 keV levelis tentatively assigned to the Ref.[38] have been used for the proton-neutron interaction
6708.63) keV level observed in théd,p) and (p,p’) reac-  between them(1py,,0gg2) and thew(1py,,0gg,) orbitals.
tions where no spin has been dedu¢26]. We obtainJ=1  These data were derived from an iterative fit to 95 experi-
for this state. mental level energies M=48, 49, and 50 nuclei. The matrix
We found evidence for a dipole transition at 3378 kevelements of the neutron-neutron interaction of the
which despite its weakness clearly stands out from the back(1py2,09g/2) oOrbitals have been assumed to be equal to the
ground. We did not find any possibleray which could be isospin T=1 component of the proton-neutron interaction
produced by target contaminations, surrounding materialgiven in Ref.[38]. For the(70fs,, 00y,) residual interac-
etc. Such a transition was also not observed during the irrdion, the matrix elements proposed in RE39] have been
diation of other nuclides in the same course of experimentsised.

IV. SHELL-MODEL CALCULATIONS
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TABLE Ill. Single-particle energy levels used in the shell-model V. QUASIPARTICLE-PHONON-MODEL CALCULATIONS

calculations.
- The nuclear quasiparticle-phonon mod@PM) [43] al-

_ e lows one to study the gross and fine structure of elementary
Orbital (Mse*\",) excitations through coupling of quasiparticle states with low-
lying phonon modes. This has been used in the past to com-

70fs5)» -9.106 pare the model predictions dfil-strength distributions with
w1pss -9.033 the results of photon-scattering experiments. The model is
m1P1s -4.715 explained in detail in Refl44]. Here, only a brief presenta-
w0Qg/7 ~0.346 tion of the model will be given. The model Hamiltonian can
1Py _7834 be written in the form

09972 -6.749 H = Hay + Hygir + HY' + HEY + HPP, (5)
vlds), -4.144

whereH,, is the Woods—Saxon potential ahid,; represents
the monopole pairing in'[eractioﬂHR,lh stands for the sepa-
rable multipole-multipole interaction in the particle-hole
rcfhannel. The separable spin-multipole interaction in the
particle-hole channel is denoted Bi},, andHEP stands for
the residual interaction in the particle-particle channel.

The single-particle energies relative to f##ali core have
been derived from the single-particle energies of the proto
orbitals given in Ref[1] with respect to the®Ni core and
from the neutron single-hole energies of the4, 0gg, Or-

bitals [38]. The transformation of these single-particle ener- Th_e m_O(IjeI ba;is war\]/ N functions_are_con:tru;:]ted out of
gies to those relative to th&Ni core has been performed duasiparticle random-phase approximati@PA) phonons

[40] on the basis of the effective residual interactions del.43]' We will refer to the RPA phonon states using the nota-

scribed above. The obtained values of the single-particle erfion [A"], where) denotes the multipolarity aridstands for
ergiese, , are listed in Table Il and have been used togetheth€ root number. The phonons are of different degree of col-
with the strengths of the residual interactions to calculatdectivity, from collective ones(e.g., [2;]) to pure two-
level energies as well 841 andE?2 transition strengths. For quasiparticle con_flguratlons. The. wave function of an e>§c_|ted
the latter, effectiveg factors of geff:0 7gfree and effective  State of the considered nucleus is taken as a superposition of
] S : S
charges ok,=1.72 ande,=1.44 [41] have been applied. On€-, two-, and three-phonon componefd]. The mul-
The nucleuSr has 10 protons and 12 neutrons in thetiphonon components in the wave function lead to a violation
considered configuration space. To make the calculation@f the Pauli principle. This has been accounted for by using
feasible, a truncation of the occupation numbers was nece§X@ct commutation relations for the phonofzensidering
sary. At most three protons are allowed to occupy thethem as superpositions of two-quasiparticle creation e}nd an-
(1py/2,0gej») Subshell and at most oneyg, neutron can be nihilation operators The result for the norm of the excited-
lifted to the Ids, orbital. With these restrictions, configura- Stet€ wave function can be found in Rg#5].
tion spaces with dimensions up to 7000 have been obtained. '€ model Hamiltonian in terms of RPA phonons has two
The calculations were carried out with the CORIESSCHIL parts, a harmonic one, which is in fact the RPA Hamiltonian,
[42]. The results are discussed in relation to the experiment"d @n anharmonic one, which accounts for the interaction of
findings in Sec. VI. The predicted structure of the lowest-Phonons and quasiparticles. The latter couples multiphonon

lying positive parity states is shown in Table IV. 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
TABLE IV. Main components of shell-model wave functions of found in Refs[44,4§

- i + i 88 - . . - - -
the lowest-lying 0, 1, and 2 states in™Sr. The monopole-pairing interactioH,,,; is treated in the

I £ BCS approximation. It is parametrized for the given basis of
ke" single-particle states by the constant matrix elemegts
(keV) =0.193 MeV andG,=0.210 MeV. In the present workgP!

Configuration

o; 0 94% m(fp), includes multipole terms of isoscalar and isovector type, with
6% m(fp); 1(0gzb1ds)s multipolarity )\:1E6. ‘The parameters for the multipole-
1 3697 7904 -1 multipole termsHY', with angular momenta and paritidg
1 67(1P3751P1/2) ; ;
o 1657 73%m(1p=b1p, ) other than 2 or 37, are chosen in such a way that in the RPA
1 ; PajzPy/ the first state for a gived™ is a pure two-quasiparticle state.
21% W(fp_)f The parameters associated witf=2" and J7=3" are fixed
6% m(fp)o ¥(0gg1ds2)2 to fit the experimentally measured energies of thedd 3
2 3210 59%r(0f5 ,1py/0) states, respectively, together with the correspondBfig\)
5% 1(0ggpLdz ) values to the ground state. Fof Bxcitations the particle-
2% 4036 56%(1p32) particle channel is included. The strength of the interaction in
42% m(fpg) this channel between protons and between neutrons was cho-

2% mr(fpg) 1(0gg),1ds)2),

sen to beG?=G?'=0.70«?, where «?' is the isoscalar
quadrupole constant for the particle-hole separable residual
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TABLE V. Structure of the lowest RPA phonons predicted by 10°f o ' ' © Exp M4
QPM calculations for®®Sr in terms of two-quasiparticle compo- 107 1
nents. Only the main contributions are shown. 10°F | [ || | | ’| 1
10° T T T T T T T
- 2 10°F QPM M11
AT E Structure Contribution Z10'f 1
(keV) (%) S 1o L ||| !
@107 T T T T 7 T
1! 3246 m(1p551pys) 100 ol SMMI Y
2 2100 1(0gg1ds/) 11 10} ‘ T
-1 0° T T T T , U
7(1p3/21P1/2) 29 2000 3000 4000 5000 6000 7000 8000
(0fZ51pas0) 28 E, (keV)
0ggj50 9
77(09](1?/120?9/2) 8 FIG. 3. Magnetic dipole strength distribution {ASr, assuming
a §/12 5/2) all excitations with unknown multipole character to be of magnetic
7(1P3/51P372) 7 nature, compared with the results of QPM and shell-model calcula-
< 2850 V(Ogg}ZOhlm) 8 tions. Excitations with experimentally known positive parity are
W(1P§/12099/2) 66 indicated.
(02 1,0g/2) 8

The structure of the lowest RPA phonons in the QPM

_ _ _ _ ~ calculations for®®Sr in terms of dominant particle-hole con-
interaction. The spin-multipole terms of the Hamiltonian figurations is presented in Table V.

HEY, have been used to generate phonons with1*, 27, 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- In Figs. 2—4 the experimentally obtained results are com-
phonon part§43,44. The one-phonon part gives the contri- pared with the predictions of shell-model and QPM calcula-
bution from components in the wave function with a differ- tions. Based on the angular correlation ratidable ), the
ence of one phonon. The two-phonon part coupledevels at 4263 and 6367 keV are tentatively considered to be
components with the same number of phonons and for thg@=1 states, and the levels at 4772, 4989, and 5991 keV to be
case of a transition to the ground state couples the twoguadrupole excitations. All calculated states WBKE1) |
phonon components with the ground state. The latter makes 0.03x 1072 €?fm?, B(M1)1=0.004u2, and B(E2)1
it possible to describe transitions to the ground state due t&-1.0e?fm? are plotted. The configuration space of our
two-phonon components as in the case of Bletransition  shell-model calculation does not alloil transitions to be
from the two-phonon 1state. computed. Therefore, only the results of the QPM calcula-

The effective charges for thEl transitions have to be tions are compared to tentative excitations ofsiates.
reduced according to Ref47]. 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 1. The two-phononl™~ state
additional facton(1+y), wherex=-0.7[47].

VI. DISCUSSION

A. Electric dipole excitations in &sr

Two-phonon I states are well established in many vibra-

, tional nuclei near closed shell4,5] and are formed by the

i . ) L
10k , 1|1 Exp E1 ] coupling of the first quadrupole and octupole phon¢2s
10°F E 3 — T T T T T r

< 102' 2 2 Exp £21

E o 10 . o on e o

£ 100} | |‘ ‘ ‘ : 1 2 (12701.2) (1.2) 3

o . . . . i . . 1o°F ‘ | ’ 1

=0 QPM E1 10° |

= 10F E —~10°F " T T T —

w ‘e QPM E2

a 10k ] "7&1 10°F 4

= 10
8 F Ll |
o'l ] & 10°k i | 1
| 10 T T T T T T
T T T T T T T SM E2
2000 3000 4000 5000 6000 7000 8000 10° | 1
E, (keV) 10" | ‘ k|
10°k | | | 1

FIG. 2. Electric dipole strength distribution fiisr detected in 2000 3000 4000 5000 6000 7000 8000
this experiment, assuming all excitations with unknown multipole E (keV)
character to be of electric nature, compared with the results of QPM
calculations. Excitations with experimentally known negative parity ~ FIG. 4. Electric quadrupole strength distributiorffisr obtained
are indicated. Note that further data exi20,27-29 for 1~ states in the present experiment up to 6.8 MeV, compared with the results
above 6.8 MeV that are not shown here. of QPM and shell-model calculations.
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® 3)). As already discussed in Sec. lll, the state at 4744 keMwo-phonon I states in these nuclei, as well, which may be
shows characteristics of a two-phonon state in®Sr [27]. a more typical phenomenon in tiie= 90 mass region(ii) A
The value ofB(E1)1=3.7(5) X 10 €? fm? for the state in significant discrepancy is observed for thedecay to the
883y is close toB(E1)1=3.22) X 1073 €2 fm? obtained for quadrupole vibrational 2state between the experimental re-
the 4634 keV state in th=50 nucleus®Mo [48], which is  sult [B(E1) | =2.54) X 107* €2 fm?] and the model expecta-
the best candidate for a two-phononsitate in that nuclide. tion [B(E1) | =7.7X 1077 €2 fm?] (iii) A candidate for ay
Regarding also th&(E1)T values inN=82 nuclei[6], an  branch from the 1state to the second &tate at 3219 keV is
approximate constancy of th&(E1) values seems to be a observedTable Il). Such a decay has not been reported for
feature of the transitions to the” Iwo-phonon states at a any other quadrupole-octupole two-phonon state and is also
given shell closure. The corresponding values forZe&0  not predicted by the QPM.
nuclei amount toB(E1) T =~7x 102 €?fm? [5] and for the
N=82 nuclei toB(E1) | =17x 103 €* fm? [6]. Another cri-
terion for the quadrupole-octupole coupled two-phonon 1
state is the correlatiof#9] of its E1 decay strength to the g.s.  The distribution of electric dipole excitations between
with the E1 strength between the constituent one-phonorabout 5 MeV and the particle threshold, which have been
modes. Using the quadrupole-octupole-coudddoperator  observed in magic or semimagic nuclei wih=Z=20, N
an El-strength ratio oB(E1;1 —0;)/B(E1;3;—2;)=7/3  =28[55], Z=50[56], N=82[6], andZ=82 nuclei[7,8] are a
is expected for an ideal two-phonon couplif#®]. Our new  subject of current interest. An overview about the discussed
data lead to a slightly smaller experimental value ofstructures is given in Ref§6—8|. The distributions are inter-
B(E1;1 —07)/B(E1;3;—2])=1.62) as expected due to preted as a pygmy dipole resonance originating from surface
the influence of the collectivity of the single phonons anddensity oscillations of the neutron skin relative to an approxi-
g.s. correlation$50]. mately isospin-saturated core, or as a toroi#dl mode

As shown in Fig. 2, the QPM calculations reproduce thewhich is an example for a vortex collective motion in nuclei
observed 1 state at 4744 keV relatively well. The model predicted in different modelesee Refs[6,7,57,58 and ref-
calculations predict that the first ktate consists to 89% of erences therejn
the two-phonon structur! ® 3;]. Considering the configu-  As shown in Fig. 2, also in th&l=50 nucleus®Sr con-
ration space of the QPM calculations, the only allowedsiderableEl strength is found. In this graph all experimen-
particle-holeE1 transition in the model i$0gy,— v0Oh;y,  tally known I” states and other dipole excitations with un-
i.e., a breakup of thdl=50 core is required. The shell-model known parity with energies below 6.8 MeV are included.
wave function of the 0 ground statgTable IV) contains a  Additional information onE1 strength above the experimen-
6% admixture of the typer(fp),1(0ggi,1dz )., in principle  tally accessed region is provided [80,27-29.
facilitating such anEl transition. However, the restrictions ~ The totalE1 strength up tdE,=8.1 MeV has an energy
of the model space did not allow us to include the,Q  centroid of Ecey=7.09) MeV and amounts taB(E1) T
orbit. =141(15) X 1072 €? fm? exhausting 0.38)% of the isovector

In the N=50 nucleus’®Mo, very similar neutron compo- 1~ energy-weighted sum rulEWSR) [47]. These values can
nents of the g.s. wave function are obtained, providing de compared withE.—=7.712) MeV, ZB(E1)1=2384)
qualitative understanding of the approximate constancy ok 1073 €2 fm?, and EWSR=0.54)% for the N=50 nucleus
the B(E1) values. Thus, the nearly equB(E1;0"—17) val-  °°Mo [48]. The QPM calculations fof®Sr predict a cumula-
ues for the two-phonon-istates in th&N=50 nuclei®Srand tive strength between 6 and 6.5 MeV which is in accordance
%Mo can be understood. In the same manner the strengthsith the experiment. However, the total strength is signifi-
observed in th&=50 andN=82 semimagic nuclei suggest a cantly underestimated.
similar role of the 70gg;,— 70h;41/» and v0Ohyq,,— v0iq3/»
transitions, respectively. A simple model to describe the two- o e
phonon excitation strength from the g.s. along these lines is B. Magnetic dipole excitations in™Sr
discussed in Refd51,52. Within the QPM, the mixing of The only unambiguously identified magnetic dipole exci-
the dominant plh configuration of the giant dipole reso- tation in ®Sr up to now is the transition to the' btate at
nance GDR into thé2;®3;]1" wave function reproduces 3487 keV, which has been observed in phofa,22 and
the observed(E1) strengths quantitativelf53]. electron [23,24 scattering. Both the QPM and the shell-

Considering the systematics d2;®3;]1” states in  model calculations reproduce the energy of the level and the
medium-mass and heavy nuclei, thestate at 4744 keV in B(M1)7 strength fairly well; see Fig. 3. The structure of the
83 exhibits unusual featureg) As already discussed in shell-model wave function given in Table IV supports a
Ref. [27], the valueE,(17)/[E,(2]) +E,(3])], which is an in-  dominant proton f;,— 1py, spin-flip character of this
dication for the anharmonicity of a state, is slightly largerrather strongM1 transition as does the structure of thp 1
than 1(1.038. This is in contrast to most of the observed phonon(see Table Y which contributes 95% to the wave
two-phonon I states[5] where values smaller than 1 have function of this state within the QPM. In passing we note
been found. Also the QPM calculations predict a value ofthat the form factor of the transitiof23,24 could provide a
about 0.85. Recent investigatiof4] of the low-spin level  unique testing ground for the role of weak admixtures to the
schemes of the nucléfZr and®*Mo indicate positive values dominant configuration which gain importance at larger mo-
of the anharmonicities for the quadrupole-octupole-coupledmentum transfers.

2. The distribution of electric dipole excitations aboeMeV
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In the upper part of Fig. 3 all experimental dipole statesstates is questionable because of very large error bars in the
with unknown parity are included. This is probably strongly angular distributions.
overestimating the possibB{M1) strength because a survey
of the experimental data near closed shells suggests a domi-
nance ofE1l strength in the region below the spin-fid1 VIIl. SUMMARY

resonance setting in d&,~7 MeV. Comparing the model  ag 5 result of a nuclear-resonance-fluorescence experi-
results, the shell model predicts lebtl strength than the . ont on theN=50 nucleust®Sr with bremsstrahlung of an

QPM. However, this is due to the model-space limitationSgy_noint energy of 6.8 MeV, the knowledge on the structure
which _do pot include most of the configurations relevant forof dipole and quadrupole excitations in this nucleus could be
the spin-flipM1 resonance. Above 6.5 MeV the onset of the . siderably extended. The experimentally obtained results
spin-flip resonance is visible in the QPM results, but the full o compared with the predictions of shell-model and QPM
model space extends to 7.5 MeV only. The QPM results sugz|cyjations. TheEl transition from the 1 two-phonon state

gest that some of the weaker transitions between 5 angl, e ground state can be interpreted to result from an ad-
6.5 MeV may be oM1 nature, but their fraction of the total .viire of the dominantOhy;/,— »0gq, configuration of

reduced dipole strength is probably small. In fact, the eXisihe GDR into the two-phonon wave function similar to the
tence of strong\1 excitations below 8 MeV wittM1 exci- =50 nucleus®®Mo, explaining the nearly equal values of
tation strengths larger than about ,[1),%2[28] has been ex- (E1)1 ~3.5X 103 € fm? in both nuclides. However, the

cluded from negative-parity assignments using polarize o-phonon quadrupole-octupolé &tate in®®Sr exhibits un-

photon beam$27,29. usual features compared to most states with similar character,
which at present cannot be interpreted within the model cal-
C. Electric quadrupole excitations in 88sr culations.

As demonstrated in Fig. 4, additionally to the well known ~As in many spherical nuclei, also ffiSr a concentration
quadrupole vibrational state at 1836 keV furtlig? transi-  Of (presumably electric dipole strength above 5 MeV is ob-
tions were found if®Sr. The experimental findings are simi- served. However, an extension of the present data toward
lar to those observed in NRF experiments on ke50 iso-  higher excitation energies is needed to draw conclusions on
tone %Mo, where above 3.5 MeV also somé &tates have their nature and the possible observation of a pygmy reso-
been observe#8] with excitation strength®(E2)1 in the  hance. Also, knowledge of the parity of the observed dipole
order of some 1@? fm?. states would be important for an in-depth understanding.

Both the QPM and the shell model describe the lowesBSuch experiments will become feasible at the NRF facility of
experimentally observed transitions reasonably well. In dethe ELBE accelerator at Rossendorf which has recently
tail, both models reproduce tiBE2) strength of the transi- Started operatiof59].
tion to the first excited 2state, 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 2 level. The structure obtained in both models  We would like to thank H.-D. Graf and the staff of the
(Tables IV and V show a predominance of proton configu- S-DALINAC for the good quality of the delivered electron
ration with a small admixture of the(0ggj,1dz,,) configura-  beam and W. Schulze for the technical assistance. We are
tion of the order of 6—7 %, similar to the shell-model groundindebted to A. Linnemann, S. Skoda, H. G. Thomas, H. Ties-
state. ler, and D. Weisshaar for their support during the experiment.

The energies and strengths of the Sates at 3219 keV  Valuable discussions with R. G. Nazmitdinov are gratefully
and 4036 keV are reasonably well reproduced by the QPMacknowledged. This work was supported by the Bundesmin-
while the shell model predicts both transitions but overestiisterium fiir Bildung und Forschun@®MBF) under contracts
mates the lower one and underestimates the upper one. T@¢ DR 6661 and 06 OK 862l, by the Deutsche Forschungs-
QPM gives a 2 state at 3220 keV with dominant one- gemeinschaft, contracts Gr-1674/1-1, Do-466/1-1, and SFB
phonon character. In the shell model as?ate at 3210 keV 634, by the Sachsisches Staatsministerium fiir Wissenschaft
is predicted, which shows the character ofrélf;52p1,)  und Kunst(SMWK), contract 7533-70-FZR/702, and in part
proton excitation with a smali(0gg,1ds,,) neutron contri- by the Bulgarian Science Foundation, contract Ph. 1311. One
bution of 5%(see Table 1Y in the wave function. of us (N.P) acknowledges support by the U.S. NSF under

Above 4 MeV, neither of the calculations resembles theGrant No. PHY-0245018 and by the OJI program of the U.S.
data. However, also the' Zharacter of some of the observed DOE, Grant No. DE-FG02-04ER41334.
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