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Excited states of the nuclef&Y were investigated via the reactidfiSe'B,4n) at 45 MeV. y rays were
detected with the six-detector array OSIRIS CUBE. The level schenf&Yohas been extended up
=33/Z47) at E~7 MeV. Mean lifetimes of eight levels have been deduced using the Doppler-shift-attenuation
method. The structure 'Y has been interpreted in terms of the shell model. The calculations performed in
the model spacer(0fs,,1p32,1P1/2,009/2) ¥(1P1/2,009) Well reproduce experimental excitation energies and
transition strengths if’Y, especially the larg8(M 1) values of up to 1.8 W.u. between yrast states With
>21/2. Structural differences betweéfy and the isotoné®Rb are discussed on the basis of the shell-model
calculations[S0556-28138)01306-5

PACS numbsd(s): 21.10.Tg, 21.60.Cs, 23.20g, 27.50+e

I. INTRODUCTION II. EXPERIMENTAL METHODS AND RESULTS

. . 87 . .
In our investigation of theN=48 nuclei ®*8r (Z=35) Excited states in®’Y were populated via the reaction

80 A1 — H 11
. Se(B,4n) at E=45 MeV using the**B beam of the FN
85 p— 1
and ™Rb (Z=37) a variety of structural phenomena h.as.beentandem accelerator of the University of Cologne. The target
observed 1,2]. The yrast sequences of these nuclei displa

. : > Yeonsisted of a 2.3 mg ci? thick layer of 8°Se enriched to
regular level spacings and_weakly cqllectlﬁé transition g9 104 on a gold backing of thickness 2.5 mg @ny rays
strengths ofB(E2)~15 We|_sskopf gn|ts(W.u.) up to Jﬂ_ were detected with the six-detector array OSIRIS CUBE
=17/2*. At higher spin positive-parity as well as negative- Singles spectra were recorded in parallel withy coinci-
parity states form multipletlikeAJ=1 sequences including dences with the Cologne FERA analyZ&i. A total of 3
strongM1 transition strengths of up 8(M1)~ 1 W.u.In % 10® y-y coincidences was measured and sorted off-line
shell-model  calculations using the model spaceinto E,— E., matrices for either all or selected detector com-
m(0f5/2,1P3/2,1P1/2,090/2) ¥(0gg/2,1p1/2) the weakly collec-  binations. Coincidence spectra were extracted by setting
tive properties of the 9/2,13/2",17/2" states result from a gates on certain peak and background intervals it
coherent superposition of many contributing components inmatrices using the codesscLsr[9] andvs [10]. Examples
cluding =(fp) and yOgg,f excitations. The positive-parity of background-corrected coincidence spectra are shown in
states with 21/2<J7<33/2" are described as members of Fig. 1. They rays assigned t8"Y on the basis of the present
seniorityv=3 andv=5 multiplets arising from a recoupling coincidence experiment are compiled in Table I.
of the spins of the involvedw(0f;1p4300s,) and
v(Og§,§)8 orbitals. This recoupling generates the large
B(M1) values[3].

To extend the knowledge of the nuclear structureNat I connection with the coincidence experiment the analy-
=48 to nuclei with larger proton numbers we have studiedsiS of d_|rect|onal correlations of co_mudent rays emitted
the nucleust?y (Z=39). Excited states in this nucleus were from oriented state¢DCO) was applied to deduce the mul-
previously sucied in 1Y anster resctofl an U0l 0der of oy faysand thus o gete multpole g
in 85 74, 18, ; .
via "Rb(e,2n) [5] and "Ge(*O,p4n) [6] reactions. In is based on the formalism described in Rdfk1,12 and
discussed, e.g., in Ref13]. The DCO ratio is defined as
Ropco=W(61,65,9)IW(65,60,,4), where the quantit
In the presentﬂwork trj? level scheme By has been W[ECH?,BZ ,(¢)1 dtzanozes Ehé ccljinc)idence intensity o? a trar{si—
extended up t0)7=33/2") at E~7 MeV. Several level o, v» measured in a detector at the anglerelative to the
placements and spin-parity assignments have been altergdl,m’ gated with a transition, measured in a detector at the
with respect to previous work. Mean lifetimes of eight Ievelsang|e91_ The quantityg is the angle between the two planes
have been determined using the Doppler-shift-attenuationened by the respective target-detector axis and the beam
(DSA) method. axis. The intensityW(6,,6,,$) describes the reverse case
arising from an exchange of the observation angles or of the
gating and observed transition. A ratio Bhco=1 is ob-
*Present address: Heyd@artner, 01099 Dresden, Germany. tained if the transitiong; andy, are stretched transitions of
"Deceased. pure and equal multipole order.

A. Gamma-gamma directional correlations

those studies excited states up Ee=4.6 MeV were ob-
served.
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FIG. 1. Examples of background-correctgdy coincidence spectra. Peaks marked with their energies are assighad Reaks marked
with squares in the bottom graph belong®y.

Experimental intensitie¥/ can be extracted frorg,~E,  for certain initial and final spins as a function of arcfamith
coincidence matrices of selected detector pairs. The six Gghe computer cod&oRREL [15]. In these calculations the
detectors of the OSIRIS CUBE are placed at angles of 45%nowledge of the widtho of the Gaussian distribution as-
90°, and 135° to the b_eam direction, two at each angle. Using,med for the population of the magnetic substates of an
the symmetry relationW(6y,6,,$)=W(180°~61,180°  jncompletely aligned state with spify is necessary. Since
- 02'¢’2 [14] theor e are e'?ht detector pairs corresponding Qs quantity could not be determined from the experiment, a
0,=45°, 6,=90°, $=90 ._Cons_equently, the-y coinci- spin-dependent variation of/ J; has been taken into account
dence events were sorted into eight sepaEgieE, matrices — \in the range ofo/J;~0.28-0.32 that was empirically

Fhat are related to each of these detector pairs. To reduce t oved for compound nucleus reactidais]. DCO ratios and
influence of the energy dependence of the time signals on the

.. . . g . 7 . .
¥~y coincidence efficiency of the different detector pairs aMixing ratios obtained for transitions ifi’Y are listed in

wide time interval of 400 ns was used. Coincidence spectrgable I. The experimental DCO ratios of three transitions are

were extracted by setting gates on certain peak and bacﬁ_maller than the smallest values predicted by the calcula-

ground intervals in the (45°,90°) and the transposec}ions’ so that no mixing ratio could be derived from this
(90°,45°) matrices. These spectra were corrected for theomparison. Possible reasons for this discrepancy might be

energy-dependent efficiencies of the two detectors involvedhat assumptions used in the calculations are not valid for

To utilize the full statistics all eight spectra related to a cer-these transitions, or that the transitions are contaminated. For

tain peak or background gate at one angle combination wergome transitions considered to have multipolaity nonva-

added up. DCO ratios were then obtained from peak intensiishing mixing ratios have been deduced. Since lavt@e

ties in the background-corrected sum spectra. admixtures are unlikely, the absolugevalues may be close
Mixing ratios 6§ were deduced from a comparison of the to their lower margins of error. These are smaller than 0.1

experimental DCO ratios with theoretical values calculateccorresponding tdM2 admixtures of less than 1%.
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TABLE |. y transitions assigned t&'Y.
Eya |yb RDCOC E?ATEd S5e O')\f Jiﬂ-g Jfﬂh Eii
(keV) (keV) (keV)
27.0 17/2 15/2 2676
107.5 4.04)) 0.246) ™ 1024 E1) 29/27) 27/2%) 5935
142.2 0.72)! 0.64926) 1024 M1/E2 23/47) 21/%47) 3909
159.8 6.03) 0.593) 1024 0.2%15) M1/E2 19/2* 21/2¢ 2988
169.9 13.86)1 0.596) 1024 -0.1%25) M1 15/2 13/2 2650
174.9 10.46) | 0.593) 1024 —-0.2012) M1 29/%7) 27/1%7) 5935
0.927) 962
247.9 3.43)] 0.975) 1024 0.1911) (E1) 17/ 17/2 2676
264.3 0.70)! 0.647) 399 —0.2020) (E1) 27/1%7) 25/2" 5760
285.4 5.53) 0.967) 1024 0.0729) M1 17/ 1712 2962
1.4212) 962
309.1 172)1 0.622) 1024 —-0.08) M1 17/ 15/2 2676
0.9013) 962
312.3 2.22)] 0.528) 1024 -0.43) ML1/E2 17/ 15/2 2962
331.7 0.41)] 27/4%) 25/2" 5827
364.1 3.93) 0.61(6) 1024 —0.1520) M1 21/%47) 19/247) 3767
380.8 23410) 9/2* 12" 381
399.0 1002) 1.01(2) 1024 E2 21/2° 17/2 2828
439.7 0.82)] 0.734)" 1024 0.1010) " M1 27/1%7) 25/%7) 5760
440.9 3.83)! (M1) 19/%7) 17127 3403
4411 3.03)! (M1) 13/2 (11/2°) 2480
481.1 142) 1k 0.6510) 1024 -0.1015) M1 33/27) 3yZ7) 7017
486.4 413) Ik 0.60(6) 1024 —-0.1620) M1 25/2° 23/2° 4040
506.4 3.32)! 23/%47) 19/4°) 3909
531.5 0.52)] 27/27) 25/27) 5760
558.7 2.12)] 19/2" 17/2" 2988
569.0 1.33)! 25/2¢ 25/2¢ 4610
601.0 292) ik 0.76(6) 399 0.1414) M1 3127 29/27) 6536
615.0 2.24)] 29/%7) 25/%7) 5935
633.3 4.75) ) (11/2°) 13/2° 2038
646.0 8.36) 0.536) 1024 —0.%4) (E1) 29/%7) 2712 5935
678.8 112) 1k 0.322)™ 399 ML1/E2 2712 25/2° 5289
706.3 4.65) 29/%7) 25/%7) 5935
725.8 5g5) ik 0.596) 399 -0.2022) M1 23/2° 21/2° 3554
726.4 7.%6) 0.7005) 962 0.0911) (M1) 19/27) 17/2 3403
770.5 6.27) 0.585) 1024 -0.1017) (M1) 19/27) 17/2 3446
793.5 6.64) 5/2° 1/2- 794
835.8 1.01)! 5/2” 1629
888.2 11.76) 13/2 11/2* 2480
940.1 0.91)! 0.526) 1024 -0.85) ML1/E2 25/2° 23/2° 5496
962.3 18.29) 0.652) 1024 0.087) El 15/2 13/2° 2367
9745 0.70) (9/27) 5/2° 1768
1011.4 2.410 0.95) 1024 E1) 23/27) 23/2¢ 4565
1023.6 15919) 1.014) ° 13/2° 9/2* 1405
1023.6 1297) 1 1024 E2 17/2 13/2° 2429
1040.2 0.81)! (13/2°) (9/27) 2808
1056.8 123) bk 0.708) 1024 0.0418) M1 25/2° 23/2° 4610
1090.6 2.63)! 1.4920) 962 E2 21/47) 17127 3767
1117.6 5.94) 1.027) 1024 E2 23/%47) 19/247) 4565
1.4010) 962
1161.7 1.82) 23/47) 19/4°) 4565
1189.1 1.42) 0.87(18) 399 (E1) 25/%47) 25/2" 5229
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TABLE I. (Continued.

Eya |yb RDCOC E(;:ATEd S5¢ o\ f Jiwg wah Eii

(keV) (keV) (keV)
1195.6 5.74)! 1.4513) 962 (E2) 271%47) 23/%47) 5760
1209.9 26.612) 11/2° 9/2* 1591
1214.9 0.91)! 5/2 2008
1217.4 5.98) ! 0.454) 1024 -1.09) M1/E2 27141 25/2" 5827
1249.0 1.82)) 0.214 ™ 1024 M1/E2 2712 25/2" 5289
1319.4 1.82) ] 0.7511) 1024 0.1422 M1 25/%7) 23/%7) 5229

1.1716) 962

1553.0 3.55) 1k 1.3715) 962 (E2) 25/27) 21/27) 5320
1568.2 2.13) 1.9923 160 (E2) 23/2° 19/2° 4556
1656.8 2.82) (11/2°) 9/2* 2038
1675.1 1.00) 0.569) 1024 -0.2727) (E1) 25/%7) 23/2" 5229
1720.0 5.46) 0.61(3) 1024 —0.1410) (E1) 2714) 25/2" 5760
1727.6 1.34) 23/2¢ 21/2¢ 4556
1735.8 2.83)1 27/2¢ 23/2¢ 5289
1782.4 1q2) bk 1.0313) 1024 E2 25/2° 21/2¢ 4610
1787.8 2.64) 27/%H) 25/2" 5827
1942.2 1.1 0.436) 1024 -0.83) M1/E2 25/2° 23/2¢ 5496

&Transition energy. The error is in the range(0f1-0.5 keV.

PRelative intensity of they ray normalized td ,=100 of the 21/2 —17/2f transition at 399.0 keV. This value represents the quanAtty
of the expressiotW(68)=Aq[1+A,P,(cosd)] and was deduced from intensities in singles spectra measuréd 46° and 90°. If the
transition might be influenced by other lines the intensity was deduced from coincidence $geetfa

°DCO ratio Rpco=W(90°,45°,90°)W(45°,90°,90°).

YEnergy of the gating transition used for the determination of the DCO ratio.

®Mixing ratio 6=(J¢|M(A=2)[3;)/(J¢|M(x=1)|J;) deduced from the DCO ratio. The sign &fis chosen such that it is consistent with
the sign of values deduced from angular distribution coefficigi@]. In the case of more than one solution the smaller absdlw&lue
is given. The error includes the error of the DCO ratio and a certain variation of the widiHsee Sec. Il A

*Multipolarity compatible with the DCO ratio and the deexcitation mode. The notafiafE2 is given, if theE2 admixture derived from
the means value is greater than 5%.

9Spin and parity of the initial state.

hSpin and parity of the final state.

'Energy of the initial state.

J'Intensity deduced from coincidence spectra includjng coincidence events of all detector pairs.

KDoppler-shifted portion of the intensity taken into account.

'This value is the difference between the intensity of the unresolved doublet and the intensity of thes13/2" transition obtained from
coincidence spectra.

MThis value is smaller than the minimum value predicted by the calculat&®es Sec. Il A A mixing ratio could not be derived.
"Combined value derived for the 439.7-440.9-441.1 keV triplet.

°Combined value derived for the 1023.6 keV doublet.

B. Lifetimes neglected for excitation energies above 11 MeV. This value

Mean lifetimes were determined from Doppler shiftsjof Tepresents roughly the maximum excitation energy of the
rays observed in coincidence spectra at angles of 45° arféhal nucleus E* =E, +Q 4E, with a value of Q=
135° to the beam direction usmg the DSA method. These- 18.4 MeV and a mean energy of the emitted neutrons of
coincidence spectra were extracted from tp-E, matri-  E_~2.5 MeV. With decreasing excitation energy an increase
ces containing coincidence events of all Ge detector pairgf the sidefeeding times according teg= (11— E/MeV)
that include one detector at 45° or 135°, respectively. Thex0.03 ps wasassumed1]. Examples of the line-shape

lifetimes were deduced from a comparison of experimentahnalysis are shown in Fig. 2. The lifetimes obtained from this
with calculated line shapes. The velocity distributions of theanalysis are given in Table II.

emitting nuclei were calculated with a Monte Carlo code

taking into apcount reaction; at different depths in the target, IIl. THE LEVEL SCHEME OF 8%y

the kinematics of the reaction and the slowing down and

deflection of the recoilg17]. For the slowing down the cross  The level scheme of’Y deduced from the present experi-
sections given in Ref18] were used with correction factors ment is shown in Fig. 3. It results from they coincidence
of f,=0.9 andf,=0.7 for the electronic and nuclear stop- relations and they-ray intensities. The spin and parity as-
ping powers, respectivelfl]. The sidefeeding times were signments are based on DCO ratios of theays as well as
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FIG. 2. Examples of the line-shape analysis using the DSA method. Lifetimes were deduced from a joint fit of calculated to experimental
line shapes at the complementary observation angles of 45° and 135°. Feeding corrections are included. The values of energies, lifetimes, and
their errors are results of the presented fits.

on deexcitation modes and lifetimes. Extensions and alterat 5289 keV as the27/2* yrast state that populates the
ations of the level scheme with respect to previous work ar®3/2" and 25/2 yrast states via 1735.8 and 1249.0 keV
discussed in the following section. transitions, respectively. Above tH&7/2* state we tenta-
The sequence of positive-parity yrast states built on thdively propose a change of the parity within the sequence of
9/2" isomeric statg7=19.3 h has been known up to the yrast states that is discussed below.
25/2" state at 4040 keV from Ref5]. In that work a In Refs.[5,6] a cascade of 159.8 and 107.5 keV transi-
(27/2%) state deexciting via a 174.9 keV transition to thetions was placed on top of tH&1/2" state and assignments
25/2" yrast state was proposed. We do not confirm thisof 23/2" and 25/2° were made for the corresponding levels
placement of the 174.9 keV transition and consider the statat 2988 and 3094 keV, respectively, which would be yrast
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TABLE II. Mean lifetimes of states irf’Y. has been known from previous wolk]. We have observed
two further transitions depopulating this level and a 678.8
E; (kev) * E, (keV) ° 7(p9 © keV transition feeding it from th€7/2" yrast state. Based
3554 795.8 0.1®) on DCO ratios and the short lifetime we assign spin and
4040 486.4 0.26) parity 25/2" to the 4610 keV level. On top of this we have
4610 1056.8 0.18) found a27/2*) state at 5827 keV. The previously known
5289 678.8 0.14) 107.5 keV transitiorisee above discussipis found to popu-
5760 1720.0 > 3 late this state.
5935 646.0 2.6) Th.e_ cascade of 888.2, 169.9, 312.3, 440.9, and 364.1 keV
6536 601.0 0.265) transitions on top of thd 1/2* state at 1591 keV was al-
7017 481.1 0.16) ready observed in Ref5]. The levels at 2480 and 2962 keV
were considered to correspond to levels at 2486 and 2958
3 evel energy. keV, respectively, identified in thé%(p,t) study[4]. In
PEnergy of they ray used for the line-shape analysis in connectionthat work negative parity was inferred from a distorted-wave
with the DSA method. Born approximation analysis for those levels. Based on this

“Mean lifetime. The error in parentheses includes the statistical e@ssumption negative parity has been proposed also for the
ror, uncertainties of feeding times and feeding intensities and a 1092650 keV level and tentatively for the 3403 and 3767 keV
uncertainty of the nuclear and electronic stopping power. levels[20]. We have observed a 1553.0 keV transition on top
of this sequence and suggest the assign&ng( ) for the
states in that case. However, this is not consistent with thé&evel at 5320 keV. The assignment of negative parity for the
small intensities of the 159.8 and 107.5 keV transitions comstates at 3767 and 5320 keV is supported by their deexcita-
pared with those of the 725.8 and 486.4 keV transitions detion via AJ=2 transitions: in the case of a parity change
exciting the23/2" and 25/2 states at 3554 and 4040 keV, these would have the rather unlikely multipolari2. The
respectively. Moreover, the states at 2988 and 3094 keV dtevels at 2367, 2676, and 3446 keV have been known from
not fit the systematic behavior &3/2" and 25/2° yrast  Ref.[5]. In that work a 27.0 keV transition linking the 2676
states in the chain dfi=48 isotoneg1]. Therefore, we pro- with the 2650 keV level was introduced. We confirm the
pose spin and paritt 9/2" for the 2988 keV level. This existence of such a transition indirectly by the observation of
assignment is compatible with the DCO ratio of the 159.8coincidences of the 169.9 and 770.5 keV transitions. The
keV transition and is supported by the observation of a 558.Tevels at 2367 and 2676 keV were also considered to corre-
keV transition depopulating the state at 2988 keV to thespond to negative-parity states found in %% (p,t) study
17/2" yrast state. We do not confirm the placement of the[4]. We found further levels at 3909, 4565, and 5229 keV
107.5 keV transition on top of the 2988 keV level as given inwhere negative parity is tentatively assumed, too.
Refs.[5,6]. Instead, we infer23/2* and 25/2° states at In the present study we have discovered the yrast states
4556 and 5496 keV, respectively, from the observation of avith J=29/2, 31/2, and 33/2 at 5935, 6536, and 7017 keV,
cascade of transitions at 1568.2 and 940.1 keV as well as oéspectively. The previously known 174.9 keV transition
1727.6 and 1942.2 keV transitions in the present experimentsee abovgis found in the present experiment to depopulate
The 1056.8 keV transition deexciting a level at 4610 keVthe yrast state witll=29/2 to a state withl=27/2 at 5760

33/200___7017
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R —— T i i W X
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FIG. 3. Level scheme of’Y deduced from the present experiment.
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keV. We propose tentatively negative parity for all theseapplying the surface interaction. Details of this procedure
states: if they had positive parity, strengthsB{M2)~140 are described in Ref$32,33. The effective interaction in
W.u. andB(M2)~900 W.u. would result from the present the proton shells was taken from RE84]. In that work the
lifetime measurements for the 1195.6 keV transition deexcitresidual interaction and the single-particle energies of the
ing the J=27/2 state at 5760 keV and for the 615.0 andproton orbitals were deduced from a least-squares fit to 170
706.3 keV transitions deexciting the=29/2 state, respec- experimental level energies M=50 nuclei with mass num-
tively. SuchM 2 strengths can be excluded as they are up tgyers petween 82 and 96. The data given in R24] have
three orders of magnitude greater than values expected Ween used for the proton-neutron interaction between the
this. mass region21]. Howeve_r, the assigr]ment of negative 7(1pyj2,000;) and the w(1pys,0045) Orbitals. These data
parity includes one exceptional transition strength, 100yyere derived from an iterative fit to 95 experimental level
Whereas usual strengths B{E1)<6x10 " W.u. are de-  ono4ies oN =48, 49, and 50 nuclei. The matrix elements of
gzgef;;%rg Tsvp:f;?;:iga?rg: mealsqrem;nt/sz(f?)r the 264. e neutron-neutron interaction of thr¢1p,,,,0gg,) Orbitals

' populating e state have been assumed to be equal to the iso$pirl compo-

e o _)
and the 646.0 keV transition deexciting 186/2") state, nent of the proton-neutron interaction given in R&#4]. For

the 107.5 keV transition linking th@9/2(~) and 27/3") . . . .
_ ; the (0f5,v0gg,) residual interaction the matrix elements
— 2 5/2 9/
states has a strength 8(E1)=2X<10 < W.u. This value Rroposed in Ref[35] have been used.

exceeds the largest values compiled for this mass region i The single-particle energies relative to i core have

Ref.[21] by a factor of about 30, but is only by a factor of been derived from the sinale-particle eneraies of the proton
about 8 larger thaEl transition strengths observed in the =~ vedt Ing'e-parti 9'8 . P
orbitals given in Ref[34] with respect to the/’®Ni core and

isotope®Y [22,23. This problem could be solved by assum- ; .
ing multipolarity M 1/E2 for the 107.5 keV transition. In this T0M the neutron single-hole energies of th@;4,09e2
case the level at 5827 keV would have negative parity an@rPitals [24]. The transformation of these single-particle
the 1217.4 and 1787.8 keV transitions would Bk transi-  €nergies to those relative to tHéNi core has been per-
tions. Since transition strengths of these transitions could nd@rmed[36] on the basis of the effective residual interactions
be deduced, this assumption cannot be excluded. Howevegiven above. The obtained values &g =—9.106 MeV,

tEe deexcitation rpodes of the 5827 keV level may supportfgm: ~9.033 MeV, ef =-4715 MeV, e; =-0.346

the assignment of positive parity. , y

The 5/2 state at 794 keV has been known from previousMeV’ p1p —7.834 MeV, €902 —6.749 MeV. These
work [5]. We found two levels at 1768 and 2808 keV form- Single-particle energies and the corresponding values for the
ing a sequence with the 572state. In addition, two levels at strengths of the residual interactions have been used to cal-
1629 and 2008 keV feeding the 57Xtate are proposed.  culate level energies as well @41 and E2 transition
strengths. For the latter, effectiefactors ofgS"=0.7g®
and effective charges &,=1.72,e,=1.44e [37], respec-
tively, have been applied.

The nucleus®’Y has one proton above the level gap at  The nucleus®”Y has 11 protons and 10 neutrons in the
Z=38 and two neutron holes in t¢=50 shell. The level considered configuration space. To make the calculations
structure of this nucleus displays characteristics of fewfeasible a truncation of the occupation numbers has been
particle excitations in a nearly spherical nucleus: the leveppplied: at least one but at most four protons are allowed to
sequences are multipletlike and comprise only weak or n@ccupy the (Ppy,,099,) subshell. Two of the neutrons are
E2 but stror_lgl_\/ll transitions. The interpretation of _these assumed to occupy thepl,, orbital while the remaining
structures within the framework of the shell model is Pre-eight appear in the @, orbital. With these restrictions a

IV. SHELL-MODEL INTERPRETATION

sented in the following. configuration space with dimensions smaller than 9200 has
been obtained. The calculations were carried out with the
A. Shell-model calculations codeRITSSCHIL [38].

. A To investigate structural differences between staté¥\¥n
Shell-model studies of nuclei with =48 andZ> 38 have and in the isotone®®Rb we have carried out shell-model

mainly been carried out so far in a r_estricted model SPaCalculations for the latter nucleus, too. The nucl&Rb has
generated out of thel:, and (g, orbitals for protons as 55 protons, i.e., one proton hole in thefg,1p5,) subshell.

well as neutron$24-2§ and with empirical effective inter- In the calculations the truncation of the number of excita-

actions[24,29,3Q. Most of the levels with low or moderate tions in them(1py,00e;,) Subshell has been chosen so that

[Sgéiln27in28tg§. nuclzéeib%sdr, 87.\[)’ dSBZ.rt,h. Bglt\:]b’t an(?j 9|0M0 it is compatible with the calculations fdt'Y, i.e., a maxi-
< /,£8,53 cou € described within that model Space. .,y of three or four protons is allowed to occupy this sub-

However, excitations of f, or 1pg, protons may contrib- — ooy g0 positive-parity or negative-parity states, respec-
ute to the configurations of high-spin states as observed 'Hvely

the present study.
The model space used in our calculations includes the
active proton orbitalsr(0fs;,,1p32,1p1/2,0dg2) and neutron
orbitals v(1py/,,09¢,) relative to a hypothetic®®Ni core. Calculated level energies of states §fv are compared
Since an empirical Hamiltonian for this model space is notwith experimental ones in Fig. 4. The main configurations of
available up to now, various empirical Hamiltonians havethe shell-model states are listed in Table IlI; experimental
been combined with results of schematic nuclear interactionand calculated transition strengths are compiled in Table IV.

B. Results
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It can be seen that the calculated level energies and transition
strengths are in good agreement with the experiment.

The positive-parity yrast states with $£23<25/2 are
characterized by the coupling of ongd), proton to the two
neutron holes in the @, orbital. The sequence of the ex-
perimental yrast states, in particular that of the 11/23/2
and the 19/2, 21/2 states, is reproduced in the calcula-
tions. Moreover, the calculatd®(E2) andB(M 1) values of
the transitions deexciting the 21/2 23/2, 25/, and
25/2, states are consistent with the experimental disee
Table IV). To create a 27/2 state the breakup of a pair of
nucleons is necessary. In the main configuration of the
2712, 29/2 , and 31/7 states a pair of f, protons is
broken and one proton lifted to thepi,, orbital. This struc-

tural change from seniority=3 to v=5 above the25/2;

states reflects in a relatively large spacing and a small

B(M1) transition strength between t1&5/2] and 27/2

states, both found in the calculation as well as in the experi-

ment (see Fig. 4 and Table IV The creation of é33/2"

state requires the breakup of an additional pair of nucleons.

The main configuration of this=7 state is dominated by
two Of 5, proton holes and three protons in thgyg orbital,
coupled to the two @y, neutron holes.

The 1/2° ground state contains mainly on@+}, proton.

Its coupling to the two Qg, neutron holes predominates in

FIG. 4. Comparison of experimental with calculated level ener-the lowest-lying negative-parity states with 3/2<17/2 ex-
gies of states if’Y. Spins are given as2

cept for the 5/2 and 7/2 states which are described by a

TABLE Ill. Main components of wave functions of states3fy.

Jm Configuratioft v®  AC J7 Configuratioft v AC
912 70g), V(Ogg/z) 1 49 172, 71py, V(Ogglz) 1 80
1172 7093, »(0g93), 3 31 3z 1P w0052, 3 43
13/2 7095, v(00y), 3 49 1p3; v(0gg)), 1 31
15/ 7003, V(Ogglz) 3 26 512 7'T[0f5/2(099/2) ] V(Ogg/z) 1 20
1712 7095, v(0ggp), 3 AL T 710%52(0050), . v(0g), 3 2
19/ 7003, V(Ogglz) 3 45 92, W1p1/2 V(Ogglz) 3 62
21127 70gg, v(0ggp), 3 43 11/ 1Py, v(0gs9), 3 74
23/2 7093 v(099,2 3 57 13/ wlpl,z V(Ogg,2 3 78
23/2 1Py 1Pi 005zl e v(Ogglz) 5 30 132 «{0f55(005,) ] V(Ogglz) 3 24
25/2{r 77099,2 V(099,2 3 55 15/27 Wlpl/z V(Ogg,z 3 80
25/ W[lpa/zlpuzogg/z]ls,z V(Ogg/z) S 25 15/%, W[Ofslz(ogglz) ] V(Ogglz) 3 1
W[1P3/21P1/2099/2] 112 V(Ogglz) S 22 172 7Tlpllz V(Ogglz) 3 81

25/2 71'[Of5/21|91/2()EJsa/2]13,2 V(Ogg/z) 5 33 1712, 77[0f5,2(099,2) ] V(Ogglz) 3 30
2712 7T[Of5/2191/2099/2]13,2 V(Ogg/z) S 42 19/2 Tr[Of5,2(Ogg,2) ] V(Ogglz) 3 33
2712 7 1p3;1p1 005l v(09g2), 5 38 1972 71'[1p3/2(1pl/2) 1 V(Ogg/z) 3 60
77[1p3/21p1/2099/2]11,2 V(Ogg/z) 5 25 2172 7T[0f5/2(099/2) ] V(Ogglz) 3 31

2912 7[0f5/21p1/2099/2]13/2 V(Ogglz) S 48 2312, 71'[0‘(5/2(099/2) ]19,2 V(Ogg/z) 5 30
W[OfS/zlpllzogg/z]ls,z V(Ogg/z) S 23 2815 77[193/2(099/2) o112 V(Ogglz) 5 6

31/ 7T[Of5/2:I-F)1/2099/2]15,2 V(Ogglz) 5 73 25/2) 71'[0f5/2(0£319/2) o V(Ogglz) 5 50
3312 77'[(0f5/2) (093 SO P, V(Ogglz) 7 13 2512, W[0f5/2(099/2) el V(Ogglz) 5 18
2712, m0f55(005) 1., V(099/2 S 22

29/, w[Ofs,%(Ogglz) s V(Ogglz) 5 19

3172 m{0f55(0g5,,) g7 V(Ogglz S 22

332 w[0f52(0959) ], V(Ogglz) 5 39

8Main contribution to the wave function. The second strongest contribution is given if it is greater than 20%.

bSeniority.

“Amount of the contribution in percent.
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TABLE IV. Experimental and calculated transition strengths in . -
87y g | positive—parity shell-model states
- B(c}) (W.u.)
E}/ J:T Jfﬂ' o\ B(O’)\)Expa B((T)\)SM —_— 33
(keV) (W.u.) (W.u.) "
43 2x10

399.0 21/ 17/ E2 4.53)° 6.2

L | 5(+)0.23 61 0.46 —Y 31
7258 2320 212 M1 0.695% 1.23 I
486.4  25/27 2327 M1 1.10°93 0.87 31— 100 0.58 I
1782.4 25/20 2127 E2 4.7°35 4.6 = 50 v e 2
1056.8 25/2 23/ M1 0.08'5%% 0.04 = 27— ¥ 0.79 -y 27
569.0 25/ 25/ M1 0.05'353 0.02 TN 4f 0.24 4x 107 1

) A 4

1735.8 27/ 23] E2 2.5730 0.23 i 25 v )
1249.0 27/27 25/ M1  0.010°0%%  4x107* o I T Py S
678.8  27/2f 25/ M1 0.55%52¢ 0.14 ~ L 1.23 —y 3
11956 27/, 23/ E2 <2.4 03 21— 123 | 1
531.5 27/ 25/ M1 <0.004 0.07 2r A7T—F—— 62 v .
439.7  27/2 252, M1 <0.01 0.03 17.9 11.0

- ,5 "
1720.0 27/2 25/21: E1l <2x 10_4 i3 i ¥ 13
264.3 27/, 25/ E1 <6x10 173 13
706.3  29/2, 25/ E2 12.0%33 5.0 ol o ¢ v o |
615.0 29/2, 25/2, E2 11.4°81 4.0 Bpp o7y
1749  29/2, 27/, M1 0.79733% 1.12 8748 3948
646.0 29/, 27/2f E1 (L7';)x107*
107.5 29/, 27/ E1 0.020°33% FIG. 5. Lowest-lying positive-parity shell-model states®iRb
601.0 31/, 29/ M1 0.56'53%4 1.40 and 8%y relative to the 9/2 state. Spins are given as)2The
481.1 33/ 31/27 M1 1.78°3% 1.41 numbers at the arrows are reduced transition strengths in M/u.

and E2 transitions are marked with filled and open arrow heads,
8Experimental reduced transition strengths derived from the liferespectively.

times given in Table Il and from the intensities in TableBE2 ) ) )

admixtures of less than 5% are neglected. Weisskopf units are: Were calculated applying the surfaenteraction. These cal-
W.u.(M1)=1.79 x2; 1 W.u.(E1)=1.27 *fm% 1 W.uE2) Cculations have shown that 1% contributions of the configu-
—22 90e2fm?. ration »[(0go) ~2(1ds;)(0hy1)] to the negative-parity
bCalculated reduced transition strengths in Weisskopf units. Value§tateS causkl transition strengths in the order of magnitude

of g¢"=0.7g"* and e, = 1.72,e,=1.44 have been used for the of Te _ei(perlr:)enta:]ones. f th ¢ &
B(M1) andB(E2) values, respectively. n interesting phenomenon of the yrast sequenc

is the change of the parity dt=27/2 that has not been ob-
“Value taken from Ref6]. served in the lighteN=48 nuclei. In the neighboring odd-
mass isotoné°Rb the yrast sequence includes states of posi-
tive parity up toJ=33/2 [1-3], while states of negative
parity have been found up tb=21/2 only. As can be seen in
Fig. 4 the shell-model calculations fof’Y predict the

proton hole in the @5, orbital. In the main configuration of
the lowest-lying negative-parity states with 18€/2<33/2
the unpaired proton occupies thgdp) orbital. In addition, a

Of 5/, proton pair is broken and one proton lifted to thgyQ negative-parity states witli=29/2 to be the yrast states
orbital. These three active protons couple to the @0 \yhich corresponds to the experimental findings.
neutron holes. The individual states are created by a recou- T investigate structural differences between the iso-
pliljg of the _spins of the involved nucleorisee Tab_le M. tones®Y and 8Rb we have compared the results of the
This recoupling causes lar@M 1) strengths especially for  ghe|l-model calculations for these nuclei. Calculated lowest-
the transitions between t@/z;, 31/2 , and 33/¥ states |y|ng positive_parity states |r?5Rb and 87Y are shown in
which are compatible with the experimental value®e Fig. 5 The states are graphed relative to the ;9/2
Table V). . _ .. states which include mainly the configurations
The calculation of B(E1l) values is not posglble in W[(OfQ/S)OOgé/z]V(OQ&S)O in 85Rb andwaé,zv(Ogg,g)O in
the present model space. However, in a previous shellg; ) . : )
model study of the isotope®®Y, neutron excitations - These configurations predominate also in the

+ + : :

over the N=50 shell gap into thevOh,y, orbital were 11/_21 , ..., 25/2] states +|n the respeinve nucllegjss. The
considered that cause alloweB1 transitions [23]. To ~ Main component ff the7/7221 ;- -y 33/2; states in™Rb
test whether the experimentd(E1) values of up to 1S 7[0f521P32095,]7(00gz),- Thus, all states up td”
1072 W.u. between states witd=21/2 in 8Y can be =33/2" in that nucleus can be created by lifting one proton
reproduced by such single-particle transitions, calculationfrom the (Ofs;,,1p3) subshell to the @q, orbital. Com-
were carried out using a restricted model space withpared with that, théZ?/Zl*, R 31/21+ states in®’Y in-

configurations of the typem[(0fs)® "(1p1099)1 "] clude two protons occupying orbitals above the subshell clo-
[ (09g/)° "(1d5) (Oh1,)™] with n= 0, 1. The two-body sure atZz=238 (see Table I} which may result in excitation
matrix elements including thelds, and vOh,,,, orbitals  energies higher than those of the corresponding



57 STATES OF SENIORITY 3 AND 5 IN THEN=48 . .. 2901

61 negative—parity shell-model states 1 _7T[Of5_,§(lp3,§)0(ogg,2)8]y(099,§)8_ The situation in 87\_(
is quite different. Here, the configuration of tH&l/2;
33 B(cA) (W.u.) ] state remains the main component also in the
31— 0.51 23/2;, ..., 33/2; states which are generated by recou-
- | 050 pling the spins of the involved proton orbitaksee Table 1)
> 4T 294, 0.01 ] This means that all states up 88/2; in 7Y involve the
2 27 —— unpaired proton in andy,, orbital and only one further pro-
Ta 0.07 ] ton_is lifted from the 05, to the (Qg» orbitgl. This is ener-
o T B getically more favorable than to cre®&/2, , ..., 33/2;
| PP —¥1— 3 states in®Rb which requires to lift two protons over the
w 2r 0.39 199 0.1 27 | shell gap aZ= 38 into the @, orbital. Thus, the excitation
25— “50 | 29 energies of th@7/2; , ..., 33/2; states in®Rb are up to
55 10° 25 | 2 MeV higher than those of the corresponding state&¥h
6.8 5x10 23 as can be seen in Fig. 6
1.7x107 This comparison hais éhown that the different location of
o 2 4357 487' 21 1 the unpaired proton, belo&= 38 in 8Rb and abov& =38
a7Dsg 2048 in 87, causes remarkable differences in the structure of
these nuclei and, hence, in excitation energies and transition

. . . strengths. These differences may explain the experimental
FIG. 6. Lowest-lying negative-parity shell-model state$iRb result that in®Rb the positive-parity states are yrast up to

87 ; ; ;
and ¥ relative to the 21/2 state. Spins are given asj2The J=33/2, while in %Y the negative-parity states become en-
numbers at the arrows are reduced transition strengths in M/u. . -

ergetically favored abové=27/2.

and E2 transitions are marked with filled and open arrow heads,

respectively.
V. CONCLUSIONS

states in®Rb. Since the configuration predominating in the In the present study excited states of tie=48
2712 ..., 31/2} states in®Y is exhausted aj=31/2, hucleus 87 have been identified up td=33/2 atE~7

the creation of 83/2" state requires even the change from MeV with techniques of in-beany-ray spectroscopy. Mean

the v="5 to av=7 configurationsee Table Ill that leads to 1ctimes of eight levels have been deduced. Shell-

a relatively large gap and a sm&8l(M1) value between the model - calculations — performed in  the . model space
31/2" and 33/2 states in®"Y (see Fig. 5 m(0F5/2,1P372,1P1/2,000/2) ¥(1P1/2,090/2) describe the major-

) . . : . ity of the observed high-spin states on the basis-6f3 and
A comparison of lowest-lying negative-parity states in, _ “g o rations. Especially the large experimental
8Rb and ®’Y is given in Fig. 6. The states are displayed B 9 -+ =SP Y arge exp ;

. - -y (M1) values of transitions between high-spin states with
relat!ve to the21/2, state that has a S|m|lar structure cor?.- J=21/2 are well reproduced. They result from a recoupling
Cem'[‘% thgz a_ctngg: nucleonsil n 2 both ,2”C|e" of the spins of the involved proton and neutron orbitals. A
m(0f52)1(09g2) g In “Rb and#{0%52(095/2) 1(09e2) s comparison of shell-model wave functions of state
in 8Y. To generate higher spin if°Rb it is necessary to with those of corresponding states in the isotSfigb ex-
break a proton pair and lift one proton to the,} orbital.  plains differences between the experimentally found level
Consequently, th23/2; and 25/Z states are characterized structures of these nuclei.
by the configuration{ 0f5;1p331p1,,1¥(0gg/3) . » Which is
exhausted atl= 25/2. The creation of even higher spins

requires therefore the excitation of two protons from The authors would like to thank Professor W. An-
the (Ofs;,1p3,) subshell into the highi- 0gg, orbital.  drejtscheff and Dr. J. bxing for stimulating discussions.
The main components of th27/2,, ..., 33/2; states The technical assistance of W. Schulze, M. Freitag, and G.
are then of the type-r[(Ofg,g)zlpg,é(Ogg,z)S]V(Og§,§)8 or  Pascovici is gratefully acknowledged.
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