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Level structures of %°7%Ru at high angular momentum
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The high-spin level structures of%°"%Ru (Z=44) have been investigated using the
85cu(®s, pxn)89"%Ru (x=4,3,2) reactions. About 130 new transitions have been observed and unambigu-
ously placed in the decay schemes of these nuclei. The level schemes have been extended up=tB2spin
347, and excitation energies,~ 20— 24 MeV. Spherical shell model calculations have been performed and
theoretical level energies compared with experimental values. Calculations #8ings the core give a
reasonable agreement for the observed energy levels g 164 (the maximum angular momentum possible
within this restricted model spaceThe higher angular momentum states are dominated by(thg,) ~*
configuration, associated with breaking of tie-50 core. The experimental indications for this “core break-
ing” are (i) the observation ofy rays with energie&,~ 2 MeV at intermediate spins ar(d) the fragmen-
tation of y-ray intensity into a number of branches. A cascadd&®ftransitions of nearly equal transition
energies has been observed®®Ru after the core breaking& 16%), possibly manifesting vibrational behav-
ior. [S0556-281@8)00501-9

PACS numbsefs): 27.60:+j, 23.20.Lv, 21.60.Cs

[. INTRODUCTION space. Furthermore, it was suggested that levels with spins
greater thanl=22% are dominated by the excitation of sev-
Several experimental studies of Ru isotopes at moderateral neutrons across tié=50 shell gag 10]. For the low-
spins have been devoted to the search for the onset of cdlying states of*°Ru (N=51) [11], the dominant proton and
lectivity near theN=50 closed shel[1-4]. These studies neutron configurations werer(py/2,992) and v(ds»,S1/);
revealed interesting information on the low-spin structure ofthe higher-angular-momentum states were generated by the
these nuclei. From the theoretical point of view, severalbreaking of the neutrohN=50 core in this case as well. On
models, such as the shell modlg], the vibrating core model the other hand, collective degrees of freedom seem to play a
[6], and the interacting boson modél] have been used to dominant role in heavier Ru isotopes as the valence neutrons
describe the nature of the low-lying levels in these nucleifill up the 50—82 subshell occupying, in particular, the shape-
Until recently, only limited information was available on the driving hy;,, orbital. For example, collective excitations,
high-spin structures in these nuclei, making it impossible tdand crossings, and quasiparticle alignments are now well
extend the tests of these models to higher-angularestablished if°Ru (N=55) and®Ru (N=56) [12] and the
momentum states. With the advent of heavy-ion acceleratorgvel energies indicate that a transition towards band termi-
and Compton-suppressed Ge dete¢@BG¢ arrays, the ex- nation might occur at the top of the yrast cascadé®@Ru
perimental situation has improved and information is now{12].
available on the high spin states in nuclei in tde-50 re- Located between these two modes of excitations, i.e., be-
gion [8,9]. The low-lying states(up to J"=14") of the tween single particle behavioN&51) and collective behav-
nucleus®Ru (N=50) have been interpreted as being domi-ior (N=55), the nuclei®®®"*Ru are very attractive candi-
nated by proton excitations within tHfg,,ps,P1/2,992 Or-  dates to search for the onset of collectivity above Xhe50
bits[10]. Beyond that, levels up to spin £@vere assumed to closed shell. Theoretical calculations have predicpesbft-
be dominated by the excitation of a single neutron across theess and shape coexistence persisting to high spins in these
N=50 shell closure, coupled to the protons in fipg sub-  nuclei. Recent total Routhian surfaCERS) calculations of
Wyss et al. [13] predict the existence of deformed neutron
configurations with negative parity, associated with the
*Present address: IUCDAEF-Calcutta Center, Sector II/LB-8,v(h;1/,) orbital, in °~°8Ru. These configurations correspond

Bidhan Nagar, Calcutta 700 064, India. to a near-prolate shapey{-0°), but theexpected deforma-
"Present address: Fullerton College, Fullerton, CA 92833. tions are small g,< 0.13 and the local minima in the
*Present address: Leuven University, Leuven, Belgium. TRS'’s are rather shallow. However, these deformed minima
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can be stabilized by the addition of aligngg,, protons to  reliable spin assignments can be made, nonetheless, by com-
the configuration. Also, a half-fillea(gg,) orbit was found paring the ratios of the new lines with those of previously
to be deformation-driving in thé~80 region[14] and the  known y rays whose multipolarity is already firmly estab-
Ru nuclei €= 44) correspond to the half-filleet(gg,») shell.  lished. Supporting evidence for the spin assignments is pro-
A detailed investigation of these nuclei, therefore, could helpsided, in many cases, by the presence of crossover transi-
explore the deformation-driving characteristics of a half-tions observed in these nuclei. The highest spins assigned in
filled gg), proton orbit. the present work are somewhat less certain since crosschecks
from parallel cascades are not available. Tables I-IIl list all
y rays assigned t8°Ru, */Ru, and*®Ru, respectively, along
with their intensities, the intensity-ratiés (where availablg

The y decay of the excited states i#1°"°Ru has been and the suggested placements in the level schemes.
investigated using the early implementation phase of the
Gammasphere spectromefd5] which at that time com-
prised 36 large £70% relative efficiencyCSGe detectors. Ill. EXPERIMENTAL RESULTS
The experiment was carried out at the 88 in. Cyclotron of the
Ernest O. Lawrence Berkeley National Laboratory. The
96.979Ru nuclei were populated via th&Cu(®s, pxn) The level scheme of°Ru, as deduced from this work, is
(x=4,3,2) reactions at a bombarding energy of 142 MeV.shown in Fig. 1 and a typical double-gatgeay coincidence
Two stacked, self-supporting target foils of thicknessspectrum is shown in Fig. 2. The high sensitivity of the Gam-
~0.5 mg/cnt each were used. A data set of approximatelymasphere array has enabled the observation and placement of
400 million events, each requiring at least a triple promptabout 40 new transitions.
coincidence between CSGe detectors, was recorded during The previously known level scheme 8Ru consisted of
the measurement; the final data consisted of approximateliyvo independent sequencés and 2 in Fig. 1 of opposite
73% triple-, 19% quadruple-, and 4% quintuple-coincidenceparities[9]. The positive-parity sequendsequence Jlwas
events. The most strongly populated nuclei wereh@®Ru  known up to spin(22™). The change made with respect to
isotopes(corresponding to 16.3, 20.4, and 18.3 % of the totalthe high-spin levels reported in R¢B] is that the 600-keV
y-ray flux, respectivelyreported herein. Several other reac- transition placed in this sequenfennecting thé¢20™) and
tions channels, such as those leadingt6>°%c (8.2, 12.2, (18") levels is not observed in our data; we do observe a
and 4.1 %, %Mo (8.0 and 4.3 % and °°Rh (4.7 and 595-keV dipole transition, however, which has been placed
3.5 9% final nuclei, were also populated in the experimentat the top of this sequence. The previously kno@s™)
with significant intensities; these nuclei are the subject olevel is now fed directly by the 1043-keV transition and two
separate investigatio46]. new dipole transitions of 748 and 595 keV. Also, the 447-

The observation of very weak transitions, of the order keV transition placed parallel to the 112L10 keV in Ref.
of 1072 in relative intensity when compared to the most[9]) and 337-keV transitions is now located higher in the
intense transition, has been made possible by the combinacheme, below the 822-keV transition, and links ¢h2")
tion of the high statistics and the superior efficiency forand(11") levels. AnM1 character has been assigned to the
threefold and higher coincidence events provided by Gamnew dipole transitions if®~ **Ru, based on mass systematics
masphere. Two symmetrizeffl,-E_-E,, cubes, in the Rad- [11,22 and shell model comparisoitsee below. The DCO
ford [17] and Kuehnef18] formats, have been used during ratios of these transitions indicate values higher than the val-
the data analysis. The Radford-format cube was analyzedes generally associated with pugd transitions, and are
using theRADWARE analysis packagfl9], which uses a gen- similar to those forM1 transitions with strond=2 admix-
eralized background subtraction proced(26] for extract- tures. Abovel=16#, sequence 1 is fragmented into several
ing double-gated coincidence spectra from the cube. In theascades with the same highest-observed spin2(2#) for
Kuehner-format cube, these spectra were obtained using tleach of these.
FUL background subtraction algorithfa1]. Many new tran- Severaly transitions of energies around 2 Me\t744,
sitions have been observed and placed in the decay schemEs46, 1765, 1817, 2058, 2111, and 2289 kd&eding the
of these nuclei. The selectivity afforded by “double gating” (16") level have been observed in the present work. Their
and the presence of many crossover transitions in the leveignificance is discussed later.
schemes of®%Ru provide many checks of the placement The main negative-parity brandlsequence 2has been
and ordering of transitions, and serve to bolster confidence iextended to th€237) level. The new transitions in this se-
the correctness of the proposed level schemes. The sameence are of energies 601 and 1609 keV, respectively. The
holds true for the multipolarity assignments which are base@dequence of rays of energies 781, 747, 1000, and 584 keV,
primarily on the intensity ratios extracted using angle-sortedeeding the 9~ state in Ref[9], has been slightly modified
matrices. In our procedure, coincidence gates are placed @and extended to higher spins by the observation of the 227-,
spectra of the forward-ang(82° and 37°) detectors, and the 1429-, 678-, and 499-keV transitiofsequence 3 in Fig.)1
v rays measured at 90° and at backward an¢ld8° and These two cascaddsequences 2 and are linked by four
147°) are sorted along the two axes of the matricescrossover, dipole transitions of 1155, 476, 265, and 218 keV.
Although  such directional correlation ratios,R  The important change with respect to the high-spin levels
=1 (backward)!l (90°), have their limitations(for ex-  reported in Ref[9] is that the 781-keV transition in the
ample, the stretched quadrupole transitions cannot be distimegative-parity sequence has been placed at a higher spin
guished fromAl=0 dipoles or certaim| =1 transitiony, and excitation energy[deexciting the (17) levell.

II. EXPERIMENTAL METHODS

A. Level scheme of*®Ru
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TABLE |. Energies, initial and final spins, relative intensities, and directional correlation fati@s defined in the texfor *Ru.

E, (keV)? Ji—J P l,© R E, (keV)? Ji—J° l,© R
112.1 (10*) —10* 2.0 (4) 801.2 8 —6" 67.2 2.1(2)
150.2 (147) — (13%) 1.5(4) 822.0 (13%) — (12%) 2.0(6) 15(3)
217.7 13 —(127) 6.0 (1.0 16(2 8316 2"—0" 100.0 1.8(1)
222.7 (9%) —8" 1.0(4) 15(3)  849.2 11" -9~ 50.0

227.0 (217) — (197) 1.2(3) 850.2 (20*) — (18") 1.0(3) 2.1(3)
237.3 —16° <1 867.3 10" —8* 57.0 2.2(1)
265.1 (117) —10° 1.0(3) 15(3)  893.9 (12*) — (10%) 1.1(4)

292.7 (12%) — (12%) 1.0(3) 952.9 13" —11" 36.1 2.0(2)
328.2 —16" <1 973.4 17— (16") 1.0(5)

337.2 (117) — (10%) 1.2(4) 977.2 (19%) — (18%) <1

446.7 (127) — (11%) 1.4(4) 1000.3 12-—10 19.0 1.9(2)
447.0 (14%) — (13%) 1.0(4) 1002.1 9 8" 1.0(3)

475.6 15 —14" 17.6 1.6(2  1004.4 15" —13" 26.9 2.1(2)
499.4 16 —14" 17.8 2.2 10433 20" 18" 2.0(6) 1.8(3
501.0 (18%) —18" 1.0(5) 1071.1 5 4" 47.0 1.3(3)
528.8 14 —13 15.0 1.6(2  1093.2 17%—(16%) 1.0 (4)

584.1 100 -9~ 28.0 1.6(2 11340 227 -20" 1.3(3) 2.0(3)
595.4 (22%) — (217) 1.0(2 1155.0 19" 18" 10.0

597.2 14 —(14%) 5.0 (8) 313 11974 17" —15 26.0 1.9(2)
601.3 (12*) —10* 47.0 182 12291 18 —17* <1

601.4 (18%) — (17%) 1.0(4) 15(3) 12623 14 —12* 25.0 2.0(2)
601.0 (217)—(19) 10.1 192 12991 (187)—17" 1.0(5

632.1 6 —4" 85.0 192 13824 (22*) —20" <1

660.4 9 7" 63.0 2020  1429.2 (197)—18" 1.0(3) 1.6(3)
677.9 18~ —17 16.8 1.5(3)  1440.4 1917 5.0(1.0 1.9(3)
685.1 42" 96.0 192 14470 (167) — (14) 1.0(5)

703.9 775" 58.0 2.0(2)  1459.3 18" —16 1.0(6)

735.2 12711 8.4 1.5(2) 1609 (237)—21" 1.0 (4) 213
746.5 14~ 12 5.0 203 1744 16" —14" 1.0(4)

748.3 21" 20" 1.8(4) 16(3) 1746 (17%) — (16") 1.0(4)

751.2 (207) — (18") 1.0(5) 1765 18 —16" 3.5(8) 1.8(3
761.1 (16") — (147) 12.0 2.2(2) 1817 (22*) — (20%) <1

779.4 9" —(9") 1.1(6) 2058 (17%) — (16%) 1.0(2)

781.4 17" —16" 211 152 2111 (22%) — (20%) <1

781.2 (18%) — (177) <1 2289 (18*) — (16%) 1.0(2)

780.8 (18%) — (167) 1.0(5)

#The transitions of energies 1500 keV are known to- 0.4 keV; for the higher energies the uncertainties-aré keV.

®The J7 of the levels for which the ratidR could not be extracted and which are not fixed by other interband transitions are given in
parentheses.

‘Except where stated, the uncertainties in intensities are less than 10%.

9A blank is kept for all the transitions for which no ratid could be obtained.

The positive-parity and negative-parity cascades are corsbserved and unambiguously placed in the level scheme,
nected at low spins by three crossover transitid®2, 223,  which has been extended upxo> 53/2% andE,~ 18 MeV.
and 779 keV, and at high spins by the 597-, 1459-, and Most of the intensity feeds through the level sequefsze
501-keV y rays. The ¥~) level appears to feed the positive- quence 1shown on the left of the level scheme. In general,
parity sequence at spin‘8 but the “linking” transitions  there is a good agreement with the results obtained previ-

could not be identified. ously [9]; however, some discrepancies have been noted.
The major change compared to Rf] is the observation of
B. Level scheme of’'Ru an 876-keVM1 transition linking the level$35/2") and

Figure 3 illustrates a typical double-gatgeray spectrum (33/2™). Above this transition, the main positive-parity se-
for ®/Ru and the level scheme obtained for this nucleus igluence splits into two parallel cascades. Another fragmenta-
displayed in Fig. 4. This was the most intensely populatedion of y-decay strength occursidhigher. Also, as in the
nucleus in this work and about 50 new transitions have beepase of®®Ru, many newy rays with energies around 2 MeV
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TABLE II. Energies, initial and final spins, relative intensities, and directional correlation fati@s defined in the texfor *’Ru.

E, (keV)? J—J° l,© R E, (keV)? J—J° 1, © R
155.1 (19/27) — (17/2") 3.0(5) 1.5(3) 875.9 (35/2*) —33/2" 7.0 1.6(2)
193.4 21/2 —17/2* 40.0 202  879.3 92%) — (5/2%) 68.0 1.8(2)
207.1 (51/2%) — (49/2") 4.0(7) 1.6(2 8821 (47127) — (43/2%) 1.0(3)

216.0 —39/2 1.0(5) 915.6 (19/2*) —15/2° 21.0 2.1(2)
217.7 (19/2%) —17/2° 4.2 (6) 162  917.4 (47/2%) — (45/2%) 2.0(7) 1.5(@3)
230.1 e < 1% 933.4 25/ —21/2 22.0 2.0(2)
267.2 33/2 — (31/2%) 6.0(1.0) 152 945.1 (43/2%) — (39/2%) 1.0(5)

306.7 (23/2%) —21/2° 2.0(4) 163 9474 (13/2%) — (9/2") 22.0 1.9(2)
316.7 — (51/2%) 1.003 949.9 (23/2%) — (19/2") 8.8 2.1(2)
320.4 11/2 —9/2* 15.0 152  960.7 (49/2%) — (47/2%) 4.0(8) 1.5(@3)
330.0 (41/2) — (39/2") 1.0(4) 1000.2 (11/27)— (9/2%) 8.0 1.3(2)
3435 (31/2") — (29/2") 2.0(5) 1029.1 f 2.0(1.0

376.5 (31/2%) —29/2° 2.0(6) 1028.0 (31/27)—(27/2)) 1.0 (4)

422.1 7/2" —5/2* 100.0 1.5(1)  1040.2 (47/2%) — (43/2") 1.0(5)

430.1 (53/2%) — (51/2%) 4.0(7) 1.6(3  1044.3 (27/2%) — (23/2%) 13.0 1.9(2)
457.2 9/2t - 7/2* 9.0 1.6(2  1062.3 29/2 —25/2" 10.0 1.9(2)
468.1 29/2 —27/2¢ 13.0 1.6(2  1079.7 (43/2%) — (39/2") 1.0(4)

491.0 (39/2%) — (37/2%) 2.1(5) 1109.4 (41/2%) — (39/2) 14.0 1.5(2)
501.1 (29/2%) —27/2 2.0(5) 1143.1 (45/2%) — (41/2") 1.0(5)

525.0 (4712%) —45/2" <1 1164.4 (47/2%) — (45/2%) 6.0 (1.0 1.6(3)
594.2 2712 —25/2° 13.0 1.6(2  1198.1 (49/2%) — (47/2%) 6.0(1.2) 1.5(3)
632.5 (35/2%) — (31/2%) 7.0 212  1204.4 (51/2%) — (49/2") 6.0(1.0) 1503
642.1 (37/2%) — (35/2%) 16.0 152  1230.1 — (53/2%) 5.0(9)

643.2 (21/27) — (19/2") 2.0(6) 1.6(3  1270.1 (39/2%) — (37/2") 3.0(8 1.6(3)
642.6 (27/12%) — (23/2%) 15.0 192 12754 (45/2%) — (41/2%) 8.0 2.2(2)
643.7 33/2 —29/2* 23.0 1.8(2  1341.2 (51/2%) — (49/2%) 1.0(5)

648.2 15/2 —11/2° 89.0 2.02 13883 (49/2%) — (47/2") 4.0

673.3 (19/27)—(15/2°) 4.0 (9) 21(2  1391.0 (39/2%) — (35/2%) 16.0 2.1(2)
674.3 (15/27)—(11/2°) 3.0(1.0 1.8(3) 14192 (47127) — (45/2%) 1.0

695.0 (53/2%) — (51/2%) 1.0(2) 1457.3 (53/2%) — (51/2") 1.0

698.2 (39/2%) — (35/2%) 6.0 1.9(2  1479.1 (51/2%) — (49/2*) 1.0

699.9 17/2 —15/2" 68.0 1.6(2  1481.2 (31/2%) — (27/12") 7.0 2.2(3)
716.9 (23/27)—(19/2°) 3.0(7) 20(3) 1523 9 <1

721.1 17/2 — (13/2") 1.0 (%) 1567 9 <1

727.1 (15/27)— (13/2%) 1.0 (4) 1601 (41/2%) — (37/12") 17.0 1.9(2)
736.7 (45/2%) — (43/2%) 15.0 152 1620 f <1

753.3 (27/27)—(23/2°) 2.0(6) 193 1626 (47/2%) — (45/2") 1.0

772.7 (13/2%) — (9/2%) 16.0 1.8(2 1638 (43/2%) — (41/2%) 6.0

777.6 11/2 —7/2* 88.0 21(1) 1653 (47127) — (43/2%) 1.0

796.1 (31/27)—=(27/12) 1.0(4) 1795 — (53/2%) 1.0

801.7 (47/2%) — (43/2%) 4.0 (9) 1845 (41/2%) — (37/2") 1.0

823.2 (35/27)—(31/2°) 1.0(3) 1879 (49/2") — (45/2%) 1.0

830.4 (43/2%) — (39/2*) 16.0 1.8(2 1883 h 1.0

842.0 (47/2%) — (43/2%) 1.0(5) 1901 — (47/2%) <1

844.6 (31/2%) —27/2¢ 15.0 1.92 2083 i <1

855.4 (17/2%) — (13/2%) 7.1 1.8(3 2153 — (51/2%) 1.0

862.4 (23/127) — (19/2") 17.0 2.002)

&The transitions of energies 1500 keV are known te- 0.4 keV; for the higher energies the uncertainties-ard keV.

®The J™ of the levels for which the rati®? could not be extracted and which are not fixed by other interband transitions are given in
parentheses.

‘Except where stated, the uncertainties in intensities are less than 10%.

dA blank is kept for all the transitions for which no rati® could be obtained.

€The 230-keV transition feeds the 216-keV transition.

"The 1029- and 1620-keV transitions feed the 1230-keV transition.

9The 1523- and 1567-keV transitions feed the 1620-keV transition.

"The 1883-keV transition feeds the 1204-keV transition.

'The 2088-keV transition feeds the 1883-keV transition.
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TABLE llI. Energies, initial and final spins, relative intensities, and directional correlation rti@s defined in the texfor %Ru.

E, (keV)? J—J° l,© R E, (keV)? Ji—3° 1, © R
277.2 (26%) — (24%) <1 1107.2 (277) — (257) 1.0(4)

399.4 (25%) — (24%) 10.0 1.6(2) 1223.2 (257) — (247) <1

406.9 (237)—=(227) 1.5(3) 1230.4 (157) — (137) 10.0 1.9(3)
456.3 (29%) — (28%) <1 1281.1 (27%) — (26%) 1.0(4)

500.1 (29%) — (28") <1 1287.3 (177) — (157) 12.5 2.2(3)
652.9 2r—o* 100.0 1.9(2) 1403.7 (197) — (177) 5.7 (8) 2.1(3
725.7 (18%) — (16") 22.0 2.003) 1442.9 (28%) — (271) 1.0(3)

746.2 4" 2% 81.0 1.8(2) 1465.3 (28%) — (26%) <1

800.3 (117)—(97) 5.5(9) 1.9(3) 1475.0 (26") — (24%) 15.0 2.1(2)
810.9 (97)—=(77) 2.5(1.0 1481.6 (24%) — (22*) 21.0 1.9(2)
821.3 (12%) — (10*) 23.0 2.1(2) 1509 (29%) — (27") <1

825.3 6 4" 57.0 2.0(2) 1738 (30*) — (28%) 5.2 (8) 2.1(3)
826.1 (20%) — (18%) 19.0 1.9(2) 1773 (267) — (257) <1

848.4 (10%) —8* 31.0 2.1(2) 1789 (34%) — (32%) 1.3(6)

875.2 (97)—8" 1.0(4) 1827 (30") — (28") 1.0(5)

876.7 (22%) — (20™) 28.0 2.0(2) 1863 (30%) — (28%) 1.0(5)

888.8 (267) — (25%) <1 1941 (28%) — (271 <1

904.1 8 6" 26.0 1.9(2) 1970 (26™) — (24") 1.3(5)

905.0 (227)—(217) 1.5(4) 1985 (247) — (227) 1.1(5)

912.1 (217)—(207) 3.0(8) 1.5(3) 2055 (28%) — (26") 1.0(5)

969.4 (77)—6" 7.1 1.3(3) 2065 (30%) — (28%) 1.2(5)

989.8 (257) — (247) 1.0(6) 2085 (27%) — (25%) 1.3(5)

995.1 (137) — (117) 14.0 2.0(2) 2160 (30") — (28%) <1

995.4 (207) — (197) 4.1(9) 2125 (28%) — (26%) 1.0(5)

1017.2 (247) — (237) 1.2(5) 2181 (38%) — (36") 1.0(5)

1024.3 (28%) — (26") 3.6(8) 2103 2192 (32%) — (30%) 1.0(5)

1032.2 (147) — (12%) 30.0 1.9(2) 2215 (36%) — (34%) 1.0(5)

1050.1 (277) — (257) 1.0(2) 2223 (32%) — (30") 1.0(5)

1070.1 (16™) — (14%) 34.0 2.0(3 2227 (297) — (277) <1

1075.6 (267) — (25%) 9.5 1.6(2)

&The transitions of energies 1500 keV are known te- 0.4 keV; for the higher energies the uncertainties-aré keV.

bThe J™ of the levels for which the ratidR could not be extracted and which are not fixed by other interband transitions are given in
parentheses.

‘Except where stated, the uncertainties in intensities are less than 10%.

9A blank is kept for all the transitions for which no rati could be obtained.

have been observed at higher spins, i.e., at aboutusly reported3]. This cascaddsequence Bhas been ex
J= 37/2h. This common feature of the level schemes will tended by three ne®?2 transitiong753, 796, and 823 keVV
be discussed below. The highest spin reached in this band is (39/2The inten-

In the second positive-parity sequence of the level schemsity of this band is very weak compared to the positive-parity
(sequence R the earlier wor9] had placed the 155-key  bands:~ 3% of the total intensity as obtained from the 422-
ray below the 855-keV transition; the present data indicateand 879-keVy rays. The(11/27) state is linked to the
the opposite ordering, based on intensity considerations. Fupositive-parity branch via the 1000-kei¥/1 transition to the
thermore, there is no indication in the present data for th@/2* level and the(15/27) level feeds the(13/2%) level
882-keV y ray which was placed above the 773-keV transi-through the 727-keV transition.
tion in Ref.[9]. An 882-keV transition is present, but it has  There are indications of linking transitions between se-
now been placed at higher spin and excitation eng¢rgy, quence 1 and the negative-parity sequence at high spins in
above the (43/2) level]. This sequence has now been ex-that the 1143- and 1845-keV transitions depopulating the
tended to(47/2") due to the observation of the 1080- and (45/2") level appear to feed the negative-parity sequence at
842-keV transitions. Two additional cascades of two transispin (31/2°). Unfortunately, the linking transition@resum-
tions eacH (945-, 1040-keY and(216-, 230-keV] were ob-  ably very weak could not be observed in this experiment.
served parallel with the uppermost part of this sequence. At
low spins, two coincident dipole transitionl807 and 643 C. Level scheme of*®Ru
keV) are found to be parallel to the 950-kéi2 transition. A representative coincidence spectrum obtained*f&u

A AJ=2 cascade built on the1/2") state, consisting of s given in Fig. 5 and the level scheme for this nucleus is
three transitiong717, 673, and 674 kelVhad been previ- shown in Fig. 6. Above the 8 state, and parallel to the main
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level structurgsequence )1 a regular cascade of quadrupole E,~ 18 MeV. This cascade is fragmented at high spins, and

transitions is observed up to spih9~). The y-ray energies

among the new transitions are thrég~2 MeV y rays

of theseE2 transitions increase monotonically with spin be- (1773, 1985, and 2227 keV
tween (97) and (19). This sequencémarked 2 in Fig. Bis
then followed by a number of dipole transitions, of energieshad been reported at low spin using tfMo(«, 4ny) re-

995, 912, 905, 407, 1017, and 990 keV. A total of ten newaction [23]. Some of these transitions belong to nonyrast
transitions have been placed in sequence 2, extending it up &equences which are not populated in heavy-ion-induced re-

In a previous investigation of®Ru, several transitions
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actions, and could not be observed in the present work. Thghe case in®®%Ru. The most intense branch is fed by two
placement of a few transitions has been revised as compareghole transitions of 399 and 1076 keV, followed by a new
to the earlier results. The most important change is that agequence oE2 transitions. These transitions, in order of
opposite-parity assignment has been proposed in [@81.  increasing spin, are of 1738-, 2192-, 1789-, 2215-, and 2181-
for all states above 8, and for some low-spin states. For ey energy. All of them are very weak and it is possible that
example, are2 character has been assigned to the 969-ke¥he ordering of the 2181- and 2215-keV transitions could be
line, while the present data indicate a dipaheost likely an  ,eyersed. A second fragmentation appears at2Bé) level
E1) character. However, the authors of R3] have stated  ang several new cascades appear in parallel with sequence 1.
that in most cases no unique spin and parity assignmery total of 14 transitions of~2 MeV energy have been iden-
could be made on the basis of strong arguments. They alsied at high spins. Overall, the level scheme has been ex-
reported many discrepancies in reproducing the branchingsnqeq up tad=238% and excitation energ,~ 24 MeV, the
ratios, using IBA calculations, for the states above the 8 highest spin and excitation energy observed in this experi-
level. In addition, a study of the nonyrast states’#®u via  ment. and represents a gain ofili spin and~ 14 MeV in
the *"Mo(a, 2ny) reaction[24] also had disagreements with excitation energy in comparison with the previous wik
Ref. [23], in both spin and transition assignments. ~ The positive- and negative-parity branches appear to be
The present data indicate also certain discrepancies Witf\\ked at low and high spins. However, the linking transi-

respect to the latest investigation of this nuclédk There,  tions could not be identified from the coincidence spectra.
two transitions of 644 and 1148 keV were proposed as con-

necting.the 7 —5" =47 levels; thgse have not been_ ob- IV. DISCUSSION

served in the present work. Transitions of these energies are

present in®*Tc [16] and could have been erroneously attrib-  As mentioned above, the low-lying levelsi&50 nuclei

uted to ®®Ru earlier. Furthermore, the placement of the 1017-are well described by spherical shell model calculations with

and 1773-keV(1016 and 1771 in Refl9]) transitions in  %Sr as the inert core and [ar(p1/2,99/); ¥(ds/,S1/2) ] va-

sequence 2 has been revised, based primarily on coincidentance spac¢25]. Such a small configuration space is inad-

and intensity considerations; thegerays are now placed at equate to describe the higher-angular momentum states in

higher spins and excitation energies. A negative parity ighese nuclei. For example, using the above basis, the maxi-

proposed for this sequence on the basigiptomparisons mum angular momentum possible for nuclei witt=50 is

with the shell-model calculations presented below &nd typically around 16. To obtain a more appropriate descrip-

energy-level systematics in this mass regisee discussion tion of the observed high-spin level sequences, large-basis

below). shell model calculations are necessary. These higher-
The previously known positive-parity sequerisequence angular-momentum states could be dominatedibthe ex-

1) included 12E2 transitions decaying from thH@4") level  citation of the neutrons into higher orbitals, such as

to the ground statE9]. The ordering ofy-ray transitions of  v(hy12,97,0), (ii) the excitation of thegg;, neutrons across

848 and 821 keV in this sequence has been changed, bast N=50 core into the next major oscillator shell, Gii)

on the observed intensity pattern. A total of 23 new transiinost likely, a combination of these two processes. In an

tions have been identified and placed in this sequencesarlier study of the high-spin states YiTc [22], a compari-

Above spinJ=24#, a fragmentation of strength occurs, as isson of the experimental excitation energies with the shell-
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model calculations using®Sr, ®®Ni, and *®Ni as the core has small model space, as well as those from a weak-coupling
been reported. It was noted that the inclusion of #és;) ~ Scheme will be presented.
orbitals in the core Ni) resulted in a somewhat better
agreement with the experimental energy levels. It would ap-
pear, therefore, that to adequately describe the observed Shell model calculations fo?°Ru were performed within
higher-angular-momentum states in these nuclei, shell mod&ie¢ model space named GL in the cooesasH [26]. This
calculations would need to be performed using a model"0d€l space encompasses tpy,,ggr2) and v(dspz,Syy2)
space comprising  the m(fep,PamiPizides)  and orbits outside the®®Sr inert core. The two-body matrlx_ele-

; . ments were taken from the work of Gloeckrj@i7] and in-
v(fs12,P3j2:P1/2,9012, G512, 9772, N110) valence orbitals outside o 4o 1o contribution from core excitation
a 5®Ni inert core. Such unrestricted, large-basis calculations Figure 7 compares the experimental excitation energies
are not feasible at present due to computational limitationgyith the calculations. Within the restricted model space used,
and a truncation scheme has to be devised. The details of ofige maximum angular momentum possible f6Ru, with six
such truncation procedure are given in H&0]. In the next  valence protons and two valence neutrons out$igr, is
sections, we will present results of shell-model calculations)=16%. The experimental results and the shell model calcu-
using both small and large configuration spaces’Bu. For lations are in good agreement up to spirk Z6r the positive-
97.98Ru, results of the shell-model calculations using only theparity sequencéFig. 7) and up to spin 1% for the negative-

A. %Ru: Single particle configurations
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parity sequence. The excitation energy predicted by the sheflonfigurations. Hence, shell model calculations were
model code for the 16 state is markedly higher than the performed wusing an enlarged configuration space

experimental value. This discrepancy could be a result ofvhich encompassed eight proton orbitals
significant contributions to this level from configurations [ (s, P3/2,P1/2,99/2:97/2,d5/2,d3/2,517) ] and nine neutron
other thanm(py/2,99/2) ® v(dsj2,S1/9) - orbitals[ ¥(fsp,P3/2,P1/2:99/2:97/2,d5/2,d372,S1/2,N11/2) | out-

The level schemes of® ®Ru show the presence of  side an inert®Ni core. This model space is named SNE in
rays with energies of the order & ,~2 MeV at and above the oxgasH code[26]. A combination of schematic and ex-
the IeyelleGh. These trangitions are indicative of the perimental two-body matrix elements, provided for dn-
breaking of theN=50 core. This conclusion is based on the gagy; was used. Due to computational limitations, the large
following observationsti) no such high-energy transitions mqqe| space was internally truncated by considering only the
exist at the lower spingji) several~2-MeV transitions ap- most dominant configurations for a given angular momentum

pear in parallel with each other—su.ch fragmentation of Nstate. The details of this truncation procedure are described
tensity suggests a profound change in structure whereby S8 Ref. [10]. For levels withJ<16#, no neutron excitations

eral competing excitation pathways become availabie, yuere allowed across th&l=50 magic shell and the

these transitions appear at spins that are consistent with t ¢ bital letel il i
maximum spins possible from the available orbitals without™( '5/2y_p3/2) orbitals were completely occupiede., proton
breaking the core, aniv) these spins and excitation ener- €xcitations were allowed only within the,»,ge, oOrbitals.

gies are in agreement with the shell-model predictions fof O the higher-angular momentum states, calculations were
core breaking. A similar feature had been reported previPerformed by incorporating the excitation of a singlg,
ously in the A~ 150 region: for example, in the nucleus Neutron across thl=50 core into the next major oscillator
'*Dy, two parallel cascades were observed and were attritshell (i.e., the [(g+g,12)‘1,(d5/2)+1]3 [(ger) (512 "1,
uted to the simultaneous breaking of the-64 andN=82  and [(ge2) ™ .(972) "] configurations Due to com-
cores[28]. Further, Rothet al. [8] and Ghugreet al. [11] putational limitations, calculations incorporating the
have observed a similar feature fRh and®Ru as well.  [#(9o2) ~*,(h11,) **] configuration could not be carried out.
Because of this core breaking, the higher-angular- Figure 8 shows the comparison between the experimental
momentum states are likely to be dominated by the excita€Xcitation energies and the “extended basis” shell model
tion of goj, Neutrons across tHig=50 magic shel[10], and calculations. Once again there is a reasonable agreement be-

could involve the tween the experimental and theoretical. excit_ation energies
for the low-lying levels (~16/). The inclusion of the
m(P1/2.99/2)© V[ (dor2) ~*,(dsi2) "] v(hy1/,) orbital results in a better agreement for the 16~

state, which reinforces the interpretation that this state is in-
deed dominated by the occupation of théh,;,) orbital.
7(P12,902) © V[ (Do) (972 7] However, there is a distinct discrepancy between the shell-
model predictions and the experimentally observed excita-
tion energies for the higher-angular momentum stedesi-
7(P12:902) ® V[ (Do)~ (M11) 7] nated by thev(go,) ~* configurationg the calculated energy
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gap between the lower states and those that appear afteated by other configurations than those considered above,
breaking theN=50 shell is much larger than seen in the such as the excitation of neutrons within thg,6,ds,,ds/,

data. This discrepancy could possibly be attributed to eitheg, ,,h,,,) orbits coupled to proton excitations withiipg

(@) the truncation scheme used @) the effective interac- subshell. Unfortunately, these configurations could not be
tions used. The effect of the former could, perhaps, be simuncorporated in the calculations, due to the large dimension-
lated empirically by nqrmali;ing the theoretical excitation ality of them subspace when higherbitals such ak,, are
energy of one of the high-lying statesay,J=17%) to the i, olved. Nevertheless, the shell-model calculations involv-
experimental valugsuch a normalization procedure has pre-jnq photh these model spaces indicate qualitatively the single-

viouslyglgeen adopted by Kabadiyski and cQ-Wprkers for theparticle nature of the observed level sequence¥Ru: par-
case of""Mo [29]). Clearly, the “post-normalization” agree- Fcle excitations within them(p1,9e/); (ds/2:S172,M11)

ment between the theoretical and experimental energy Ieve&ominate the low-lying levels¥<16%); the higher angular-

would, then, be rather good. As fdb), the experimental momentum states appear to be dominated by the excitation
effective interactions used in the calculations were derived PP y

by fitting the low-spin data. However, in the absence of an;f)'c 2 ggyz Neutron across thi =50 magic shell. . :
previous experimental information on the states involving Another noteworthy result of these calculations pertains
the breaking of th&\="50 core, these values have so far not'© the negative-parity sequence obserye&‘_"lﬁu, consisting
been tested for higher spins. It is hoped that the present daf§ Six stretchedE2 transitions and feeding into the &tate.

will lead to the development of better effective interactionsThese states are well reproduced by the shell model calcula-
in this region, especially for those states involving thetions, although the regularity of the energy spacings, and the
v(go) ~* configurations. relatively strongE2 transitions, are quite suggestive of col-

It is also possible that the negative-parity states are domiective degrees of freedof9].
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4t +
- . 4
As stated above, the nucl&*Ru lie in a region where a "
transition from spherical, single particle behavior to collec- 2t
tive phenomena is quite likely to occur. o 0+ 0t
In a previous attempt at understanding the naturg®gfi, Theory Experiment  Experiment  Theory

IBA calculations were performed for the low-lying levéigp
to SPin 10%). Such calculations have led to the conclusion  rg g Comparison of the observed states for the higher spins
that **Ru can be described by the IBA-1 mode its vibra- i %Ry with the spherical shell model calculations, using the model
tional limit) with good results up to spin'8 beyond which space SNHsee text for details
the experimental excitation energies begin to deviate from
the calculated valuef23]. The authors of Ref[24] have _ _
suggested another explanation, using the surface-delta re-RU is markedly poorer than for other staf€gg. 9). Again,
sidual interaction in a two-quasiparticle-plus rotor model.this may be attributed to the contribution from other configu-
Skouraset al.[5] have already demonstrated that in this tran-rations such ag(g7,,h11/2) which were not included in the
sitional region, various approaches, such as the shell modéplculations.
and the particle-rotor model give similar results, and the en- The weak-coupling model has also been quite successful
ergy level systematics are insufficient to arrive at any definitén interpreting the level sequences in the-50 nuclei. The
conclusions regarding the underlying microscopic structurelevels of the ‘N+1" [e.g., ®’Ru(J)] nucleus could be ob-
highlighting the need for more complete spectroscopic infortained by coupling thels, or g7, neutron orbitals to the
mation. “N” [®®Ru(J)] core. The level structures of Nb, Tc, and Rh
The success of the shell model calculations at low andsotopes were well described by this mod&6,30. Figure
moderate spins i?®Ru makes an extension t4°Ru im- 11 illustrates the weak-coupling scheme f8Ru. Levels up
perative. Shell model calculations for these nuclei were firsto J=49/2" and 35/2 can be qualitatively explained in this
performed using the GL model space described above. Figveak-coupling approximation. The levels fRu dominated
ures 9 and 10 show the comparison between the experimehy the[ *®Ru(J) ® v(g,,) ] coupling would lie about 420 keV
tal excitation energies fof’/Ru and ®®Ru, respectively, and higher in excitation energy than the corresponding levels in
the shell model predictions up tb~17%, the maximum an-  °°Ru. This is attributed to the fact that tég,,,) orbital has
gular momentum possible within this restricted model spacean excitation energy of about 420 keV with respect to the
As seen from the figures there is a reasonable agreemen(ds,) orbital (as seen from the excitation energy of 422
between the theoretical and experimental values, up to thkeV for the 7/2 level). The coupling gives good agreement
highest spins. However, the agreement between the theordbr the excitation energies of thd=7/2*,11/2",15/2",
ical and experimental excitation energies for the27/27,31/2" levels(which could not be explained satisfac-
J=7/2%, 11/2%, 15/2", 27/2*, and 31/Z levels in torily by the shell model implying that these levels are in-
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FIG. 9. Comparison of the observed excitation energies and thgy %Ry with the spherical shell model calculations, using the re-
spherical shell model predictions within the GL model space up tostricted model space GL.
spinJ~164 for *Ru.

to the J=37/2" state in °’Ru) where the breaking of the
deed dominated by the(g;,) orbitals which were not in- N=50 core is expected. This difference betwe¥Ru and
corporated in the shell model calculations. However, similar®®Ru could be because of major contributions from other
excitation energies were obtained for the 19/2", 23/2" intrinsic configurations/such asv(h;;,)] for the higher-
levels in both the shell model, and the weak-angular momentum states f#iRu, before the breaking of the
coupling scheme using the[*Ru(J)®r(ds)] and core. The weak-coupling approximation could not be ex-
[®Ru@d)® v(g7)] configurations. Also, theE2 “band-  tended to the negative-parity band 9Ru, due to the fact
like” sequence in®'Ru is well reproduced within both mod- that experimental information on the corresponding states in
els. 9Ru is not available.

As discussed above, the breaking of tde=50 core in The nucleus®Ru has a “band” built on the 9 state,
%Ru occurs abové= 16", as evidenced in the level scheme consisting of fiveE2 transitions with energies monotonically
by the presence oj rays withE ,~2 MeV and the onset of increasing with spin, followed by dipole transitions with ir-
several parallel pathways. A similar feature can be seen inegular level spacings and a fragmentation of the intensity
%Ru aboveJ=37/2" [®*Ru(@=16)® r(dsy)], suggesting into different branches. Within the rotational model, this
that the higher-angular-momentum statesiRu are, again, would typically be an indication of a “band termination.”
dominated by the excitation of &(gy;,) neutron across the As stated before, the “band” if®Ru exhibits almost the
N=50 magic shell. Thus, the shell model calculations andsame general trend and the “band termination” occurs at the
the weak-coupling scheme qualitatively suggest singlesame spin19~) in both nuclei.
particle nature for the observed levels up to high spins and A weakAJ=2 “band,” consisting of sixE2 transitions,
excitation energiesy~22%, E,~12 MeV) in *Ru. and built on the 11/2 state, is observed if’Ru as well.

As seen from Fig. 10, levels up td=16" and 17 in  This also is suggestive of the onset of collectivity and could
%Ru are well reproduced within the shell model calculationsbe interpreted as a “decoupled” band built on thg;,
(using the restricted GL model spacén this case also, the quasineutron statg8]. Similar AJ=2 bands also have been
shell model calculations reproduce the sequendéfran-  observed in®®1%1°Ru [12]; however, the band observed in
sitions observed in the negative-parity part of the level®’Ru is found to be much weaker than that in the heavier odd
scheme. This lends support to the negative-parity assignmefu isotopes.
for this “band.” The weak-coupling schem@®®Ru(J’) This observation of bandlike characteristics brings forth
=9RuJ)® »(ds,)] is also reasonably successful in repro-the need for a more detailed study of the intrinsic structure of
ducing the observed positive-parity sequences uptd6", these levels. As pointed out earlier, these bandlike cascades
as illustrated in Fig. 12. However, this scheme cannot reproin °6°Ru can be reproduced rather well in the framework of
duce the level sequences above this statéch corresponds the shell model and also in the weak-coupling calculations.
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FIG. 11. Comparison of the energy levels #Ru and °’Ru » , 6t
assuming the: (@ [*Rud’)=%°Ru@)®@wv(dsy)] and (b) = I s
[*"Ru@@’")=°Ru(d)® v(f,;)] stretched configurations. The levels e 4t
corresponding to the configuratigh) have been plotted after sub- I N
stracting 422 keV from their excitation enerfihe excitation en- 9”2 el o
ergy of thew(gy,) orbit with respect of the/(ds,,) orbit. See text . .
for detaild. oL 95;2 e 0
Ru Ru

Lifetime measurements have been undertaken to further elu- £ 12, comparison of the positive-parity levels $fRu and
cidate the true nature of the&® cascades, and will be re- s8Ry, assuming the weak-coupling ofiéds;,) neutron to the”’Ru
ported in a separate publicati¢1]. core[*Ru(d) + »(ds;,) = ®Ru(d’)].

An intriguing aspect of the observed level structure in
%Ru is the presence of a cascadeE# transitions with
energiest, ~2 MeV I|nk|.ng the very high Spin 1=281) core agree reasonably well with the experimental energy lev-
yrast state¢see Fig. § This (_:asca_lde of eneigles 173.8’ 2.192’els up toJ~ 164 (the maximum angular momentum possible
1789, 2215, and 2181 keV is built on th28") state, i.e., it .within this restricted spageThe use of a larger configuration

oceurs after th? core breaking. In sphgrical huclei, harmqnlgpace shows that the higher-angular-momentum states are
vibrational motion results in an excitation spectrum consisty | o oted by the excitation of gg), Neutron across the
9/2

ing of equally spaced degenerate phonon multiplets. Bas —50 magic shell. The observation of rays with E_~2

on the observed level spacings, this band could be describq\q V, and the associated fragmentation of $heay flux into

filinal\’l’lbcr:gggggehaslnbceliin:)atlgérvae dsmr]él\?irous?;l?ilvc;b r:— many competing pathways, provide a clear experimental sig-
P : . nature for the breaking of thg=50 core. The core-breaking

nucleus located near the region of the onset of collectivity in icture is also supported qualitatively by the shell-model cal-
the rare-earth regime. It was interpreted as indicative of Y P q y oy

transition to soft triaxial shapes and of an increasinge- culations and by the weak-coupling scheme. The observed
: . ; P N level structures of these nuclei exhibit single-particle nature
formation at high spin§32].

even at the highest spins and excitation energies. Several
cascades OE2 transitions of approximately equal energies
(E,~2 MeV) appear after the breaking of the=50 core in
Extensive level schemes have been established for RU. These cascades are suggestive of a “vibrational” char-

96.97.9%u from data obtained with the early implementation acter.
Gammasphere array. A total of about 130 newransitions

V. SUMMARY

have been identified in these nuclei and_, as a result, thei_r ACKNOWLEDGMENTS
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