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High-spin states of°Sr and °°Sr were studied via the reactior’éSe('B, p3n) and #’Se('B, p2n),
respectively, at a beam energy of 37 MeV. Gamma rays were detected with the GASP spectrometer. The level
schemes of®Sr and*°Sr were extended up B~8 MeV andE~10 MeV, respectively. Level structures in
89Sr and °°Sr were interpreted in terms of the spherical shell model. The calculations were performed in the
configuration space ({@,,1ps/,1p1/2,009) for the protons and (f/,,00q/2,1ds),) for the neutrons. High-
spin level sequences fifSr are characterized by coupling the unpaiied neutron to proton excitations of the
core nucleus®Sr. An equidistant level sequence withl=2 found in °°Sr is well described by the configu-
ration 7 (0f5/3)(0g3,,) ]»(1dZ,,) favoring even spins.

DOI: 10.1103/PhysRevC.63.064315 PACS nuner23.20.Lv, 25.85.Ge, 27.56e

[. INTRODUCTION N=50 andN =56 could reveal whether such a quenching of
the spin-orbital splitting of the f;,-1ps;» proton orbitals
The nuclei® %Sy as well as®® %zr form the region of may appear suddenly or gradually.
lowest collectivity of known nuclides betweetiNi and the With this work, we continue our study of the high-spin
spherical Pb isotopdd]. A value of B(E2)=7.20(22) W.u.  structure of Sr isotopes, starting with tNe=50 nucleus®®Sr
was adopted for the 2-0; transition in the quasi-doubly [5]. The nuclei®Sr and **Sr have one and twodk, neu-
magic nucleus®Sr, [2]. Similarly low values ofB(E2)  trons, respectively, outside the shell closuré\at50. Thus,
~8 W.u. and 13 W.u. were observed for thé-20; tran- single-particle excitations are expected to dominate the struc-

sitions in the chain of® %Sr (N=52-56 and in %sr (N ture of 8Sr while an interplay of single-particle with

—58), respectively. Even lower values were reported forvibrational-like states might occur if’Sr. So far, high-spin

92-987; (N = 5258 [1], whereas aN=60 a strong ground-  StAeS of 89Sr were investigated vig®Kr(a,xn) reactions

state deformation of8,~0.4 was found(3]. The observed [6,7). Excited states of°°Sr were previously studied in

persistence of an almost constant nearly spherical groun(zg_'decay exp(:rimenl(se..g., Refg8]), via ?t".)) [9]fan.d (SI]:' .
state shape for 5ON=<58 in Sr and Zr isotopes was attrib- B) [10] transfer reactions and recently in a fusion-fission

uted to the subshell closures of Igwerbitals atZ= 38,40 experimenl[%l]. In tg(? present work we establish the level
and N=56,58, which stabilize spherical configuratiofis. schemes of°Sr and**Sr up to 8 and 10 MeV, respectively,

While the energies of the 2 states in the even Zr isotopes and assign spin and parities to most of the levels.
vary with the neutron numbei2200, 935, 919, 1750, and
1223 keV forN=50-58, respective)y the energies of the
2] states in the Sr isotopes with=50-58 remain almost
constant at about 800 keV. The fact that the energy of ﬁhe 2  Excited states of°Sr and °°Sr were populated via the
state at the subshell closureMt=56 (*“Sr) does not reach reactions®?Se(!B, p3n) and 82Se{!B, p2n), respectively,
roughly the energy of the ;2 state (1836 keV} at N=50  at a beam energy of 37 MeV. TheB beam was delivered
(8%sr) was related to a quenching of the,L-1ps, proton by the XTU tandem accelerator of the Laboratori Nazionali
spin-orbital splitting due to the neutron-proton interaction, agdi Legnaro. The target consisted of a 3.0 mg éntayer of
neutrons are added to thedg, neutron orbital[4]. As a  ®2Se enriched to 99.6% and evaporatedad3 mg cm ? gold
result, proton excitations were proposed to contribute to théacking. Gamma rays were detected with the GASP spec-
27 states in%Sr and °2Sr. A study of Sr isotopes between trometer[12] consisting of 40 escape-suppressed HPGe de-
tectors and an inner ball containing 80 bismuth germanate
elements. A total of 2.510° prompt y-y coincidence
*On leave from NIPNE Bucharest, Romania. events were sorted off-line in®,-E, matrices and approxi-

Il. EXPERIMENTAL METHODS AND RESULTS
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FIG. 1. Example of a double-gated background-corrected coin-
cidence spectrum. Peaks labeled with their energy in keV are a

signed to%%Sr.

mately 3.8< 10°y-y-y events into are -E,-E, cube.

Based on a comparison of the intensities of the ground:
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TABLE I. Gamma rays assigned t&Sr in the present experi-
ment.

E,ya l}/ RDCOC o\ d \]Iﬂ- wa Ei
(keV) (keV)
253.3 0.51) 23/2 5979.1

283.9 1.61) 0.8415 M1 15/2° 15/2° 3672.6
362.4 441) 0.572) M1 17/2° 15/2° 3751.1
395.9 1.52)° 0.3410) (M1) (27/2) (25/2 7421.5

458.0 27.45)° M1/E2 19/2° 17/2 4209.1
536.5 1.42) E2 19/2° 15/2° 4209.1
7717 1.72) (M1) (27/20 (25/2 7421.5
820.4 25.84) 1.004) E2 19/2° 15/2° 4209.1

864.0 5.%5 0.6410 M1l orEl 23/2 21/2 5979.1

8783 114) 06417 M1orEl (252 232 6857.4
906.

0 3369 0542 MlorEl 21/2 19/2 51151

1309.3 1002 E2K 15/2° 11/2° 3388.7
13345 0.72) (25/2 7984.3
1516.7 1.2 19/~ 5725.8

state transitions we found that the relative cross sections gP°%7 13-86)° 1'1(142; (E2)  (25/2 21/2 6649.8

the channels leading t8°Sr and °°Sr amount to some 2% 1-88(9)f'h

and 4%, respectively, of the strongest reaction channel 136(6)6

825e(1B 4n)8%. This strongest channel is predicted to in- 1.576)

clude about 90% of the total cross section by the evaporatioh®93-2  1.21) E2 15/27 11/2° 3672.6

codePACE [13]. 19105 1.20) (E2_) (25/2 21/2 7025.6
Double-gated spectra extracted from the cube using th@079.4  12&) E3 1127 572" 2079.4

code LEVITS8R [14] were analyzed to construct the level 3

schemes of®Sr and®°Sr. Examples of double-gated coinci-
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y-ray energy. The error is between 0.1 and 0.5 keV.

PRelative intensity derived from a spectrum gated by the 2079.4
keV transition and normalized to the 1309.3 keV transition.

°DCO ratio determined by gating on the 1309.3 kE¥ transition
except for the cases h, andi.

dMultipolarity compatible with the DCO ratio and the deexcitation
mode.

€Contaminated transition.

fContaminated transition. The deduced DCO ratio may not be cor-
rect.

9DCO ratio determined by gating on the 362.4 kBM. transition.
PDCO ratio determined by gating on the 820.4 kE¥ transition.
'DCO ratio determined by gating on the 906.0 kAJ=1 transi-
tion.

ITaken from Ref[7].

KTaken from Ref[39].

dence spectra fof°Sr and °°Sr, respectively, are shown in
Figs. 1 and 2. Gamma rays assignedr and °°Sr on the
basis of the present experiment are listed in Tables | and II,
respectively. Relative intensities were derived from coinci-
dence spectra gated on the ground-state transitions, which
were extracted from & ,-E, matrix including all detectors
using the coders [15].

A. Gamma-gamma directional correlations

Directional correlations of coincideny rays from ori-

FIG. 2. Examples of double-gated background-corrected coinciented state¢DCO) provide information on the multipole or-
dence spectra. Peaks labeled with their energy in keV are assignéter of the transitions and, thus, can be applied to assign spins

to %0sr.

to the emitting states. This method is described in detail in
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TABLE Il. Gamma rays assigned t¥Sr in the present experi- TABLE II. (Continued.
ment.

E,? E
E? E; (keV) 1P Rpcct o\ oI (keV)
(keV) 1P Rpco® o\ IT U (keV

871.0 24750 0.895) E2 124 107 6794.4
1400 0.7T1)  0.445) M1 o) 8(7) 50215 0.943)%
2037 ~1° (El) 700 607 36984 9519 1y (E1) 109 90) 59234
216.8  0.41) _ (M1) 5(7) (47) 3144.3 9112 141)" 7705.6

e I

253.9 1.61)° 09919 (E2) - - 79595 9373 ~1° 0.85100 (E2) 57 37 31443
2725 3.51)  0.495) M1 9 8 50215

939.5 9.32) 1.139) E2 1170 90)  5961.0

ggig oy 049 M 1([\/|O;|r_)El 5-)  5(2) 2223: 955.3 14.72) 1.04(6) E2 9(:) 7(:) 5021.5
3242  9.9)"  0.412)f M1 75)  §() 40662  1006.7  5.91) 1.01(8) E2 87 67 47487
367.8 8.32) 0.956) M1 70 7)) 2066.2 1050.3 5.13) 0.527) M1 8(-) 7¢) 4748.7
416.8 0.61) 0.404) M1 o) g=) 152083 1066.6 1.52) 0.94(10) (E2) 8772.2
4957 1.22°  1.0940) (E2) 6" (47) 37642 11205  1.81) 0.9018% E2 127 107 67122
549.6 2.42)  0.419) M1 o) 8() 52083 0.808)

554.1 33.66) 0.953) E2 7). 5(7) 36984 1183.1 2.21) 0.34100 M1 87  7(5) 48815

570.2 4.84)  0.6210 M1 107 9() 55017 12717 2.61)° 0.7912' (E1) (47) 4" 29275

5715 1.44) (E1) 70 6" 4066.2 12912 4.61) 1.0(11) E2 8" 6" 50554
597.7 16.94)°9 0.622) M1 6() 50 37420 13231 4.6l 1.0213 E2 9 7 50215
597.9 5.52)°9 (E2) 700 500 4066.2 1357.0 14.13) 0543 (E1) 8% 70 50554
619.9 274 03326 (El) 6 50 37642 13754 212 05112 E1 3~ 2°  2207.0
6251 5% 0377  (E1) 107 9U) 59234 14885 sege) 0511 (E1) 5C)  4F 31443
6589 1720 0648  (M1) 137 127 73711 14939 313 91995
7205  1.41) 0.426) M1 4(—_>) 3(‘_ ) 29275 15607 o) 1.087) E2 g+ 6*) 50554
e am gwme Ju T TR e s omn e a0 70 s
8127 041 g770o 16128 210 (M1) (4% 4 3268.6

18125 4.71) 0.395) (E1) 57 4%t 34683
8242 92.8)  0.991) Eom 4+ 2+ 1essg 18389 12.2)°  0.814) E2 6(*) 4% 34947
831.6 1001)  0.992) E2 ot 0 8316 2042.6  6.51) 1.104) (E3) 7O 4% 3698.4

8145 2.82° 1.0335Y  (E2) 67 (47) 37420

ay-ray energy. The error is between 0.1 and 0.5 keV.

bRelative intensity derived from a spectrum gated on the 824.2 keV transition and normalized to the 831.6 keV transition.
°DCO ratio determined by gating on the 824.2 keV transition except for the faseandl.
dMultipolarity compatible with the DCO ratio and the deexcitation mode.

€Contaminated transition.

fUnresolved doublet. A combined value derived for the doublet is given.

9Unresolved doublet. The intensity is estimated from coincidence spectra.

"This transition is strongly influenced by the intense 909 keV transitio??™n

'Contaminated transition. The deduced DCO ratio may not be correct.

IDCO ratio determined by gating on the 1006.7 keV transition.

KDCO ratio determined from a sum spectrum gated on the 824.2 and 831.6 keV transitions.
'DCO ratio determined by gating on the 554.1 keV transition.

MTaken from Ref[9].

Refs.[16-18. To deduce the DCO ratios;- y events with the ratio of peak intensities in both background-corrected

onevy ray detected in one of the 12 detectors placed at 31'70\?v%ergtrea>.(tr1e-12?e dczlgiﬂg(etﬂgecc?@pgc[t%] aRdDg]S Paeti%ko}n;egsmes
36'0. , 144.0%, and 148'03 anq the other one dgtectgd In ong expected if the gating and the observed transitions
of eight detectors at 90° relative to the beam direction wergye siretched transitions of pure and equal multipole order.
sorted into a coincidence matrix. Coincidence spectra Wergor the present detector geometry and completely aligned
extracted by applying gates on certain peak and backgrounguclei, a value of 0.54 is expected for a pure dipole transition
intervals in the (35°, 90°) matrix and in the transposedgated on a stretched quadrupole transition. A value of 1.0 or

(90°, 35°) matrix. The DCO ratios were obtained asl1.85 is expected for 4J=0 transition using a gate on a
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FIG. 3. Level scheme of°Sr deduced from the present experi-
ment.

FIG. 4. Level scheme of°Sr deduced from the present experi-
AJ=2 orAJ=1 transition, respectively. The resulting DCO ment.
ratios for 8Sr and °°Sr are given in Tables | and I, respec-

tively In the present experiment, a thick targste Sec. llwas

used to stop the recoil nuclei and, thus, to enable an analysis
of level lifetimes applying the Doppler-shift-attenuation
B. The level scheme of®sr (DSA) method. However, no Doppler shift was observed for

9 any transition depopulating the states up to the 5115 keV
The level scheme ofSr deduced from the present ex- level in 8%Sr. This means that the effective lifetimes of the

periment is shown in Fig. 3. It has previously been known up i
to the (19/2) state at 4209 ke\f7]. In the present experi- corresponding levels are greater than about 5 ps. The transi

ment, two new level sequences above this state have be%:ﬁms depopulating higher-lying states are too weak for a

observed as well as a new 536.5 keV transition linking the ine-shape analysis.

3673 and 4209 keV levels. We propo3&=15/2" for the 0

3673 keV level on the basis of the DCO ratio of the 283.9 C. The level scheme ofSr

keV transition(cf. Table ) and the observation of the 536.5  The level scheme of’Sr deduced from the present ex-
keV transition. This is not consistent with the assignment ofperiment is shown in Fig. 4. It has been known from previ-
J7=13/2" given in Ref.[7]. Based on the dipole character ous in-beam studies up to the 3144 keV lef&B]. During

of the 362.4 keVy ray and the quadrupole character of the our study we became aware of a fusion-fission experiment
820.4 keV transition, we assigif=17/2" and 19/Z tothe  showing level sequences up to the 5961 and 7706 keV levels,
3751 and 4209 keV levels, respectively, which confirms theespectively, and published in conference proceedjids
tentative assignments in Ref7]. The DCO ratios of the In addition to that work, we establish new levels on top of
906.0 and 864.0 keV transitiorisee Table)lindicate dipole the 5961 and 7706 keV levels as well as new levels at 3269,
character. Thus, we assidr=21/2 andJ=23/2 to the 5115 3468, 4882, 5298, and 5592 keV and observe 17 new tran-
and 5979 keV levels, respectively. The 1534.7 keV transitiorsitions. Moreover, we make spin and parity assignments for
is superimposed by the 1535 keV transition Y. There-  most of the levels on the basis of the present DCO analysis
fore, we propose tentatively=(25/2) for the 6650 keV and deexcitation modes.

level. Based on DCO ratios and deexcitation characteristics, For the lowest levels at 832, 1656, and 2207 keV spin and
tentative assignments af=(25/2), (25/2), and (27/2) are  parity assignments of 2 4", and 37, respectively, were
proposed for the 6857, 7026, and 7422 keV levels, respeanade in Refs[9,19]. A level at 3144.9 keV was observed in
tively. the B~ decay of the 3 state in ®°Rb [8]. The value
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of log f;t=9.9 (i.e., >8.5), calculated from the lofj value = negative parity for the 3468 keV state as well.

of the populating transitiong8] is compatible with the first In the present thick-target experiment, no Doppler shift
forbidden unique transitionrAJ=2, 7= —1) and, thus, con- Wwas observed for any transition itPSr. Accordingly, the
sistent with a spin and parity assignment of for the 3145  effective lifetimes of the levels up to the 7706 keV are
keV state. On the other hand, a 3146 keV level was observegreater than about 5 ps. The transitions depopulating higher-
in a (t,p) reaction[9], whereJ™=(5~) was proposed. In the lying levels are, however, too weak to observe a line shape.
present experiment, a DCO ratio consistent with dipole char-

acter was obtained for the 1488.5 keV transitisee Table Ill. DISCUSSION

[I). Thus, we confirm the spin assignmért5 for the 3144
keV level. This is also consistent with the quadrupole char-
acter of the 937.3 keV transition populating the 8tate at Shell-model studies of nuclei withN>50 were focused
2207 keV. Although multipolarityV 2 cannot be totally ex- during the last years on nuclei wi>40. In these studies a
cluded for the weak 937.3 keV transition, we consider thismodel space including thepl,, 0gg, orbitals for the pro-
unlikely and assume multipolarit2. This assumption re- tons and the ds,, 2sy, orbitals for the neutrons has been
sults in the tentative assignment of negative parity tothe Used. The states with spins up de-15 could be well de-
=5 state at 3144 keV. Analogously, we assume multipolarggr'bed W|th|n95th|s model space for, e.g., tNefg541 nuclei

ity E2 for the 554.1 keV quadrupole transition populating Tc9[620] and ®Ru[21] and for theN=52 nuclei**Mo [22]

the 5) state, and propose a tentative assignmentof an_d Ru.[23], wheregs the description of states W|th hlgh_er
=7() for the level at 3698 keV. According to the discussedSPINS 1S improved with an extended model space including

assignments, the 2042.6 keV transition has multipolaz@y e higher-lying neutron orbitalsgd,,, 1dgs, and_(hll/Z as
AnalogousE3 transitions were observed with energies of Well @S excitations of Gy, neutrons across thé=50 shell

2734 keV (3 —0%) in ©8Sr [2] and 2079 kev (11/2  9@p into the B, orbital [20,22,23.
—.5/2%) in 9 (see Fig. 3. In the Sr isotopes witl = 38, excitations of @5, or 1p3),

protons to the pq,, 0gg, Orbitals may contribute to the

were proposed for a 3268 keV state, which may correspongonfigurations of high-spin states. The model space
to the 3269 keV state observed in this work. Spin and parity/S€d inour  calculations includes the active proton

3~ seem, however, rather unlikely. We propose tentatively®'Pit@!S  (Ofsi2,1P312,1p12,09¢) and neutron orbitals
spin and parity (4). On the basis of the quadrupole charac- (1P1/2:0902, 1ds)) relative to a hypothetical™Ni core. The

ter of the 1838.9 1291.2. 1560.7. 868.0. and 871.0 keV trarf€stricted neutron space should be adequate for the descrip-
sitions (cf. Table ’”) we aésign]ﬁ:’G(ﬂ é(+) g(+) 10+ tion of states up td~15. Since an empirical set of effective

and 12%) for the 3495 3764 5055. 5923. and 6794 ’kevinteractions for this model space is not available up to now,
states, respectively. The dipole character of the 1357.0 keVa/0Us empirical_ interactior_ls havg been combined with re-
transition is consistent with the spin assignmentd-ef7 and sults of schemath nuclear'lnteracnons by applying the sur-
J=8 for the 3698 and 5055 keV states, respectively Theface delta interaction. Details of this procedure are described
DCO ratio of the 911.2 keV transition could not be deduceomh 'ﬁEfS' [24_§7-|' ;I'he ifec;tg/ellntiractlonklnhthe p_(rjotoln
due to the interference with the intense 909 keV transition i e'> Was taken irom ef ].' n that work the residua
8% The DCO ratios of the 253.9 and 1066.6 keV transitions teraction and the single-particle energies of the proton or-
point to AJ=0 or AJ=2 transitions, while the DCO ratios bitals were deduced from a least-squares fit to 170 experi-

of the 288.3 and 757.8 keV t iti istent wit ental level energies ilN=>50 nl_JcIei With mass numbers
dipole character eV transiions are consistent Willh, - ween 82 and 96. The data given in R&O] have been

Based on the quadrupole character of the 955.3, 1323.f,sed for the proton-neutron interac.tion between the
1599.9, and 939.5 keV transitiorisee Table I negative 7(1P112,0092) and thev(1p,,,00es) orbitals. These data

- : derived from an iterative fit to 95 experimental level
parity may be tentatively proposed for the 4066, 5022, 5298/V€re ! " . .
and 5961 keV levels, respectively. We also tentatively asSnergies oN=48, 49, and 50 nuclei. The matrix elements of

sume negative parity for the 4749 and 4882 keV states. Thihe neutron-neutron interaction of thelp1{2,099,2) orbitals
multipole orders of all linking transitions are consistent with 'ave been assumed to be equal to the iso$pirl compo-

the proposed spin assignments. Based onJffe8() as- nent of the proton—neu;ron ir_1teracti<_3n given in F_{@Q]. For
signment for the 4749 keV state and on thé=2 character the (70f5),v00g,) residual interaction the matrix elements

of the 1006.7 keV transition, spin and parity f=6(") for propqsed in Ref[30] hage. been used. The single—particle
the 3742 keV state can be tentatively assigned. This is iff'€r9!€S r_elatlve to th&™Ni core used here were derlv_ed
agreement with the dipole character of the 597.7 keV transill®M the single-particle energies of the proton orbitals given
tion depopulating the 3742 keV state to the 3144 keV statel Ref- [28] with respect to the’*Ni core and from the neu-
The DCO ratios deduced for the 720.5, 814.5, and 1271.¥0n Single-hole energies of thepl,;, 09, Orbitals[29]. The

keV transitions are consistent with"=4(") for the 292g transformation of these single-particle energies to those rela-

keV state. The DCO ratio of the 1812.5 keV transition indi- V€ t0 the Ni core has been performé81] on the basis of
cates aAJ=1 transition, which results in the assignment of the effective residual interactions given above. The obtained

J=5 for the 3468 keV level. Since multipolarityl2 is un-  values are eg; =-—9.106 MeV, ef, =-9.033 MeV,
likely for the populating 597.9 keV transition, we suggest efpuz: —4.715 Mev,egm: —0.346 MeV, Ezpuz: —7.834

A. Shell-model calculations for8Sr and °°Sr

In the (t,p) study[9], tentative assignments of 3or 4"
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10 . TABLE lll. Experimental and calculated transition strengths in
—29 Sr.
*Sr o7
2 ¥ B(MDep® B(ML)sy® B(E2)ep® B(E2)sy”
. (W.u) (W.u.) (W.u.) (W.u.)
8 - —29
@7 S 7127 5127 0.017°3%:¢  0.027 46°34¢ 8.8
(25:) o o5 9/2% 7/2% 0.05Q15)° 0.40 -
(25" —— - Jp— 9/2f 5/ 2.7°%% 4.4
6 - — #xperimental reduced transition strengths in Weisskopf units
—19" e of” (W.u). 1 Wu.M1)=1.79 3, 1 W.u.(E2)=23.6®&*fm*.
= 217" —— _15: PCalculated reduced transition strengths in Weisskopf units. Values
2 —1; QT of g&"=0.7g"° and e,=1.72,e,=1.44 were used for the
o 4 _— 15 B(M1) andB(E2) values, respectively.
11* o — —= Z;%Z “Value taken from Ref[7].
= ration m(1py31py,) v(1dsy) is exhausted al=9/2. Calcu-
latedM1 andE2 transition strengths are compared with ex-
ol 9 - perimental values in Table Ill. The predictétil strength of
- — the 7/2" —5/2* transition and theE2 strength of the 9/2
—5/2" transition reproduce the experimental values while
the calculated3(M1,9/2" —7/2*) value exceeds the experi-
. mental one by a factor of about 8. The calculated lowest
0 5 D lying 11/2° state contains mainly the configuration
EXP SM EXP SM m(0f531pi ) v(1d:,). The positive-parity states with

FIG. 5. Comparison of experimental with calculated level ener-
gies in 89Sr. Spins are given as)2

MeV, e, =—6.749 MeV, and e/, =—4.144 MeV.
09gy, 1dg),

higher spin up taJ=29/2 include the excitation of two pro-
tons into the @g, orbital, i.e., configurations of the type
7 (0f521P312)5,, (09823, 1¥(1d5) with Jpp=2,4 and J,
=0,8 or of the typew[(Ofg,S)Jf(Ogs,z)Jg] v(1dg,) with J
=0,2,4, and]4=6,8.

These single-particle energies and the corresponding values The experimental levels at 5115, 6650, 7026, and 7422
for the strengths of the residual interactions have been usggy/ gre suggested to correspond to the calculated;21/2

to calculate level energies as well ikl andE2 transition
strengths. For the latter, effectivgfactors ofgS"=0.7ge®
and effective charges & ,=1.72,e,=1.44e [32], respec-
tively, have been applied.

The nuclei 8°Sr or °°Sr have ten protons and 13 or 14
neutrons, respectively, in the considered configuration spac
To make the calculations feasible a truncation of the occu
pation numbers has been applied. At most four protons ar
allowed to occupy the (d;,,,099) subshell. Two of the
neutrons are assumed to occupy thm,orbital and ten the
0gg» orbital while the remaining one or two appear in the
1ds, orbital for 89Sr or %°Sr, respectively. Excitations of
neutrons from the g, orbital to the Mg, orbital are ne-
glected. With these restrictions configuration spaces with d
mensions smaller than 10200 have been obtained. The ¢
culations were carried out using the carigsscHIL [33].

B. Results for 89Sr

Calculated level energies of states §¢sr are compared
with experimental ones in Fig. 5. The experimental "7/2
9/2*, and 11/2 states observed in Ref7] but not in the
present experiment are also included in Fig. 5.

The 5/2° ground state is dominated by the unpaireti,1
neutron. The calculated lowest-lying 7/2and 9/2 states
are generated mainly by breaking @sbL proton pair and
lifting one proton to the b, orbital. The resulting configu-

2512, 25/% , and 27/ states, respectively. The compari-
son of level sequences fiSr and®Sr given in Fig. 6 shows
that the level spacings between the 4209, 5115, 6650, 7026,
and 7422 keV levels if°Sr resemble those between the,7

8%, 10/, 10;, and 1T states in®8Sr. This may indicate

fhat the considered statesiPsr arise from a coupling of the

unpaired Hs;, neutron to the respective core states. Indeed,
fhe main component of the wave function of the calculated
21/2" state corresponds to the coupling oflg, neutron to

the main component of the'8state in the core nucled$Sr
[5,34]. The 25/2 state is calculated lower in energy than the
23/2" state, which is compatible with the observation of a
(25/2) state as the next on top of the 21/2 state. The calcu-
Tated 25/2 state in®%Sr is almost 0.5 MeV lower than the

aFf}xperimenta[25/2) state at 6650 keV as the calculated 10

state in®8Sr is about 1 MeV lower than the experimental 10
state in®Sr[5]. The 7026 and 7422 keV levels fiiSr may
correspond to the calculated 25/and 27/2 states, respec-
tively.

The negative-parity states f¥Sr up to the 19/2 state at
4209 keV were proposed to result from coupling the un-
paired 1ds;, neutron to the lowest-lying3, 57, 67, and 7
states in the core nucled&Sr in Ref.[7]. This interpretation,
which is analogous to the above discussion of the positive-
parity states, was confirmed by cluster-phonon-model calcu-
lations [35] and is consistent with the predictions of the
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10 states including neutron-core excitations might also appear
as it was predicted for states with=13 and J=23/2 in
gy Bgr %Mo (Z=42N=52) and®**Mo (N=53), respectivelyi22].
gl it | C. Results for %°Sr
U e e — (27/2) Experimental and calculated level energies *isr are
00— (252) shown in Fig. 7. The main components of the shell-model
T (252) positive-parity and negative-parity states are listed in Tables
6 J IV and V, respectively.
g The calculated lowest-lying 0, 2%, and 4" states are
—_ T 21 mainly characterized by the/(ldf;,z)J excitation with J
% ) =0,2,4, respectively. As a consequence of the proposed
=3 e (92) guenching of the protons,,— 1p,,, spin-orbital splitting in
Wo4r b (17/27) | the Srisotopes, as neutrons are added to thg brbital (see
S (15/2°) Introduction, the contribution of proton configurations was
- discussed in Ref4] for the first 2" states in®°Sr and %%Sr.
- Indeed, proton contributions of about 8% and 2% are pre-
ol e (112) | dicted for the first Z and 4" states, respectively, if’Sr in

the present calculations. The predicteéd strengths of the
2t —0" and 4" —2" transitions agree well with the experi-
mental values as can be seen in Table VI. However, the
. X calculated states form a multipletlike sequence as observed
0r 0 - 5/2 1 in the N=52 isotone®’zr [37,38, while the experimental
states display rather a vibrational behavior, although the ex-
perimentalB(E2) values decrease with increasing spin. The
FIG. 6. Comparison of experimental level energie$48r with d?screpancy between the expe.rirr.]enta.l and CaI?UIated gner-
895, gies of the 4 state may cause similar discrepancies for high-
spin states that include analogous configurations, i.e., a cou-

present shell-model calculations. The T14nd 15/2 states Pling of the (1dZ,), neutrons to excitations of the proton
are described by the unpaired:, neutron and by breaking System.

up a Ipg, proton pair and lifting one proton into thegg), To generatg ab ;tate !t is necessary to break a pair.
orbital, leading to the configuration(1p520gt,) »(1dL,), Thus,_'ghe [main coznflguratl.on for t_hle*5?nd 6" stsltes_ is
while in the 13/2, 15/2 , 17/2°, and 19/2 states the con- 7(1P321P12)27(1d5,)4, While m(0fs21p1/5)2,3(1d5) 4 I
figuration m(0f520g%,) »(1di,) predominates. The calcu- predicted for the § and 7" states. The energy difference of
lated lowest-lying 11/2 state is about 700 keV higher than 2067 keV between the calculated 4nd 6 states is close
the experimental one. A previoud,p) study[36] suggested to the experimental value of 1839 keV between thestate
that an admixture of the(Oh,,) orbital to the 11/2 state and the 6) state at 3495 keV. This level spacing is also
lowers its energy relative to the undisturbed one. Howeverglose to the energy of the first'2state at 1836 keV ifSr,
this is not included in the present model space. The creatiowhich has the main configuratiom(1pz31pi,). Thus, no

of the 21/2° and 23/2 states requires the breakup of a fur- apparent quenching of thepi,-1p4, proton spin-orbital
ther proton pair resulting in the configuration splitting [4] can be concluded fo?°Sr from this rough esti-
[ (0f531p32)41p1 0051 v(1dE,). These two states may mate. The calculatedBstate is lower than the experimental
be related with the experimental levels at 5726 and 597®ne by about 500 keV, which is close to the difference be-
keV, respectively. tween the experimental and calculated gtates(see Fig. 7.

To generate negative-parity states with even higher spin iThus, this difference may be related with the analogous con-
is necessary to excite three protons to tlyg,Qorbital. This  figurations in these statésee Table 1Y as discussed above.
causes an energy gap of about 2.5 MeV between the 23/2The second 6 state is calculated about 3.4 MeV above the
state, and the 25/2to 29/2° states dominated by the con- first 4% state, whereas the difference of the corresponding
figuration w[(0f551p32)s, (003, 1v(1d5,) with Jg,  experimental states is only about 2.1 MeV. This discrepancy
=1/2, 5/2, andly=17/2, 2172 If one assumes negative par-Might be caused by configurations not included in the present
ity for the sequence of levels at 5726, 5979, and 6857 kevinodel space as neutron excitations of the typds0g7,,)-
then the 6857 keV level is not compatible with the predicted The calculated 8 to 16" states include the excitation of
gap between the 2372and 25/2 states. In this case, neutron two protons into the g/, orbital. The main configuration of
orbitals not included in the present calculations ag,0 the calculated first 8 to 12" states s
might play a role. Ther[(0f531p33)41p1003,,]7(0g3,) W[(OfE:/%)Jf(OQSIZ)Jg] v(1d3;);, with J;=0, J4=6,8 andJy
configuration, e.g., can generate a negative-parity state witk0,2,4. The calculated I3and 16 states are dominated by
a maximum spin of 25/2. At higher spin, negative-parity the configurations
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TABLE IV. Main components of wave functions of positive-

parity states in®°Sr.

PHYSICAL REVIEW C 63 064315

TABLE VI. Experimental and calculated transition strengths in
90
Sr.

J7 Configuratiof WP A°
2) v(1dZ,), 2 47
41’ V(ldé/2)4 2 52
4; m(1p321p1y)2v(1dE,), 4 40
4 7(1paalpi)2v(1d2,), 4 40
51 m(1p331p1)2v(1dE,) 4 4 78
6, 7(1paalpi)2v(1d2,), 4 80
62+ w(Of&%lp},Z)zv(ldé,z)‘, 4 33
7 7(0f521p1) 3v(1d3) 4 4 71
8; 7{(0f55)0(095:) 8] ¥(1d5 ) 2 1
9 7 (0f55)0(095) 8] ¥(1d3) 4 10
10 7 (0f55)0(095:) 6] ¥(105 ) 4 4 16
105 7 (0f52)2(095,)g1v(1d2 ) 4 28
11y 7 (0f55)0(005:) 8] ¥(105 ) 4 4 14
127 7 (0f53)0(005:) 81 ¥(1d3,) 4 4 20
13; 7 (0f531p32)2(003) 8] v(1d%) 4 6 22
147 7 (0f53)2(09%) 1 v(1dZ) 4 6 52
145 7 (0f531p33)2(003) 8] v(1d%) 4 6 15
15 7 (0 52) a(005) 81 v(102 ) 4 6 35
16; 7 (0f53)4(09%2) 8] v(1dZ) 4 6 52

@Main contribution to the wave function.
bSeniority.
“Contribution in percent.

TABLE V. Main components of wave functions of negative-

parity states in®°Sr.

Jm Configuratioft .\
3; m(1p35005)37(1d5)0 2 42
4; 7(0f 5,099 47(1d3)o 2 26
5, m(1p35005)s7(1d3)0 2 31
5, 7(1p32096)37(1d3) 4 32
6, 7(0f53005) 6v(1d3) 2 43
7y m(1p3200e,)37(1d5) 4 4 54
7, 7(0f53005) 6v(1d3) 4 31

7(0f 5,006 7v(1d3)0 2 2
73 7(0f53005,) 4v(1d3) 4 4 16
8] 7(0f 550069 4v(1d) 4 4 30
8, 7(0f53005) 6v(1d3) 4 22
9 7(0f 55005 67(1d3) 4 4 33
9, 7(1p3;006,)s7(1d3) 4 4 31
10, m(0f53005,) 6v(1d3) 4 4 65
11y 7(0f5,006) 7v(1d) 4 4 66
12; 7 (0f551P35)a(101,006)5]v(1d3)s 6 69
13 7[(0f551p32)a(101,005)s]v(1d3)s 8 74
14, [ (0f551p33) (093, 1v(1dZ,) 8 7

8\Jain contribution to the wave function.
bSeniority.
Contribution in percent.

N i B(E2)exp B(E2)sy "
(W.u.) (W.u.)
905y 25 0F 8.5 3¢ 9.7
af 27 5.3 53¢ 5.5

dExperimental reduced transition strengths in Weisskopf units
(W.u). 1 W.u.(E2)=23.962fm*.

bCalculated reduced transition strengths in Weisskopf units. Values
of e,=1.72,e,=1.44 were used for th®(E2).

“Value derived from the lifetime given in Refl].

7[(0f531pas)2(003,)s]v(1d2,) 4

or
7 (0f55)5,(0052)8]v(1d3,) 4

with J;=2,4. The level spacings between the experimental
0", 2%, and 4" states and between the experimental, 8
10", and 12 states are very similar, which may indicate that
the 10" and 12 states are generated by coupling tHeghd

47 states, respectively, to the'8state. A similar coupling
was discussed in thid=52 isotone®?Zr [38]. The configu-
rations of the calculated states predict indeed such a coupling
for the 8" and 12 states {;=0, Jg=8, andJ4=0,4, re-
spectively, while it is different for the 10 state 0;=0,

12 1

90
Sr

—18"

10 +

E (MeV)

cnl"s'nl"’\ll‘"ol'\s'ol

EXP SM EXP SM

FIG. 7. Comparison of experimental with calculated level ener-
gies in %,
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Jg=6, andJ3=4). As a result, the calculated states with  The calculated lowest-lying 8to 11" states are domi-
even spins are energetically favored with respect to the statesated by ther(0f520g3),) »(1d2,,) 4 configuration, while the
with odd spins. This is consistent with the experiment, whergecond 8 and 9 states are dominated by configurations
states with odd spins were not observed. Our calculations(0f.20g3,) v(1d%,), and 7 (1ps;3093,) v(1d3,)s, re-
predictB(E2) values of 9 and 12 W.u. for the 16-8; and  spectively. The equidistant level spacings between the 4066,
12" —10; transitions, respectively, which are similar to the 5022, and 5961 keV levels are similar to the level spacings
transition strengths between thé @*,4" states(cf. Table  between the first 0, 2*, and 4" states, which might suggest
VI) and agree with the discussed coupling scheme. In corthat the $7) and 147 states at 5022 and 5961 keV, respec-
trast, small values oB(E2)~3 and 0.2 W.u. are calculated tively, result from coupling the first 2 and 4" states to the
for the 1 —8" and 12 —10; transitions, respectively. 7(7) state at 4066 keV, respectively. In this case, the con-
Therefore, the experimental state at 5923 keV may be relatefiuration m(0f5;09g,)77(1d3,);, with J4=0,2,4 should

with the calculated 1P state. The experimental 7706 keV dominate the 4066, 5022, and 5961 keV levels, respectively.

state may correspond to the calculated fate. A relatively  The present calculations predict such a configuration as main

weak transition strength of 4 W.u. is calculated for thé’ 14 component for the first 11 state as well as a significant

—12*" transition. In summary, the equidistati=2 level  contribution to the second calculated %tate, but not for the

sequence on top of the "8 state, which resembles a lowest three 9 states. Considering the shift of the energies

vibrational-like sequence, is well reproduced by the presendf states generated by coupling the1d§,2)4 configuration

shell-model calculations. The levels above the 7706 ke\éo proton excitations, we consider the Ca|cu|at®’ &I’

state might correspond to the calculated higher-spin positivegz— , 10, , and 1% states to correspond to the experimental

parity states. . _ _  states at 4749, 4882, 5298, 5592, and 5961 keV, respec-
The calculated lowest-lying negative-parity states withiyely To generate 12 and 13 states a second proton pair

3<J<6 are dominated by the configurations is proken and two protons are lifted over the shell gaf at

7(1p3005,) v(1dg)o or 77(01‘57,_%Ogé,2) v(1d3,)o, while =38 The main configuration of these states is

the calculgted sgcond §t?te§ W|th£4§6 are dominated 7(0f e 31p521pt,00%,) v(1d2,),. The 14 state is gener-

by the configurationT(1p;;09g,7) 37(1d5,) 5, With J¢=2,4.  ated by lifting three protons over the shell gapZat 38.

The calculated 3, 4,, 5;, 5,, and 6 states may Accordingly, a gap of about 2.5 MeV is predicted between

correspond to the experimental levels at 2207, 2928, 3468he calculated 13 state and the 14 state, which has no

3144, and 3742 keV, respectively. A main configurationcounterpart in our experiment.

of m(1p33093,)3v(1dZ,)s was obtained for the first 7

state in the present calculations that is analogous

to m(1p35095,)3v(1ds,) for the 11/2 state in 8Sr (see IV. SUMMARY

Sec. llI B.. Both states are depopulated BB transitions

. . High-spin states off°Sr and °°Sr were studied via the
with very close energies of 2042.6 and 2079.4 keV, respec-__ .~ “& 11 82c 1 A1 :
tively. The calculations predict higher values of 2782 andreaCtlonS Se('B, p3n) and “Se( B, p2n), respectively,

. . . at a beam energy of 37 MeV with the GASP spectrometer.
2777 keV, respectively, approaching the experimental en gy b

58 ; The level schemes of°Sr and °°Sr were extended up to 8
ergy of the 3' state at 2734 keV ir“Sr [2]. Accordingly, MeV and 10 MeV, respectively. On the basis of DCO ratios

the lowest 3 state is qalculated at approximgtely the samMegpin assignments for six newly observed state€%®r and
energy of 2751 keV, i.e., about 500 keV higher than thesor most of the states if°Sr above the 4 level at 1656 keV
experimental one. In a previous,) study[36] an admix-  \vere made for the first time. Excited states®ir and %°Sr

ture of the »(Ohyy) orbital in the 11/2 state in®*Sr is  were interpreted in the framework of the shell model. The
considered to lower its energgee Sec. Il B. Because of calculations were performed in a model space including the
the comparable experimental and calculated energies of t fe,1P32,1P1/2,0g) Orbitals for the protons and the
discussedE3 transitions such an effect may also be assume 1p1/,00dq,1ds),) orbitals for the neutrons. Based on these
for the experimental 3 state, and consequently also for the calculations the states up to 27/2nd 23/2, respectively,

7 state in QOSr. On the other hand, states inClUding thEin 898r can be regarded as generated by Coup"nm@zl
coupling of the two unpaired @), neutrons to proton neutron to proton states in the core nuclédSr. The 6857
excitations are calculated too low as discussed above for theeV state cannot be described with the present calculations.
positive-parity states. Besides the considerédsiate, this This feature suggests the possible influence ofyg,Meu-
holds for most of the negative-parity states witt-6 (cf.  tron. The present calculations f6PSr give a good overall
Fig. 7 and Table Yas well. Due to the discussed shift of the description of the observed states. The comparison of the
calculated energy of the 3and 7 states the calculated,5 experimental with the calculated states does not indicate no-
state having an analogous proton configuration may be caticeable quenching of thgs,— p1» proton spin-orbital split-
culated too high as well. Therefore, thg State may be ting in °Sr. The observed equidistastl=2 level sequence
related with the experimental state at 3144 keV, while theon top of the 8 state, which resembles a vibrational-like
calculated 5 state may correspond to the experimental statestructure, could be well described by the configuration
at 3468 keV. 7[(0f5)(0g3,) 1v(1dZ,) favoring even spins.
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