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High-spin states of the nucleSr have been studied via the reacti@se('B,p2n) at a beam energy of
45 MeV. Gamma rays were detected with the six-detector array OSIRIS CUBE. The level sché&ige uis
been extended up tB~11 MeV andJ=17. Mean lifetimes of three levels have been determined using the
Doppler-shift-attenuation method. The level structures®8r have been interpreted in terms of the shell
model. The calculations were performed in the configuration spatg,(0ps,,1p12,0dg,) for the protons
and (1py,,094,,1ds,) for the neutrons. These calculations describe the high-spin level sequences linked by
M1 transitions with strengths &(M1)~0.3 to 1.4 W.u. as multiplets of seniority=4 and 6 states including
proton configurations and neutron-core excitations.

PACS numbd(s): 23.20.Lv, 25.85.Ge, 27.50¢e

[. INTRODUCTION results obtained in Refd10,11. Similarly low values of

In our investigations ofN=48, 49, and 50 nuclei, a B(E2)~8 W.u. and 13 W.u. were obtained for thg 2
variety of structural phenomena has been observed. The,0; transitions in the chain of% %Sr and °6Sr, respec-
yrast sequences of tHg=48 nuclei 8Br, ®Rb, and®Y tively [12]. In this way, the nuclef® %°Sr as well as®® %zr
display moderate collectiveE2 transition strengths of appear to form the region of lowest collectivity of known
B(E2)~15 Weisskopf unit§W.u,) up toJ"=17/2", while  nuclides heavier thart®Ni except for the spherical Pb iso-
at higher spin positive-parity as well as negative-paritytopes[12].
states form multipletiikeAJ=1 sequences including strong __High-spin states of®Sr were previously studied using the
M1 transition strengths of up tB(M1)~1 W.u. [1-4].  "Kr(a,2ny) reaction [13] up to about 5.6 MeV. In the
In shell-model calculations using the model space®’Sr(d,p) studies[14—17, the broken-corev(0gy;1ds),)
7(0fss2,1P3s2,1P1/2,000) »(0gos2,1p1s), the collective —configuration is found to dominate the first (6)and (7)°
properties of the 9/2,13/2",17/2" states result from a co- States which were found to be part of the high-spin level

herent superposition of many contributing components in- T —
cluding 7r(fp) andr(0gg,2) excitations. The high-spin states BOOF A3 g Gate on 1836 keV
with 21/2<J=<33/2 are described as members of seniority | | s |
v=3 andv=5 multiplets arising from a recoupling of the 1200F 9 2 il
87,

spins of the involved proton and neutron orbitals. This recou- - ﬁ +888r 1
pling generates the larg& M 1) values. The low-spin states oo} & XY
of the N=49 nuclei ®Kr and Rb are characterized by pro- v 0855r |
ton excitations coupled to the unpairggl, neutron[5,6]. At @ 400 g .
higher spins J=15), however, evidence for neutron S 5, By s[ §§ Ron g 0
particle-hole excitations across thie=50 shell gap has been 3 4 . Rl S I . EII*@ A9
found[6]. Analogously, we observed high-spin states in the & 1000 1400 1800 2200
N=50 nuclei Kr and 8 which cannot be explained by g T

: ; ; e Gate on 1287 keV
pure proton configurations. For their description, the breakup £
of the closed neutron shell and the excitation of one neutron Z1200
across the shell gap into thelg, orbital is importan{5,7,8]. 3

To extend our knowledge on the nuclear structureNof 8ol g ﬁg
=50 nuclei, we have studied the nuclefSr where the T o
number of protons is at the subshell closidre 38. For the =3 S 8 8
2] —0; transition in ®sr a value of B(E2) 40015 2 8 RF| . 3 2|
=7.20(22) W.u. was adopted in R¢€] on the basis of the h&_ : E:fﬁg lié\ 4. o8 I *T
0 Valuld i st e
200 600 1000 1400 1800
. _ E,, (keV)
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"Present address: Deutsches Institirt Medizinische Dokumen- FIG. 1. Examples of background-corrected coincidence spectra.

tation und Information, D-50899 Ko, Germany. Peaks labeled with their energy are assigne&gr.
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scheme in a recent heavy-ion-induced fission experimerihcidence spectra were extracted by setting gates on certain
[18]. In Ref.[18], the level scheme was extended up to 8.4peak and background intervals in tBg-E, matrices using
MeV but spin assignments to the new levels could not behe code€scLsr[21] andvs [22].

made. In the present work, we have extended the level In Fig. 1, examples of background-corrected coincidence
scheme up tcE~11.4 MeV andJ=17. We have estab- spectra are shown which were extracted from the total matrix
lished a new sequence 1 transitions built on top of the including all detector combinations and used to construct the
8335 keV level and made spin assignments for all levels. level scheme off®Sr. The y rays assigned t&®Sr on the

basis of the present experiment are listed in Table I.

Il. EXPERIMENTAL METHODS AND RESULTS

Excited states of®®Sr were populated via the reaction A. Gamma-gamma directional correlations

80se1B,p2n) at a beam energy of 45 MeV. THEB beam The analysis of directional correlations of coincident
was delivered by the FN tandem accelerator of the Univerrays emitted from oriented staté®@CO) provides informa-

sity of Cologne. The target consisted of a 2.3 mg ém tion on the multipole order of the transitions and, thus, can
thick layer of 8Se enriched to 99.1% on a gold backing of be used to assign spins to the emitting states. This method is
thickness 2.5 mg ci?. Gamma rays were detected with the described in Refs[23—-25. The DCO ratio is defined as
six-detector array OSIRIS CUBEL9]. Singles spectra and Rpco=Y(601,605,P)/Y(6,,0,,P), where the quantity
-7y coincidences were recorded in parallel with the CologneY(6,,6,,P) is the coincidence intensity of a transition
FERA analyzef20]. A total of 3x 10° prompt y-y coinci-  measured at the angk relative to the beam by gating with
dence events were collected and sorted off-line BieE,  a transitiony; measured at the anglyy. The quantity® is
matrices for either all or selected detector combinations. Cothe opening angle between the two planes opened by the

TABLE |. Gamma rays assigned 8Sr in the present experiment.

E,? 1P Roco® on ¢ J NH E;
(keV) (keV)
181.4 8.44) 0.6510) M1 13" 12(+) 8274.4
241.6 6.96) 1.1522) M1 12(H) 12(+) 8334.7
266.9 12.84)F 0.716) " M1 110 10¢) 7908.1
267.1 6.12)f 7" 5369.4
311.3 17.47) 0.728) M1 107) 9() 7640.7
319.6 16.14) " 0.604)" M1 12(+) 119 8093.0
319.6 5.52)F (M1) 7 7" 4686.6
324.2 2.82) 0.4718) (E1) 8 7+ 5426.5
340.5 9.34) 0.54(6) M1 11(H) 10" 7773.4
348.3 491) 0.683) M1 7" 6~ 4367.0
434.6 581) 0.834) M1/E2 6~ 5” 4018.7
449.6 9.45) 0.6411) M1 15" 14 9976.2
489.9 16.%57) 0.575) M1 9(-) 8() 7329.4
522.7 1.92) 0.8920) (E1) 100) 10" 7640.7
528.4 7.34) 0.574) M1 1207) 110) 8436.0
560.9 ~1 13" 8934.2
561.3 6.14) 9 0.6230) " M1 12(+) 11(9) 8334.7
581.8 1.22) 0.54(46) M1 7t 6" 5102.3
592.4 16.26) 0.505) M1 141 134 9526.6
599.5 10.25) 0.459) M1 13 12(+) 8934.2
605.1 13.46) 0.71(14) M1 8(-) 7() 6839.5
616.7 4.13) 0.4413) M1 17(H) 16+ 11354.4
655.4 9.15) 0.436) M1 119 10" 7773.4
659.8 4.73) 0.76(19) M1 13 131 8934.2
761.5 7.15) 0.428) M1 16" 15+) 10737.7
782.9° 5.8(4) 1.21(36) E2 7" 5” 4367.0
841.2 4.73) 0.5326) M1 13" 12(+) 8934.2
850.4 782) 1.055) E2 5 3 3584.1
897.7 1002) 0.7603) El 3 2+ 2733.7
936.4° 8.36) 0.7315) El 6" 5” 4520.5
0.474) "
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TABLE I. (Continued.

E,? 1P Rpco © oN Jr Jr E
(keV) (keV)
972.9 1.92) 0.6310) M1 orE1 13 1247 9408.9
1083.6° 7.3(5) 0.3210) E1l 7t 6~ 5102.3
1132.1¢ 4.24) (E1) 70 7t 6234.4
1255.5 1.72) 10" 83735
1287.0 361) 0.685) El 8+t 7" 5654.0
1464.0 17.89) 1.1616) E2 10* 8" 7118.0
1470.1° 3.1(7) M1 or E1 8(-) 6839.5
1713.9° 4.88) 0.71(7)" (E1) 70 6" 6234.4
1.068)!

1778.9 13.9) 1.1022) E2 10* 8" 7432.9
1836.0 1425) E2K 2+ 0" 1836.0
1867.4° 4.54) (M1) 70 7" 6234.4
1902.9 2.3) M1 orE1 9 8 7329.4
2153.4 4.06) 0.489)" M1 or E1 8) 7 6839.5
2473.3 1.53) (M1) 8() 7" 6839.5
2733.7 <1 E3 3" 0" 2733.7

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

PRelative intensity derived from a spectrum gated by the 1836.0 keV transition and normalized to the 897.7 keV transition.
’DCO ratio determined by gating on the 1836.0 keV transition except for the casey.
dMultipolarity compatible with the DCO ratio and the deexcitation mode.
€Contaminated transition.

fUnresolved doublet. The intensity is estimated from coincidence spectra.
9Unresolved doublet. A combined value derived for the doublet is given.
"Combined value derived for the doublet.

'DCO ratio determined by gating on the 850.4 keV transition.

IDCO ratio determined by gating on the 936.4 keV transition.

kTaken from Ref[9].

respective target-detector axis and the beam axis. The inten- A DCO ratio of 1.0 is expected if both transitiong and

sity Y(6,,6,,®) is obtained by exchanging the observation y, are stretched transitions of pure and equal multipole or-

angles or the gating and observed transition. der. For the present detector geometry and completely
The six Ge detectors of the OSIRIS CUBE are placed atligned nuclei, a value of 0.6 is expected for a pure dipole

angles of 45°, 90° and 135° relative to the beam directiontransition gated on a stretched quadrupole transition. A value

two at each angle. Taking into account the symmetry relatiorof 1.0 or 1.7 is expected for AJ=0 transition using a gate

Y(61,0,,P)=Y(180°- 6,,180°— 6,,d) [26] there are on aAJ=2 orAJ=1 transition, respectively. The resulting

eight detector pairs corresponding @ig=45°, #,=90°, ®  DCO ratios for®Sr are given in Table I.

=90°. Consequently, they-y coincidence events were

sorted into eight separate,-E,, matrices that are related to B. Lifetimes

each of these detector pairs. To reduce the influence of the Mean lifetimes were determined from Doppler shiftsyof

energy dep_endence of th_e time signals on f&hﬁ coinct rays observed in coincidence spectra at angles of 45° and
dence efficiency of the different detector pairs, a relatlvely1350 with respect to the beam direction using the DSA

wide coincidence time interval of 40(_) ns was used. qunc"rrl(ethod. The coincidence spectra were extracted from two
dence spectra were extracted by setting gates on certain pegk g mayrices containing coincidence events of all Ge de-
and background positions in the (45°,90°) matrices and the oy pairs that include one detector at 45° or 135°, respec-
transposed (90°,45%) ones. These spectra were corrected i@fiely, Gates were set on the transitions at 1836.0, 897.7,
the energy-dependent efficiencies of the two detectors ing50.4, 434.6, 348.3, and 1287.0 keV. The corresponding co-
volved. To utilize the full statistics, all eight spectra relatedincidence spectra were added up to obtain maximum statis-
to a certain peak or background gate at one angle combingics. The lifetimes were deduced from comparing experimen-
tion were added up. The DCO ratios were then obtained agil line shapes with calculated ones in a joint fit at the two
the ratio of peak intensities in both background-correcteccomplementary observation angles of 45° and 138® Fig.
sum spectra. The coincidence spectra and the peak intensiti2s The velocity distributions of the emitting nuclei were
were extracted using the cods [22]. calculated with a Monte Carlo code taking into account re-

054314-3



E. A. STEFANOVAet al. PHYSICAL REVIEW C 62 054314

750 T \o' | T | T + |(.(2 T
T @ 9 500 F (b &
3 1=0.24(4) ps ®) @
t=0.75(13) ps
500
45°
£ 200 - g 200
g 100 g 100 -
s [
s 0 S 50
— O Q
g 1000 - 2 700 F
3 3 :
< o
[\
500 | o
500 135° V \
135 FIG. 2. Examples of the line-
shape analysis using the DSA
200 - 200 - method. Lifetimes were deduced
. | . | . | . from a joint fit of calculated to ex-
50 445 450 45 50 520 530 perimental line shapes at the
Ey (keV) E, (keV) complementary observation
angles of 45° and 135°. Feeding
corrections are included. The
800 given values of energies, life-
times, and their errors result from
the presented fits. The lifetimes
500 refer to the adjacent peaks.
g
g 200
Q
8
= 50
£ 1400
g
Z
1000
500
200
100 600
E,(keV)
actions at different depths in the target, the kinematics of the C. The level scheme of®sr

reaction and the sllowmg down and deﬂechon ,Of the recoils The extended level scheme &fSr deduced from the
[27]. For the slowing down process, Lindhard’s cross sec-

tions [28] were used with correction factors 6f=0.9 and prgsgnt expenmept is shown n F'g', 3 It results. fromy-
f =0.7 for the electronic and nuclear stopping powers, recoincidence relations ang-ray intensities. To assign spins

spectively[1]. The sidefeeding times were neglected for ex-and parities to the levelsy-y directional correlations and
citation energies above 25 MeV. The latter value representdeexcitation modes were used.

roughly the maximum excitation energy of the final nucleus The yrast sequence has been known up to the 5654 keV
E* = Ei’\;+ Q-E,—2E, with Q=-4.6 MeV and mean state from previous work with spin and parity assignments of
energies of the emitted proton and neutrons Bf J7=2", 37, and 5 for the 1836, 2734, and 3584 keV

~5 MeV andE,~2.5 MeV, respectively. The sidefeeding States, respectivel}9]. In Ref. [13], tentative spin assign-
time was assumed to increase with decreasing excitation efrents ofJ7=(6)" and J"=(7)" were proposed for the
ergy according targ= (25-E/MeV) X 0.03 ps[1]. The life- levels at 4019 and 4367 keV, respectively. Indg®(i) study
times obtained from this analysis are given in Table Il. Feed{29], a transferred angular momentumlof (7) was given
ing corrections could be made for the lifetimes of the levelsfor the 4367 keV level. For the 4019 keV level, however, the
at 8436, 9527, and 9976 keV, while only effective lifetimesassignmend”=(5)~ was suggested in Ref29] as well as
are given for the 8093, 8335, and 10738 keV levels. in an (n,y) experiment{17] and was adopted in Ref9].
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TABLE II. Lifetimes of states in®®Sr. seems more likely for the newly observed level sequence on
top of the 8335 keV state and is tentatively proposed, al-
Elevel E, Teft 7P though negative parity cannot be ruled out.
(keV) (keV) (ps) (ps) The level sequences feeding the 56, and 7 yrast
d states have been known from the recent fission experiment
Zgzg 536119§ 2091(?) [}8] and are _confirmed on the basis of the present coin-
8436 528' 4 '207) 0.83)° c!c_ience relathns. In addition to R¢fL8], a 581.8 keV tran-
' X ' sition connecting the 4521 and 5102 keV states as well as a
9527 5924 2.066 0'41(1155) 972.9 keV transition populating the 8436 keV state are ob-
22;28 322'2 24155? 0.257% served. Spin assignments &6 and 7 for the 4521 and

5102 keV levels, respectively, are based on the DCO ratios
*ffective lifetime. The error in parentheses is the statistical error.Of the 936.4, 581.8, and 1083.6 keV transitions. We propose
bMean lifetime. The error in parentheses includes the statistical e@0SItIVE parity to tllese |el’els since they are very likely to
ror, uncertainties of feeding times, feeding intensities, and a 100f0rrespond to the)”=(6)" state at 4514)/45182) keV

T + H
uncertainty of the nuclear and electronic stopping power. and J7=(7)" state at 5094)/51003) ke\f; reipectlvely,
“This transition is part of a doublet with a 560.9 keV transition. It 90Served in ¢,p) expenmgnts[lS,/lG]. A JT=T7" state at
contains about 85% of the intensity of the doublet. 5109 keV was also found in arefe’) experimen{30]. The

%This lifetime was deduced from a coincidence spectrum includingdiPole character of the 1713.9 keV transition suggests

the coincidence spectra gated on the peaks at 434.6 and 1836.0 kel the level at 6234 keV. The DCO values of the 605.1,
®The lifetime of the feeding level at 9409 keV is assumed to be in489.9, 311.3, 266.9, and 528.4 keV ftransitions indicate di-

the range ofr=(2-5) ps. pole character as well, resulting in assignmentgsf3, 9,

10, 11, and 12 for the states at 6840, 7329, 7641, 7908, and
Based on the DCO ratios deduced for the 850.4, 434.6, an8436 keV, respectively. In several neighboring nuclei as in
348.3 keV transitiongsee Table) and the observation of a the isotone$®Kr [5], &Y [8], and °°Zr [33], negative-parity
782.9 keV crossover quadrupole transition in the presensequences have been found in competition with the positive-
study, we assigd”=5", 67, and 7 to the 3584, 4019, and parity excitations. Since positive parity has been assigned to
4367 keV levels, respectively, in agreement with RéB]. states up to the I7state at 11354 keVexcept for the 3 to
The DCO ratio of the 1287.0 keV transition indicates dipole7~ state$, we consider the levels with=7 to 12 on top of
character. Thus]l=8 is assigned to the 5654 keV level. This the 6234 keV level as candidates for a negative-parity level
is compatible with the assignment df=8" made for a sequence.
5652 keV level in an€,e’) experimen{30,31]. Based on the DCO values of the 2153.4 and 324.2 keV

A sequence of six states on top of the 5654 keV yrast statgransitions, we assigh=7 and 8 for the 4687 and 5427 keV

was recently observed in R¢fl8] without spin assignments. levels, respectively.
The present measurement confirms the five levels at 7118,

7433, 7773, 8093, and 8274 keV. Based on the quadrupole Il. DISCUSSION

character of the 1464.0 and 1778.9 keV transitions and the ) -

dipole character of the 655.4, 340.5, 319.6, and 181.4 keV A. Shell-model calculations for *Sr

transitions(see Table )l we propose the assignments Bt Shell-model studies were previously carried out to inter-

=10", 10", 11", 12%), and 18" for the 7118, 7433, pret excited states if®Sr up to 6 MeV[34—37. The calcu-
7773, 8093, and 8274 keV levels, respectively. We do notations in Ref.[34] were made without any interaction
confirm the placement of the 241.6 key/ray on top of the between the proton and the neutron systems. Proton configu-
181.4 keV transition and the placement of the 659.8 keV rations only were considered in Ref$36,37. Shell-
ray as a crossover transition linking the 7433 and 8093 ke\model calculations for states up to 5 MeV in the model
levels as proposed in Rdf18]. Instead, we found that the space (@s,,1p3,1P1/2,099,) for the protons and
241.6 and 659.8 ke rays deexcite levels at 8335 and 8934 (1p4/»,0dg/2,1ds2,1S1/2,1d5,0g7,0) for the neutrons were
keV, respectively. These levels form a new sequence toperformed in Ref[13] without considering 2p-2h excita-
gether with levels at 9527, 9976, 10738, and 11354 keV asions. Quasiparticle-phonon model calculations performed in
deduced from the present-y coincidence data. The spin Ref.[18] include 20 orbitals up to [35,, for both the proton
assignments for these levels are based on the dipole charactetd neutron systei88] to construct one-, two-, and three-
of the 561.3, 841.2, 599.5, 592.4, 449.6, 761.5, and 616.phonon excitations for the states up to 8.5 MeV.

keV transitions and are consistent with the DCO ratios of the The shell-model space used in our calculations includes
241.6 and 659.8 ke\AJ=0 transitions(cf. Table ). The the active proton orbitalst(0fs/,1ps2,1p1/2,009) and
effective lifetime of 2.9 ps(cf. Table I) obtained for the neutron orbitals/(1py,0gg,,1ds)) relative to a hypothetic
8335 keV state would result in lower limits of 0.42 W.u. or ®Nj core. Since an empirical set of effective interaction
0.0065 W.u. for theB(M1) or B(E1) values, respectively, matrix elements for this model space is not available up to
of the 241.6 keV transition. TheB(E1l) value of 6.5 now various empirical sets have been combined with the
X 1072 W.u. is relatively high compared with values com- matrix elements of a modified surface-delta interaction. De-
piled for this mass regiof82] while aB(M 1) value of 0.42 tails of this procedure are described in Rd#,6]. The ef-
W.u. is also high but not unusual. Thus, positive parityfective interaction in the proton shells was taken from Ref.
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[36]. In that work, the residual interaction and the single-particle energies to those relative to tf#éNi core has
particle energies of the proton orbitals were deduced from @een performed41] on the basis of the effective resid-
least-squares fit to 170 experimental level energiedNin yal interactions given above. The obtained values are
=50 nuclei with mass numbers between 82 and 96. The dat@gf =-9.106 MeV, €], =—9.033 MeV, ], =-4.715
given in Ref.[39] have been used for the proton-neutron,, 3% . ba Pr y
. . MeV, €5, =—0.346 MeV, €], =—7.834 MeV, ¢€;
interaction  between the w(1py;,0ger) and the Yor2 P12 Y9972
v(1py,009) Orbitals. These data were derived from an=—6.749 MeV, andejy =—4.144 MeV. These single-
iterative fit to 95 experimental level energies&48, 49,  particle energies and the corresponding values of the
and 50 nuclei. The matrix elements of the neutron-neutrorstrengths of the residual interactions have been used to cal-
interaction of thev(1p4/,,0094,) Orbitals have been assumed culate level energies as well @41 and E2 transition
to be equal to the isospii=1 component of the proton- strengths. For the latter, effectiygfactors ofg§“=0.7gfsree
neutron interaction given in Ref.[39]. For the and effective charges &, =1.72 ande,=1.44e [42], have
(mwOfs;,v009,) residual interaction, the matrix elements been applied.
proposed in Ref[40] have been used. The nucleus®Sr has 10 protons and 12 neutrons in the
The single-particle energies relative to tifeNi core  considered configuration space. To make the calculations
have been derived from the single-particle energies of théeasible, a truncation of the occupation numbers was neces-
proton orbitals given in Ref[36] with respect to the’®Ni sary. At most three protons are allowed to occupy the
core and from the neutron single-hole energies of th€1p,;,,09q,) subshell and at most oneyg), neutron can be
1py,2,0099, Orbitals[39]. The transformation of these single- lifted to the 1ds, orbital. With these restrictions, a configu-
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" . . . the lighter N=50 neighbor®Kr [5], while the heavieN
positive—parity states negative—parity states . . .
15 1 7] =50 neighbor®Zr shows a different behavigB3].
88 T The lowest-lying 8, 9", 10", and 12 states as well as
Sr the second 12 state are characterized by the proton configu-
ration 77(0f550g3,,) while the second 10 state and the first
P —16 11" state contain mainly the proton configuration
17—  — m(0f531p35003,). The 10 and 1G states are predicted
16 4//— —15 considerably below the experimental states whereas the cal-
o B =13 — 44 ] culated §, 117, and 17 states reproduce well the experi-
13 e 12 mental ones. The calculated values BfM 1,12 —12;)
S 1312 — — ﬁ\\—}g =0.12 W.u. andB(M1,12} —11;)=0.02 W.u. are not far
é’ H) - —— === from the experimental lower limits oB(M1)=0.42 W.u.
o 10 T ~——10, - —— 3233 andB(M1)=0.03 W.u. for the 241.6 and 561.3 keV transi-
_18 = /9 tions, respectively. In addition, the calculated secong 12
8 - ! - e 8“ 7, state fits well the energy of the experimental 8335 keV state
57 ;_//,: 4 ST T, ] (cf. Fig. 4. Since the proton configurations discussed above
-7 are exhausted al"=12", the generation of positive-parity
—I:__ 64 states with higher spin requires the break up of an additional
T4 pair of nucleons. In fact, proton configurations as well
3 as neutron-core excitations form the major contribution
2 I to the positive-parity states witd=13. The lowest-lying
13", 14", 15", and 16 states as well as the 2
ol o . | state contain the configuration(0f;20g3,) v(0gg1ds,)
EXP SM EXP SM as the main component while the configuration

m(0f;31P23005,) v(0gg51d:,,) dominates the 13and the
lowest 17 state. The calculated 13 14", 15%, 16", and
17" states may correspond to the experimental sequence of
cHfates at 8934, 9527, 9976, 10738, and 11354 keV. In this
ase, we cannot assign any calculated state to the experimen-
al 13" state at 8274 keV which is about 1.5 MeV below the
calculated 13 state. As discussed above, the calculatefl 12
state may correspond to the experimental 8335 keV level
which in this case would have a structure different from that
Experimental and calculated level energies of states imf the level sequence on top of it. As a consequence, the
88Sr are compared in Fig. 4. The main components of the:alculated transition strength B{M1)~2x10"% W.u. for
shell-model positive-parity and negative-parity states arghe 13 — 12 transition would correspond to a lifetime of
listed in Tables Il and 1V, respectively. Calculated transition ;~ 200 ps for the 8934 keV state. This is, however, in dis-
strengths are compared with experimental ones in Table V¢repancy to the effective lifetime of 28 ps deduced for the
The calculated 2 yrast state is mainly described by the 8335 keV level(see Table Ii. The calculations predict the
7(1pa21p1),) excitation. Small contributions including the 127 state to have the same structure as that of tie, 13},
neutron-core excitation (@;1ds;,) add up to some 8%. 15, 167, and 17 states. An assignment of the calculated
This is about half of the 17% occupation obtained from the12} state to the experimental 8335 keV state would lead to a
spectroscopic factor derived in d,p) experimen{16]. The  disagreement between the experimental valueBOk 1)
calculatedB(E2,2] —0;) strength is in good agreement >042 W.u. and the calculated one oB(M1)~9
with the experimental value given in R¢f] (see Table Y. x 1073 W.u. for the 241.6 keV transition. Thus, we cannot
To create a 4 state the break up of an additional proton pairmake a clear conclusion on the structure of the 8335 keV
is necessary. Thus the configuratian(0fs;1p;7095,)  state. The calculateB(M1) values for the 1514 and
dominates the # state which, however, has not been ob-14; —13; transitions are in reasonable agreement with the
served in the present experiment. The lowest-lying&d  experimental transition strengthisee Table V, although
77 states are predicted to contain the neutron-core excitatiothey decrease with increasing spin in contrast to the experi-
v(Ogg,zlldéQ) as the main component although the protonment. The predicted transition strength of 0.02 W.u. for the
excitation dominating the % yrast state could generate’ 6 14, — 13, transition is not compatible with the experimental
and 7" states as well. The calculated contribution of thevalue of 0.3714) W.u. of the 592.4 keV transition. This may
v(0gg51d3,,) configuration to the 6 and 7" states is con- suggest that the calculated;13tate corresponds to the 8934
sistent with spectroscopic factors extracted in tlgpj ex-  keV level. The experimentd&(M1) value of the 592.4 keV
periment [16]. These highest-spin members of the transition would also be fairly well reproduced by the calcu-
v(0ggs1di,) multiplet become yrast iféSr as well as in  lated value ofB(M1,14, —13,)=0.18 W.u., if negative

FIG. 4. Comparison of experimental with calculated level ener-
gies in 883r.

ration space with dimensions smaller than 7000 has be
obtained. The calculations were carried out with the cod
RITSSCHIL [43].

B. Results
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TABLE Ill. Main components of wave functions of positive-parity state$S8r.

Jm Configuratior? vP AC
27 7 1p351p1] 2 73
47 7[(0f551p33)4(095,) 0] 2 23
6, v[0ggr1di,] 2 58
77 v[0gg1ds,,] 2 55
8, 7 (0f52)2(09%:)6] 4 18
97 7 (0f55)4(095) 6] 4 20
107 7{(0f55)2(005,)] 4 47
10, 7 (0f551P32) (095 s] 4 31
117 7 (0f531p3) 4(095) 8] 4 38
127 7 (0f52)4(095,) 6] 4 40
12; 7 (0f55)4(005,) 6] 4 28
125 7 (0f52)0(095,) 6] 1[0gg;21dzs]s 4 7
7[(0f53)2(095,)] 1[0gg;1d3,]5 6 7
13; 7 (0f52)2(005,) 6] 1[09g51d3,]s 6 16
13, 7[(0f551p35)1(005)6]  »[09g1dssls 6 7
147 7 (0f52)2(005,) 6] 1[09g51d3,]6 6 19
15 7 (0f53)2(005,) 6] 1[0gg;1dz,]s 6 29
16/ 7 (0f52)2(005,) 6] 1[09g51d,]6 6 20
17 7 (0f551P32)4(003)s]  ¥[0gg1dz,l6 6 15
3viain contribution to the wave function.
bSeniority.

‘Amount of the contribution in percent.

parity were assumed for the discussed level sequence. How- The level sequence built on top of the 6234 keV state
ever, in this case the calculated valueB{iM 1,15 — 14;) depopulates mainly through the’ Gand 7° members of the
=0.04 W.u. and the experimental one of 134 W.u. for  neutron (@g31ds,) multiplet to the 5 and 6 proton
the 449.6 keV transition would be in obvious disagreementstates. This suggests possible seniasity4 contributions to

The lowest observed negative-parity state®fi$r is the the structure of these states arising from neutron-core exci-
3~ state. For this state, the proton excitatiomp§#0g3,,) is  tations coupled to proton excitations. The calculations pre-
predicted as the main component which is consistent with théict this seniorityv=4 structure of negative parity for the
findings in transfer reactiorigl4,45. In Ref.[30], a transi-  discussed level sequence except for thesTate. In fact, the
tion strength ofB(E3)=22.61(12) W.u. was measured for calculations yield no neutron contributions to the structure of
the transition depopulating the 3state to the ground state the first six 7~ states. The 6234 keV state may correspond to
indicating a collective octupole vibrational structure. In con-the calculated 7 or 75 states, dominated by the
trast to previous shell model studig84—37, the present w7 (1ps51pi,095,) and 7(0fs51pi,0035,) configurations,
calculations predict the 3 state slightly below the experi- respectively, or to a higher lying calculated Btate includ-
mental one as is also obtained in QPM calculatidr®. The  ing proton as well as neutron configurations. The
lowest-lying 5 state is characterized by the(1p;3093,)  m(1p3209s,) »(0ggaldi,) configuration predominates in
configuration in the present calculations, as previously foundhe calculated § and 9, states while the main component of
in the ®’Rb(*He,d) experimen{44]. The main configuration the 1q, 11y, and 13 states is m(0fz20gl,)
in the calculated 6 and 7 states ism(0f5;005,). The  1(0gyi1dl,). The predicted 12 and 12 states include
energies of the expe_nmentaT&nd 7 states are reasonably mainly excitations of the type m(1ps200i.)6
well reproduced while the 6 state is calculated about 1 ,,0gg11dL.)s. Thus, the calculated 9, 10;, 11;, and
MeV below the experimental one. o 12; states may correspond to the experimentaltd 12

To create negative-parity states of spin higher thar7,  giates. As can be seen in Fig. 4, these calculated states repro-
the breakup of an additional pair of nucleons is necessaryce the energies of the experimental states fairly well. The
The 7,, 8, 8;, and 9 states are dominated by the |arge  experimental transiton strength of8(M1)
m(0f5;1p321p1,005,) configuration while the main com-  —0.27(10) W.u. deduced for the 528.4 keV(12-11(")
ponent of the 7 state is ther(1p351p1,005,) configura-  transition (see Table Y can only be reproduced by the
tion. The calculated 7, 75, and § states might corre- proton-neutrorv=4 configuration given above. In this way,
spond to the experimental states at 4687, 5369, and 542Re calculations are compatible with the assignment of nega-
keV, respectively. tive parity tentatively proposed in Sec. Il C for this sequence
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TABLE IV. Main components of wave functions of negative-parity state&gr.

Jm Configuratior? vP AC
37 7[1p35094/,] 2 57
5 7[1p3;09g),] 2 52
6, [ 0f53003,] 2 64
77 [ 0f 5003 ,] 2 63
75 7] (0551P33) 4(1P112095,) 5] 4 21
73 7 (1p32)2(1p1008)s] 4 52
7, 7 (0f551P33) a(101/0051) 4] 4 25
75 7 (0f52)2(1p1,,008)s] 4 19
8, 7 (0f551P35) a(101,005) 5] 4 62
8, 7 (0f531P32) (11,0085 4 47
83 7[1p3;00g7]3 1[0gg;21d3,]s 4 32
9, 7 (0f531P32) a(11,,008)s5] 4 65
9, 7[1p3;00g7]3 1[0gg1d3,]s 4 16
107 7{ 05300856 1[00g51d3,]s 4 18
117 7[0f5;005]6 1[0gg31d5,5]s 4 32
127 71350046 1[09g5 10,16 4 43
12, 713300376 1[0gg;1d3,]s 4 27
13, 7{0f 53008, 1[00g;1dz,]7 4 31
13, 7 (0f551P32)a(1P10061)5]  ¥[09g 10,5 6 23
14, 7 (0f551P35)a(101,0081)s]  [09g51d,]6 6 40
15, 7 (0f521P32)a(1P10061)s]  ¥[09g10,], 6 39
16, 7 (0f551P32)a(101,0081)s]  [09g 103, 6 74
17, 7[0f55008]11 1[0gg;21d2s]s 8 8
3Viain contribution to the wave function.

bSeniority.

cAmount of the contribution in percent.

of states. Configurations of the typg0f;21p521pi00s,) =8, 107, 11*, and 12. The experimental high-spin level

v(0ggi1dl,) are obtained for the calculated 7314,,  sequences witd”>7" andJ™=12" linked by strongM1
15/, and 1§ states, while thev=8 configuration transitions are described by the calculationsvast and 6

m(0f53003,) v(0ggsldi,) is predicted for the main com- multiplets, respectively, which include proton excitations
ponent of the 17 state in our calculations. coupled to neutron-core excitations.
TABLE V. Experimental and calculated transition strengths in

88gr,
IV. SUMMARY
T T a b

High-spin states of®Sr have been studied via the reaction Ey Ji I ok BloMee”  BloN)su
805e!B,p2n) at a beam energy of 45 MeV. The level kev) W.u) W.u)
scheme of®®Sr has been extended by a new level sequencesgss.o 25 (O E2 7.2022) ° 10.3
built on top of the 8335 keV level up tB~11 MeV and gg7.7 3; 2 E1l 0.00063) ©
J=17. On the basis of a DCO analysis, the spins of all ex5733.7 3] of E3  226112°
cited states above the 7evel at 4367 keV were determined ggg 4 5, 3, E2 0.3911) ¢ 1.45
for the first time. Mean lifetimes of three levels have beeng,g 4 120 110 M1 0.2710) ¢ 0.35
derived using the Doppler-shift-attenuation method. Thesgg, 4 149 139 M1 0.3714) ¢ 1.02
lifetimes result in largeM 1 transition strengths oB(M1) 449.6 159 149 M1 1.4+03¢ 0.66

~0.3 to 1.4 W.u. for the corresponding transitions.
Excited states irf®Sr were interpreted in the framework 2Experimental transition strengths in Weisskopf unité/.u.).

of the shell model. The calculations were performed in al W.u.M1)=1.79 u2; 1 W.u.(E1)=1.27 e*fm?;

model space including the €9,,1p3,1P12,9g) Orbitals 1 W.u.(E2)=22.90 e*fm*.

for the protons and the (4,,,094,,1ds,,) orbitals for the PCalculated transition strengths in Weisskopf units. Valuegf

neutrons. Neutron-core excitations are predicted for the low=0.7g"™®ande,=1.72,e,= 1.44 have been used for tH&(M1)

est 6" and 7" states in agreement with results of previousandB(E2) values, respectively.

(d,p) experiment§14—17. Proton configurations of senior- “Value taken from Ref{9].

ity v=4 are predicted for the positive-parity states with  %alue obtained from the present experiment.
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