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The fusion-evaporation reactioffNi(3?S,2ep) has been used to study the neutron-deficient isotope
8ly. Multiple particle y-ray coincidences have been detected by the GAMMASPHERE array combined with
the MICROBALL charged-particle detector system. Gamma-ray spectra with an improved resolution have
been achieved from an event-by-event determination of the nucleus recoil momentum, thus allowing a precise
Doppler-shift correction. In this way a resolution enhancement by a factor 2 was obtaired fdeV vy line.
During the analysis ak ,-E, matrix as well as aiE -E -E,, cube have been used to extend the previously
known level scheme to higher spih~ 52—7) and excitation energyH,~17 MeV). More than 100 newy rays
and 80 new levels have been added to the level scheme and six new bands have been established. The
interpretation of these bands in terms of the cranking model and their comparison with similar bands in
neighboring nuclei is discusseld0556-28137)02908-7

PACS numbgs): 21.10.Re, 21.60.Cs, 23.20.Lv, 27.5@

. INTRODUCTION bands have been observed up to a tentative spiédf)(and

d (37) and levels up to an excitation energy of 11 MeV have
been proposed.
Further investigation of the nuclear properties in such

Nuclei in the mass region aroud= 80 have been foun
to exhibit a rich variety of structural behavior at high spins.

Theoretical calculation§l,2] as well as experimental data - . . S
have revealed properties like large deformat[@h shape neutron-deficient nuclei is primarily hindered because of two

coexistence[4], and superdeformatiofi5—10,. High-spin experimental difficulties, resulting froifn) the large number
states in 8y ('sz+3) were first established by Lister of exit channels following the fusion-evaporation reaction
et al. [11]. Recently, in-beamy-spectroscopy experiments implying a small relative cross section and an increased
with high-resolutiony detectors in conjunction with particle Packground fromy rays of neighboring nucleiji) the large
detectors have been performed by Mitaetial. [12] and  recoil velocity and its angular spread leading to a large Dop-

Johnsonet al. [13]. Positive- and negative-parity rotational Pler broadening resulting in poor energy resolution in the
observedy-ray spectra.

In order to overcome the first difficulty, largeray detec-
*Deceased. tor arrays with improved sensitivity have to be used. The
TPresent address: Department of Physics, University of Notréecond difficulty arises from a slowing down of the recoils in
Dame, Notre Dame, Indiana 46556. the target and from particle emission. Both effects contribute
*Present address: Los Alamos National Laboratory, Los Alamosto the Doppler broadening and can be reduced by measuring
New Mexico 87545. the recoil angle and velocity with a highly segmented par-
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ticle detector, thus allowing a precise Doppler-shift correc- 3000
tion for y rays emitted from the recoils.

The present paper presents the results of a measuremery 2000 |
with the early implementation setup of the GAMMA-
SPHERE array[14] and the MICROBALL 47 charged-
particle detector arrayf15]. The high sensitivity of the
GAMMASPHERE array as well as the selectivity of the MI- 0 ‘
CROBALL have been essential to experimentally examine ;40000 | g “zr

the level scheme of the nucleddY up to high excitation " ° . & o X
energies. On the basis of the recorded particle data a kine-g )}L} 3 g g
b

Count

1000

matic Doppler-shift correction was performed, resulting in a & 50000 |
considerable improvement in the energy resolution of the
observedy lines.

0 500 1000 1500
E, keV)
Il. EXPERIMENTAL DETAILS

. . . i . FIG. 1. Comparison of the total spectrufbotton) and a
Hslgh_-sgpzln states In t_he nucleusy were zpopulated VIa particle-gated spectrurttop), representative foflY. The particle
the °Ni(*’S,2¢p) reaction. The 135 MeV*’s beam was gate required a coincidence with the:2p exit channel.

provided by the 88-inch Cyclotron of the Lawrence Berkeley

National Laboratory and was focused on a self-supportingchieved by requiring a coincidence with the selected
enriched *Ni target with an effective thickness of charged particles. A comparison of the total projection and
%(?3#9/0”12- Under these conditions the compound nucleushe particle-gated projection is shown in Fig. 1. Both projec-

Ru is formed with a maximum angular momentum of tions are sums of spectra from individual detectors after cor-

about 52 according to fusion evaporation calculations. Therecting the average Doppler shift in each Ge detector with
main aim of the experiment was to study nuclei in the Zrrespect to the beam axis.

region[6]. However, the nucleu&'Y was weakly populated
with respect to the total fusion cross section,
o(®Y)<1% oy, but the highly sensitive detection
method promised overwhelming new data. In order to investigate fasy-ray transitions the experi-

Emitted y rays from the target were detected with the ment was performed with a thin target. In this way the ob-
early implementation phase of GAMMASPHERE, consist-servedy rays were emitted from &Y nucleus in flight,
ing of 36 Compton-suppressed Ge detectors. To reduce Dopecoiling with a velocity ofv/c~0.034. Although the intrin-
pler broadening, 30 detectors were placed in a forwardsic energy resolution of a germanium detector is typically 2.5
backward geometry withd<37° or =143°, leaving the keV for a 1 MeV y line, the observed energy resolution in
remaining six detectors at 90°. Evaporated light charged paithe 8'Y spectrum was about 12 keV after correcting for the
ticles (p, d, t, and @) were detected with therarray MI-  Doppler shift in each detector with respect to the beam axis
CROBALL, consisting of 95 Csl charged-particle detectors.(conventional Doppler-shift correctipnThe bad resolution
Simultaneously this detector array permitted a clean separdd the observedy line is due to the opening angle of the
tion between protons, deuterons, andparticles, and pro- germanium detector and the large cone angle of the residual
vided a precise angular information of the particle directionnuclei by o andp emission in different directions, resulting
due to the high granularity. During the experiment onlyin an increased Doppler broadening being observed in a fixed
events which satisfied gfold = 3 condition in coincidence detector(see Fig. 2 In a conventional Doppler-shift correc-
with particles detected by the MICROBALL were written to tion, AEC;:,BOEycosﬂO, the residual nucleus is assumed to
tape. Approximately 5.% 10° events were collected. recoil along the beam axis8g=vy/c) and recoil momenta
of emitted particles are neglected. To enhance the resolution,
the kinematic Doppler-shift correction method was applied
to the data. From the MICROBALL data an event-by-event

The recorded events were analyzed in several steps, eaggtermination of the momenta of all emitted particles was
one focusing on a reduction of contaminatipgines and the
enhancement of energy resolution as well as a peak-to-
background ratio in the observedray spectra.

In the first step, the charged particles from each event
were identified as protons or alphas and from the analysis of

A. Kinematic Doppler-shift correction

IIl. DATA ANALYSIS AND RESULTS

different particley coincidences the appropriate particle gate o

for the 8 exit channel was deduced. According to this @ o .
selection the number of events was reduced to approximately

9% 10°, a fraction of approximately 1.6% of the total amount 32 58 . 90

. . : Ru
of data. This value is comparable to the expected relative Ni
cross section of the nucledsy in this reaction as predicted  FIG. 2. Comparison between the conventional and kinematic
by fusion-evaporation calculations. Despite this small num-Doppler-shift correction method. Angles and vectors are marked as
ber of events a large gain in background reduction waslescribed in the text.
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carried out and the nuclear recoil momentum was deducetthe energy at the minimum of this cunie, =16 MeV, was
on the basis of reaction kinematics. In this way improvedfinally taken as the best guess for the kinetic energy ofthe
values for the direction and the velocity of the recoiling in the center-of-mass system. Because of the low curvature
nucleus were calculated. This allows a more precisef this function close to the minimum, variations in the ki-
Doppler-shift correctionAE, = BE,cosd, for eachy ray, netic energy between 10 and 25 MeV only have a small
detected at the anglé with respect to the direction of the influence on the width of the lines in the corrected spectra.
recoiling nucleugg=v/c, Fig. 2. The main effect in kinematic Doppler-shift correction turned
Experimental difficulties resulted in unreliable energy out to be the directional correlation of all emitted particles
calibrations for the particle detectors in the MICROBALL and their influence on the initial momentum of the recoiling
array. Therefore, assumptions about the kinetic energy of thgucleus. During the sorting process the kinematic Doppler-
emittede andp had to be made. Proceeding on the fact thatshift correction was applied to thexal(® high-fold events,
the kinetic energy of an evaporatedparticle in the center- pelonging to Y. These events were unpacked into
of-mass system[Eg'=V (MeV)~ zZ/A™] is approxi- 31x10° twofold coincidences as well as ¥30° threefold
mately given by the Coulomb repulsioV{) between the coincidences and sorted into aB,-E, matrix or an
emitted a particle ) and the residual nucleusZ(A), a  E,-E,-E, cube, respectively. Despite the low number of
value of 10—-20 MeV is expected in the center-of-mass syseounts in the matrix and the cube, clean coincidence spectra
tem. could be produced due to the reduced background in the gate
To obtain an optimum average value, spectra with differ-as the result of both the charged-particle gate and the en-
ent assumptions for the kinetic energy of ta@article were  hanced resolution by kinematic Doppler-shift correction. The
sorted (Fig. 3. (The kinetic energy of the proton in the gainin E, resolution compared to the conventional Doppler-
center-of-mass system was assumed tozbeE,.) From  shift correction is shown in Fig. 4, e.g., the resolution of a 1
each spectrum the FWHM of the 1033 keNine in Y was  MeV v line is improved by a factor of 2, to less than 6 keV.
deduced and plotted as a functionf (see inset in Fig. 8 It should be noted that the improvement in energy resolution

500 20 T
— o conventional DSC
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100 | ‘ | \ ‘ (1 ‘}T @ Doppler-shift correctioDSC).
o WWMM‘WLMWRM WMWLA%'JWMW gt st
500 1000 1500 2000

Ev (keV)



732 H. SCHNAREet al. 56

81\(

(67/2)  (17662) positive—parity band:
(16781)__ (55/2*)

|
|
!
(2421) !
|

|
|
i )
2302
(53/2%) | 15241 (2302)
|
14479 | (51/2%)
2160 _
+ ‘ 1904
(49/29) 13275 . (49/2%) | 13081 1970
12575 | (47/2%)
2048 1854
45/2%) 11538 1695
o/2)_TER... \......(&5/2_")__L227 772
10880 | (43/2%) :
1991 40 —
(@129 9974 \ 1561
41/2+ 7 1602
(39/27) 9B \ -------- (47 8 o3 | (39/2%)
s 1902 _ 8913 _(37/2%)
@7/2) 8498\ \ s i y 1375
............. 37/ 2t 8073 813_6__(;5/ 2 ) 7944 (35 /2+) 1435 1603
1553 1876 1480 1487 1459 - 1 e 7310} (33/2%)
(33/29) | 6944 ) 1255
6622 66691 (31/2%) (31/2% | 1478
129 7 A 2+
" 1359 1535 1371 1477 [ ...5832 (29/
(29/2 493 5264 ! )
.................................. 5134.4....(27/4; At 4/ 1283
1925 .
/ 45480 (25/2
[y 1392 / S )
(25/2* 3989\ ____________________ 3908 . 374208 ,2.3/2+.) ..... I ........................................ { SOOI / 138
o g 1866 3410] (21/2%)
1306 1226
(@2 | 6821360 1232 99
______________________ ]:2510- 19/21' 1760 2413 £17/2+)
11
860 1030 933 865
(17/2_+)_|_\ 650 1 +
A : Vi weol /2t L 1548] (13/2%)

22642 708
------- > 156 682 ) 1/2"

" R
5954%*_268_8? i 150533 7/2+
K A B C X D

FIG. 5. Partial level scheme for the positive-parity band$™f, with energies in keV and uncertain spin and parity assignments in
parentheses. The thicknessyarrows reflects their intensity. Letters assigned to each band at the bottom of the figure indicate a name for
the band, as referred in the text.

is accompanied by a simultaneous enhancement in the peakem the cube proved to be essential for the determination of
to-background ratio in the observedspectra. Furthermore, the complex level scheme dttY. The level scheme was

spectra with less contaminatinglines are produced as the built on the basis of coincidence relations and relative inten-
consequence of a more precise placement of the coincidenegies as well as-ray energy sums.

window. Information on the transition multipolarities was obtained
by using the method of directional correlation from oriented
B. Coincidence analysis states(DCO). For this purpose theyy coincidences were
Further analysis of th&.-E., coincidence matrix and the stored in a matrix with axes representing the energiey of

E}/-E‘y-Ey cube was performed with the Radwd@] soft- rays emitted from detectors in forward-backward geometry
ware package. The combination of single-gated spectra frofff!<37° or =143°) against detectors &=90°. Due to the

the twofold data and the double-gated spectra from the cubgmall number of counts in the DCO matrix=@.5x 10°)
provided the sensitivity required for the study of high-spinunambiguous multipole orders were only obtained for the
bands and their linking transitions to the low-lying states oflowest y-ray transitions in the positive-parity yrast band.
the nucleus. The analysis method of the kinematic DopplerTherefore spin-parity assignments of the higher energy levels
shift correction and the use of double-gated spectra extracteate based on known systematic structures in neighboring nu-
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FIG. 6. Partial level scheme for the negative-parity band&"f(see also previous figure

clei and earlier measurements of this nuclgl®, 13. 1854 keV transition are clearly seen in the single-gated spec-
trum of Fig. 4, which was already discussed in connection
IV. LEVEL SCHEME OF 8y with the resolution enhancement. Here a single gate was

e . 41+
The level scheme oflY, based on the present work, is placed on the 1515 keV transition deexciting the= (5

presented in Figs. 5 and 6, with the widths of the transitionstate. Note the higher relative intensity in the 1357 keV
proportional to the measured intensities. Any tentative spinline, resulting from the 1356/1359 ke)/ray sequence. This
parity assignments in the level scheme not resulting fronfequence ofy lines was further confirmed with different
DCO ratios have been put into parentheses. Compared to ti@mbinations of double-gated spectra deduced from the
level scheme oflY obtained from earlier experiments, the cube. Figure 7 shows at the bottom a spectrum of the
present study with GAMMASPHERE and MICROBALL (+,+3) yrast band, labeled\, created by combining all
has made a substantial improvement in they spectra at  possible double gates on the sjxray transitions between
h|gh_ energies leading to an extension of spectroscopic infory359 and 2160 keV of this band.

mation in this nucleus to higher spins, including six new
bands. Table | summarizes the deduced levelsnergies,
proposed spins, and parities.

In addition, severaly-ray transitions(e.g., 912, 1264,
1306 keV, . . .) originating from levels placed as sequettce
in Fig. 5 were observed to feed different levels of the

(+,+3) yrast bandA. The coincidence spectra gated on
these lines did not reveal any more evidence of other coin-
In the previously reported level scheme ¥ [12,13,  cidenty lines as those shown in Fig. 5 and no extended band
the favored signature of the yrast bané with  structures in connection with the observed transitions have
(m,a)=(+,+3), was observed up to a spifi=(%"). In been established. A similar feature was also reported in the
the present study that placement of levels was confirmed uprast band of the neighboring odd nuclet®y [17].
to1™=2" whereas some discrepancies were observed con- In the unfavored ¢,—3) yrast bandB the previously
cerning the extension of the band. The 1365 keV transitioneported 934 keV transition, assigned to populate the
proposed by Mitaraet al. [12] and Johnsoret al. [13] to | 7=15+ |evel, was not confirmed as a band member. Instead
populate thd "=32" level was corrected downwards in en- a continuation of this band by 1030, 1232, 1392, 1535, and
ergy to 1359 keV, extended by a sequenceydines with 1487 keV vy lines is proposed. These placements are sup-
1450, 1515, 1640, 1854, 2160, and tentatively 2421 keV aported by the observation of several new interband transi-
an excitation energy df,=17.7 MeV. Theylines up to the tions connecting both signatures of the positive-parity yrast

A. Positive-parity bands, A and B
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TABLE I. Levels and transition energies fftY.

E; (keV) E¢ (keV) E, (keV)? |7b I7e Band © Band ©
Positive parity

149.7 0.0 149.7 i+ 3+ B A
268.4 149.7 119.2 2+ i+ A B
0.0 268.4 2+ 3+ A A
682.3 268.4 414.0 i+ 2+ B A
149.7 532.6 i+ I+ B B
837.6 682.3 155.7 B+ i+ A B
268.4 569.3 B+ 2+ A A
1480.2 837.6 642.5 L+ 8+ B A
682.3 798.2 L+ i+ B B
1548.5 682.3 866.2 (124 U+ D B
1649.9 1480.2 170.5 S+ 2t A B
837.6 813.1 oI+ D+ A A
1749.5 837.6 911.8 (24 B+ K A
2413.4 1548.5 864.9 (1) (24 D D
1480.2 932.7 (X o D B
2510.1 1649.9 859.9 D+ i+ B A
1480.2 1030.3 D+ o+ B B
2682.4 1649.9 1032.8 a+ i+ A A
2914.4 1749.5 1164.7 () (24 K K
1649.9 1264.5 (2 g+ K A
3410.1 2413.4 996.2 (%+) (§+) D D
1649.9 1760.5 () i+ D A
3742.1 2682.4 1059.6 (2 g+ B A
2510.1 1232.1 (24 D+ B B
3907.8 2682.4 1226.0 i g+ A A
3988.6 2914.4 1074.1 (£+ (&) K K
2682.4 1306.3 (£ a+ K A
4548.3 3410.1 1137.8 (£ (24 D D
2682.4 1865.5 (£ 4+ D A
5028.3 3742.1 1286.0 () (24 C B
5134.2 3742.1 1392.3 (2 (B B B
5263.7 3907.8 1356.0 2+ 2+ A A
5493.0 3907.8 1585.1 (24 S+ K A
5831.8 4548.3 1282.8 (24 (£+ D D
3907.8 1925.1 (2+) 2+ D A
6505.3 5134.2 1371.3 (&) 27+ C B
5028.3 1476.8 (%Jr) (§+) C C
6622.3 5493.0 1129.2 (2 (24 A K
5263.7 1359.0 (£ 2+ A A
6668.9 5134.2 1534.7 (3 (2 B B
6943.9 5263.7 1679.9 (3 2+ K A
7310.2 5831.8 1478.4 (2 2+ D D
5263.7 2045.1 (2 2+ D A
7943.9 6505.3 1438.6 (34 (3 C C
8072.7 6622.3 1450.4 (32_7+) (32_3+) A A
8156.3 6668.9 1487.4 (%) (&) B B
8497.7 6943.9 1553.5 (3’2_7+) (32_3+) K K




56 RESOLUTION-ENHANCED SPECTROSCOPY O&Y 735

TABLE I. (Continued.

E; (keV) E¢ (keV) E, (keV)? |7b I7e Band © Band ©
6622.3 1875.8 (32_7+) (32_3+) K A
8912.8 7310.2 1602.5 €5 (8 D D
9318.7 7943.9 1374.8 (324 (34 C C
9587.3 8072.7 1514.6 (4 €5 A A
9810.9 8072.7 1738.2 39+) 37+ K A
9974.3 8072.7 1901.6 41y 37+ K A
10879.8 9318.7 1561.2 (44 (324 C C
11226.9 9587.3 1639.6 (42_5+) (42_1+) A A
11538.1 9587.3 1950.9 (4% (4 K A
12575.2 10879.8 1695.3 (4% (£ C C
13080.9 11226.9 1854.0 (49+) (%) A A
13275.0 11226.9 2048.1 (42+) (4% K A
14478.7 12575.2 1904.1 51+ 47+ C C
15240.5 13080.9 2160.2 (84 (42+) A A
16780.5 14478.7 (2301.9 (54 (5 C C
17661.9 15240.5 (2421.3 (%) (2 A A
1225.0 X X
1434.6 X X
1601.9 X X
1772.3 X X
1969.9 X X
Negative parity
113.4 0.0 113.4 3- 5+ E A
288.4 113.4 175.3 3- 3- F E
0.0 288.4 3- 3+ F A
3435 113.4 230.1 (:) 3- | E
536.5 288.4 248.3 - 5- E F
149.7 386.5 - I+ E B
113.4 423.2 - 3- E E
0.0 536.5 - 3+ E A
607.4 3435 264.0 ) ) | I
288.4 319.0 (37) 3- | F
113.4 493.8 ) 3- | E
663.5 288.4 375.0 () 5- J F
113.4 549.9 () 3- J E
824.8 536.5 288.6 2- - F E
288.4 536.3 2- 5- F F
268.4 556.0 2- o+ F A
149.7 674.9 3 I F B
1106.2 824.8 281.8 ) 3 | F
607.4 498.9 (%_) (g—) | |
536.5 569.4 ) - | E
1165.8 824.8 340.8 & 5 E F
682.3 483.1 - i+ E B
536.5 629.1 - - E E
268.4 897.8 - 2+ E A
1249.6 663.5 585.8 (%_) (g—) J J
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TABLE I. (Continued.
E; (keV) E¢ (keV) E, (keV)? |7b I7e Band © Band ©
536.5 713.0 (2) - J E
1528.1 1165.8 362.3 8- - F E
824.8 703.1 8- 3- F F
682.3 845.8 8- U+ F B
1780.7 1106.2 674.5 () ) | [
1949.9 1528.1 421.9 - 8- E F
1165.8 783.8 - - E E
837.6 1112.3 - 3+ E A
1992.3 1249.6 7425 (8 29 J J
1165.8 826.3 (2 $- J E
2370.7 1949.9 421.1 - - F E
1649.9 720.2 i- i+ F A
1528.1 842.4 i- - F F
1480.2 890.1 i- L+ F B
2591.8 1780.7 811.1 (X (2 | |
2858.1 2370.7 486.3 »- i- E F
1949.9 907.9 - - E E
1649.9 1208.7 »- g+ E A
2864.9 1992.3 872.2 (X (8 J J
3340.0 2858.1 481.9 - - F E
2370.7 969.2 - i- F F
3359.6 2864.9 494.6 (12 (X7 G J
1949.9 1409.7 (2 L- G E
1649.9 1709.7 (2 i+ G A
3556.4 2591.8 964.6 (2 (1) | [
3736.2 3359.6 378.7 (2 (2 J G
2864.9 870.9 (%) (X7 J J
3893.0 2858.1 1035.2 (2 Q- E E
4180.7 3736.2 444.1 (2 (%) G J
3359.6 821.9 (27 (2 G G
2858.1 1322.6 (27 - G E
4437.0 3340.0 1097.0 (27 a- F F
4698.6 3736.2 962.3 (£ (2 J J
4713.3 3556.4 1156.9 (%) (%) | |
5088.6 3893.0 1195.9 () (2 E E
5210.9 4180.7 1029.9 (22_7*) (%*) G G
5662.1 4437.0 1224.8 (2 (27 F F
5741.7 4437.0 1305.1 (2 (£ H F
5750.5 4698.6 1052.0 (2 (%) J J
6042.8 4713.3 1329.5 (2 (27 | [
6384.9 5210.9 1173.6 (3 (2 G G
5088.6 1296.7 (%) () G E
6468.5 5088.6 1379.9 (3 (2 E E
6890.3 5750.5 1139.8 (32_3*) (%*) J J
6909.2 5741.7 1167.0 (£ (2 F H
5662.1 1247.4 (32_3*) (%*) F F
7087.7 5741.7 1346.7 (£ (2 H H
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TABLE I. (Continued.

E; (keV) E¢ (keV) E, (keV)? |7b I7e Band © Band ©
5662.1 1424.9 (%*) (%7) H F
7508.4 6042.8 1465.6 (32_3—) (%7) I I
7709.0 6384.9 1324.1 (32_57) (%7) G G
7863.0 6468.5 1394.5 (32_5—) (%—) E E
7890.9 6468.5 1422.4 (32_57) (%7) E E
7927.2 6468.5 1458.7 (32_57) (%7) E E
8095.5 6468.5 1627.0 (3?5—) (%7) E E
8273.6 6909.2 1364.4 (%*) (%*) [= E
8517.3 7087.7 1429.5 (32_7—) (32_3—) H H
8581.3 7087.7 1493.6 (32_7*) (%*) | H
9165.9 7709.0 1456.9 (%—) (%—) G G
9805.5 8273.6 1531.9 (%—) (%7) E =
10060.8 8581.3 14795 (4 () | |
10190.6 8517.3 1673.3 (%—) (%—) H H
10775.4 9165.9 1609.5 (%*) (%7) G G
11517.9 9805.5 1712.4 (42_5—) (%—) E =
11613.9 10060.8 1553.1 (42_5*) (%*) | |
12011.3 10190.6 1820.7 (42_57) (%7) H H
12568.3 10775.4 1792.9 (42_7—) (%-) G G
13420.3 11517.9 1902.5 (42_97) (42_57) E E
14096.1 12011.3 2085.4 (42_9—) (%—) H H
14805.0 12568.3 (2235.5 (%—) (%7) G G
15520.5 13420.3 (2100.2 (52_37) (42_97) E E
15570.5 13420.3 (2149.2 (52_3—) (42_9—) E E
16437.2 14096.1 (2340.9 (52_37) (42_9—) H H

®Typical error inE,, is 0.1%.
bTypical error for uncertain spin assignmefits parenthesess 1.
‘Indicates the assignment of levels to the bands as shown in the level sthigme5 and &

band, especially the 860 ke\A{* —%/*) and 1060 keV whic.h. was dedqce_d from a de_tailed apalysis of relatiye in-
tensities and coincidence relations of involvedines. This

23+, 21+ it i 1
[(5")—7% '] transitions feeding the, + ) band. These forking is built up by two decay branches depopulating the

assignments are illustrated in spectr@nof Fig. 7, deduced

from a sum of doub'e_gated Spectra_ %7) IeVeI, via a 1247/1225 keV and a 1167/1305 keV se-
quence. In this way two% ™) levels were found with a
B. Negative-parity bands, E, F, and | separation of 80 keV. In the progress of analysis, one of

those levels was discovered to belong to a new band, named
H. Furthermore, the sequence®f=1 interband transitions

tions up to a spin of § ) and an excitation energy &  petween bandg andF was extended by a 482 keV transi-
=6.5 MeV. Several parallel transitions with 1395, 1422,tion feeding thel?~ level of the (—,— ) bandE and a 486

1459, and 1627 keV were observed to populate the X keV transition populating thé’ ~ level of the (—,+ %) band

level, but the weak intensity in each individual branch limits » .
further identification with respect to the continuation of the_F' In addltlon_severaE1 transmo_ns were ok_)s_erved _connect-
band. ing the negative-parity states with the positive-parity states.

1 ' . A third sequence o lines, belonging to the band labeled
tiorTsh(\e/vi(th ' 1+22)7 bfgg 4F Y;;Ze);t;};g egnt()jy fé;voez nkee \Q’/ tlrjz;n;s(; | in the level scheme, was already reported by Mitaitaal.

_ vo roTTE ' §12] and confirmed later by Johnsen al. [13]. Three more
spin of (3 7) and an excitation energy d&,=13.4 MeV.  tansitions with 1157, 1330, and 1466 keV were added to
Two parallel transitions with 2100 and 2149 keV were ten-this band up to an excitation energy of 7.5 MeV and several
tatively identified to feed the highest level of this band. Re-transitions decaying out of the band at the bottom, were iden-
markable is the forking of the band above tHg () level, tified. Furthermore, low-energy rays with 230 and 264 keV

The (—,—3) bandE was extended by two more transi-
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FIG. 7. Typicaly-ray spectra for the positive-parity bands. The 1500 2000

spectra were created by summing double-gated spectra from the

E,-E,-E, cube data. FIG. 8. Typicaly-ray spectra for the negative-parity bands. The

spectra were created by summing double-gated spectra from the
were observed to be in coincidence with all band memberg,-E,-E, cube data.
except the 494 keV transition, feeding tBe level. This
observation suggests the placement of a new level Ext 344 giy y-ray transitions were found for band and their
keV or 377 keV. We propose the 344 keV level as the placement is clearly supported by the observation of several
bandhead of band, since no furthery lines have been ob- y-ray connections to the positive-parity yrast badandB.
served to populate the new level. The regular sequenae of a high spins the deexcitation out of this band favors yrast
tra_nsmons in band support a _coIIect_lve rotational interpre- |ayvels with positive signaturébandA) whereas at low spins
tation for this band. A weak intensity of the band and they,q opposite was observed.
levels populated by lines decaying out of the band suggest g4 3 detailed analysis of coincidences and intensities of
the mdwated spin values as the most prOb"?‘b'e one. Reprﬁénd E, especially in connection with the 1297 keyray
sentatlve spectra for the banBsF, and| are illustrated in transition, bands was revealed. Eighf-ray transitions were
Fig. 8. obtained for this band up to excitation energy of 14.8 MeV

and a spin of & 7). Characteristic for this band is a frag-

. ) . mentary decay near the bandhead, with intensity being dis-
In addition, six new rotational bands, labelédD, G, H, tributed over a number of transitions.

J, andX, were extracted from the data. Typical double-gated sequence of fivey-ray transitions and tentatively a
coincidence specra for these bands are presen;ed in Figs.2§41 keV transition on top of the band were identified for
End 8. The_ regular energy spacing OT tlyerays in these bandH. This band deexcites via two transitions of 1425 and

ands provides strong evidence for their rotational characte&.305 keV into bancE and a strong mixing between both
As shown in the level schem&igs. 5 and the bandsC,
D, andX, are probably of positive parity, whereas the bands(% ) levels of the two bands was observed. In addition a
G, H, andJ have possibly negative parity. 1494 keV transition was observed to populate tfe § state

In bandC a cascade of siy lines, plus tentatively a 2302 of pandH and two morey rays with 1479 and 1553 keV

keV transition at the top of the band, were observed and Weyere found to be in coincidence with this transition. Possi-
y-ray transitiong1286, 1371 keY deexciting this band into bly, this sequence of rays belongs to another band which is
the (37) and () level of bandB were identified. Due to  feeding into bandH.
this decay, the levels in bar@ have, compared to the levels  The cascade of lines in bandJ resulted from an inves-
in band B with the same spin, a lower excitation energy, tigation of the decay properties of ba@din connection with
favoring the population of ban€ above spinl~ (% "). the weak low energy rays of 379, 444, and 495 keV. Seven
Hence, bandC is becoming yrast with respect to baBd new v transitions were finally assigned to baddip to an

C. New bands, C, D, G, H, J, and X
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excitation energy of 6.9 MeV and a probable spin of 05

33—
2z )

Band X is less intense in the data compared to the other
bands and any transitions involved in the decay out of this

\

=

=

=

N
>§\\§\

\ /,.
%

=T

s ‘\ \
band were not identified. Therefore level energies and spins E - )))\)D)\) ' /)/ )/
for this band are unknown. From the coincidence analysis, ' 1/ ""’ //%/A///// /I////)////A‘ )
this band was found to populate th2" and 3" levels of O] i i

—

N

the (+,+ 3) yrast bandA. This indicates a relative position E
for bandX above the??* state of band. P =4
In addition to the regular bands several transitions were %4).35 7

observed, connecting the proposed negative-parity SEQUENCEE .5ty

%

77
A

with the positive-parity states. These transitions and their g\,o " S 088 MeV
similarity to transitions observed in the neighboring nuclei ' = \ 9 S\
®Rb and 83y support the proposed spins of the involved 0'3 fg\\\‘\ /),,‘///v%/ i
EZAANI e 9 % E
0.1 352 RS CNae=
V. INTERPRETATION iﬁﬁﬁ%%“\“‘(‘ . \\$§\‘*7l%%//l 3
(0] 0.0 y)\,\\\ £ § 4 -
A. Configurations at low excitation energy IR ’4)// 3
0.2 :

Nuclei in the mas#\~ 80 region are predicted to exhibit a
rich variety of features which strongly depend on the number
of involved protons and neutrons. In a microscopic view
their behavior is primarily determined by thevg,, 1fs,
2p12, and Igg, orbitals. The odd proton iRy is expected FIG. 9. Total Routhian surfaces in thgg{,y) plane for the
to have a stabilizing influence on the even-even prolate¢+,+3) configuration in®Y at different rotational frequencies.
deformed core®’Sr. Experimentally Listeret al. [11] and

Mitarai et al. [12] have assigned thg122]3 " configuration  nycleus. With increasing rotational frequency the first align-
to the ground state, via beta-decay measurements. The ocG#ent of a pair ofyg, particles is expected to trigger a polar-
pation of the[ 4223 " orbital is expected to induce a prolate ization towards a triaxial deformed shapg3,~0.2,

6o

03 04 05 06 07 00 01 02 03 04 05 06 07
Bocos(+30°)

-0.3 ey
0.0 01 02

shape with a quadrupole deformation £5=0.3 [1]. This
value agrees with3,=0.39(3) andB,=0.33(5) for the

13+

vy~ —30°). This triaxial minimum continues to exist up to
high rotational frequencies in coexistence with a noncollec-

5" and 4" levels, respectively, deduced from their mea-tive oblate minimum(B,~0.2, y~60°) and a highly de-

sured lifetimes by Johnsoet al. [13].

In addition to thew[422]3" orbital at prolate deforma-
tion, assigned to the positive-parity yrast bamisand B,

formed prolate minimum(B,~0.47, y=~0°), which devel-

ops above a rotational frequency of 1 MeV. Due to the
multiple occurrence of minima in the TRS at high frequen-

possible negative-parity orbitals close to the Fermi surfaceies and their rapid changes as a function of frequency a very

originate from the D3, 1f5,, and 24, subshells. A pos-
sible interpretation for the negative-parity yrast bakdand

F would be an[301]5~ configuration. The other two low-
lying negative-parity bandd, and J, are likely built on the
7[301]5~ and thex[303]3 " orbitals, respectively.

B. Shape evolution

complex system of band structures can be expected.

C. Cranked shell-model analysis

In the current investigation of the nucled$y, multiple
rotational bands have been observEiys. 5 and § indicat-
ing an appreciable collective behavior of this nucleus up to

high spins (~%). The variety of bands results from an

The equilibrium deformation expected in the yttrium nu- increasing number of possible quasiparticle configurations
clei is characterized by an interplay between the sphericavith spin and makes it difficult to approach the data in a

Z,N=40 gaps and the deformed gapsZaN=38, 40, 42,
and 44(see Fig. 1 of Ref[1]) favoring a prolate deforma-

consistent theoretical way. Therefore we will concentrate our
discussion on those bands where comparable high-spin data

tion. These shell-structure effects do strongly influence thén the oddA neighboring nuclei is available, the isotone
nuclear shape dependent on the particle number and the spi??Rb [18,19 and the isotopé?Y [17,20).
To study shape transition effects the Woods-Saxon crank-

ing code of Nazarewicet al.[1] was used to calculate total

Routhian surface$TRS’9) for &Y. In the TRS predictions

1. Positive-parity bands
In Fig. 10 the kinematic J*) and dynamic J*) mo-

with increasing rotational frequency. A selection of TRSyith the positive-parity states if°Rb and 83Y. In the

plots for the &,+3) configuration in the 8,,y) plane is
illustrated in Fig. 9. At low rotational

nucleus "°Rb a band crossing is observedZab~0.6 MeV

frequencies of the gg,, band, which is interpreted as an alignment of a

(hw=<0.4 MeV) the TRS predicts a minimum correspondingneutrongg,, pair [21]. A similar feature is observed in the

to a deformed prolate shapg,=0.36, y~0°) of the

nucleus %Y. Here the neutron alignment occurs at
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6o | FIG. 11. Experimental Routhian as function of rotational fre-
quency for the positive-parity bands ftY compared to positive-
: parity bands in %Y and "°Rb. Reference parameters:
N Jo=1612/MeV, J,= 1%/ MeV3,
(5] 40 F
=
E between bandA and B is found to increase up to
< Ae,~0.6 MeV at the frequency of the first crossing
20t (fw=~0.7 MeV). After the crossing the separation between
the levels in band A and C remains constant
(Ae,~0.4 MeV) up to a very high rotational frequency of

1.2 MeV. A similar behavior with respect to the signature

0 Il L L 1 L L Il . L
2 04 06 08 1.0 1.202 04 06 08 1.0 1. et o :
02 04 06 08 10 1202 04 06 08 10 12 splitting is observed for the positive-parity bands’#Rb and

o (MeV) T (MeV)

83y
FIG. 10. Observed moments of inerti#? andJ®, as a func- The first crossing has been observed in many neighboring
tion of rotational frequency for the positive-parity bands&y ~ 0dd-A nuclei [17,21-27 and has been interpreted as the
compared to positive-parity bands #Y and "Rb. alignment of a pair of protongoddN nucle) or neutrons

(odd-Z nucle) in the gg, orbital, which simultaneously trig-
fw~0.45 MeV and is followed by a second crossing atgers a change in deformation. In the case®®f the align-
fiw~0.75 MeV, which is proposed as the break up of a pro-ment of agg, neutron pair polarizes the nucleus to a shape
ton gy, pair [17]. with negativery deformation. Theoretically the aligned neu-

A careful examination of Fig. 10, regarding the favoredtron pair in anN=42 nucleus is predicted to drive the
signature(band A) of the positive-parity yrast band iy ~ nucleus to a triaxial shape wit~—50° (see Fig. 1b in
shows two upbends in the dynamic moment of inedtfd at ~ [21]). At this y deformation a pair 0§y, neutrons is calcu-
ho=0.67 and 0.74 MeV. The first crossing occurs at alated to have the lowest excitation energy. The tendency to
higher frequency when compared to the crossin§®and  negativey deformation competes with the preference of the
®Rb and has been interpreted previously as the alignment ¢fdd proton and the core to a more prolate shape. Therefore
a neutrorgg, pair. The second crossing/ab=0.74 MeV is  the equilibriumy deformation is expected to lie somewhere
less pronounced in the plot df), but well visible in the betweeny~—50° and y~0°. From TRS calculations a
J@ plot. This crossing has not been observed previously andalue of y=—30° is predictedsee Sec. V B and Fig.)9In
represents probably the break-up of a paigg$ protons, as this respect, band& and C are expected to have a triaxial
seen in the neighboring nucle@®Y at #w~0.75 MeV. 7Qe/2vJ5), cONfiguration above the first neutron crossing fre-

The unfavored signaturébandB) of the yrast band was dguency. Furthermore bariglis no longer observed with in-
observed up to a rotational frequency bf~0.74 MeV,  creasing rotational frequency and ba@dcontinues to play
where a sharp upbend #H) occurs. At this point ban8 is  the role of bandB as the signature partner of baAd
crossed by the new ban@, which becomes energetically ~ The small increment in J® of band C at
favored as seen in a plot of the experimental Routhiigz ~ 7iw=0.81 MeV reflects possibly the break-up of the proton
11). For this purpose a common reference had to be sutfe- pair, as already seen as a second crossing in Baatl
tracted from the experimental level energies. Due to the profw=0.74 MeV. The first and second crossing in the unfa-
nounced shape effects in the~80 nuclei it is difficult to  vored signature are found to occt0.07 MeV after the cor-
choose a reasonable set of reference parameters for the H&¢sponding crossing has taken place in bandAbove the
ris formula. Thus the parameterd,=16:2/MeV and frequency of the second crossing the bardsind C are
J,=1%*/MeV® reflect a compromise which allows to present based on a five-quasiparticle configuration, involving aligned
the data for the bands discussed in the same graph. Thos’gé,2 and wgg,z pairs. For this configuration the moment of
parameters have also been used earlier in the analysis ifertia J*) values of the band# and C are found to be
°Rb by Skeppstedtt al.[18] and for consistency the same similar above a frequency dfw~0.9 MeV. At these high
values were chosen for all the nuclei presented in the figurdrequencies the Coriolis force reduces the influence of pair-
As seen in Fig. 11, the magnitude of the signature splittingng correlations and the moment of inertia of a rotating
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low rotational frequencies is observed. In the case %&b
this behavior has been interpreted as the gradual alignment

of a gg, proton pair with large 1gp-3gp band interaction
11 ] [18]. There, the smooth alignment continues up to a fre-
quency offiw=0.73 MeV, when a sharp upbend occurs in
the favored signature of the negative-parity band, which has
1t 1 been explained as the alignment of g, neutron pair.
—o 0y (41/2) In 8 the bandsE andF, which are comparable to the
:O::;é“('_‘f}z) ] negative-parity bands if®Rb, respond in an analogous way
o0 Rb (-1/2) to the increasing rotational frequency. The smooth rise in
J®) at low frequencies reflects a broad maximum in the

J@ plot, so that an average frequency 7ok~ 0.45 MeV

1 1 could be deduced for the gradual alignment ofdlg proton
pair. After the slow increase id*) a sharp rise is observed
in the favored signature band at a frequency of
] fhw=0.62 MeV, whereas the unfavored signature seems to
1| converge to the rigid-body value. This second crossing,
. which has not been observed in the earlier measurements of

30 | 110

this nucleus, enhances the resemblance tothe<3) bands
in "®Rb and indicates an equivalent alignment scenario for
these bands. A gradual alignment ofyg, proton pair ap-
pears at low frequencies, which is followed by a sharp align-
0 L e ment of agq, neutron pair at higher frequencies. Note the
02 04 06 08 10 1202 04 06 08 1.0 12 strong dependence of the alignment pattern with respect to
To (MeV) T (MeV) the signature. So far, the second crossing is only observed in

the favored signature of the negative-parity bands in both
nuclei.

The moment of inertia value of baridalso develops with
a gradual increase at low frequencies and shows an indica-
tion of a second upbend at higher frequencies. From the
nucleus is expected to approach the rigid rotor value), F10 OO Feuerees o O8O Y
Jig(B2Y, B,=0.2)~23h2/MeV. g proposed p 9

. ments, respectively.
In contrast to the rather sharp upbends observed in the Close to the frequency of the proton alignment at 0.43

(1) i
J* plots for the band#, B, andC, the rotational ban® 1o/ "5 sparp rise is observed in 16" andJ® values of

only shows a smoothly rising curve around the rotationalb d7 i h dual i in the other band
frequency of the neutron crossing. No further conclusions and. In contrast to the gradual increase m@ e ot er banas.
. ' .. A similar upbend has also been reported in the signature
could be drawn for this band, because too few transitions ; :
have been observed partners of the negative-parity banddfy at a frequency of

1; 8 H
BandX is not included in the plots of Fig. 10 and Fig. 11. 0.39 and 0.43 MeV. In both nuclef,Y and **Y, this upbend

For this band no connection to the lower part of the level® due to the alignment of gy, proton pair. Here, a weak

scheme has been established, hence the bandhead spin &H@'qu band_ interaction is observed, compared to the align-
ment pattern in bandg andF.

energy are unknown. The dynamic moments of inertia cal- The last two band$s and H evolve at high excitation

culated from the transition energies are almost constant ; i
J@~221,%/MeV and did not reveal any more characteristic energleds c.)f 3'3. MeVl agqfij MeV, resr[:])ec_tlvely. Baﬁd
features. responds in a distinctly different way to the increasing rota-

tional frequency, when compared to the rotational bands of
both parities discussed so far. This band shows a rather con-
stant moment of inertia afY)~ 267%2/MeV over a large fre-
quency range ofiw=0.5-1.0 MeV. The relatively high
The negative-parity bands are based on the excitation ofalue ofJ) suggests a rigid rotor motion. Assuming a pro-
the odd proton from the positive-paritygd,, subshell into  |ate shape for the nucleus, this value corresponds to a large
the 2p3p,, 1fs;, O 2py/, Negative-parity subshellsee Sec.  deformation of3,=0.44. Probably this band belongs to the
V A). Therefore thé 422]3* proton orbital is no longer oc- highly deformed minimum aB,=0.47, in the TRS calcula-

cupied and the first crossing in the negative-parity bands i§ons (see Sec. V i

expected to be the a“gnment Ofg@/Z proton pair assuming An Ob_SEI’V_atipn which deserves Commenf[S is that the mo-
prolate deformation. ment of inertia is comparable to values typical for superde-

Figure 12 shows a representation of the kinematid)y ~ formed bands in the mags~80 region, but excitation en-
and dynamic J‘?) moments of inertia of the negative-parity ergy E,=3.4 MeV and spinl=(3) of this band are
bands with comparable bands T8Rb and &Y. For all the  surprisingly low to the usually observed values for suggested
bands a successive increase in J¢"8 moment of inertia at superdeformed bands in this mass region, e%Sr,

FIG. 12. Observed moments of inerti#? andJ®, as a func-
tion of rotational frequency for the negative-parity bands®hy
compared to negative-parity bands&# and "°Rb.

2. Negative-parity bands
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E,~13 MeV, | ~(%) [7]. Interestingly, the tendency of su- 1.0 ' : ' ' ' ;
perdeformed bands to have a fragmentary decay near theil 8 ]
bandheads, with intensity being distributed over a number of )

transitions(e.g., Fig. 2 i 7]), is observed for ban@, too. It 0.6 :

would be interesting to further investigate the nature of this ~

phenomenon and to establish a lifetime analysis of the band% 0.4

members for a systematic comparison with quadrupole mo- g 0.2

ments deduced for superdeformed bands in nuclei with &

A~80. w 0.0
Band H starts above a high rotational frequency of 0.6 |

MeV (above the neutron alignmerdand shows a decreasing W -0.2

I

moment of inertia with increasing frequency, approaching 04 | Hé ]
the rigid rotor value as observed in the positive-parity states. ) o H
At Aw=0.87 MeV a fluctuation in the dynamic moment of -06 } 1

16 18 20 22 24 26 28 30
spin (h)

inertia is observed, indicating an interaction with an intruder
orbital. Too few states have been observed for this band in
order to deduce any further conclusions.

FIG. 13. ExperimentdE — E 4 curves for the banda, C, andH
as function of spin. The energies are given relative to a rigid rotor
reference Erig:(hzlz.]ng)l(l +1), with a moment of inertia

In a nucleus with a small number of particles outsideJig=23t*/MeV.
closed shells the total angular momentum available from the
spin alignment of the particle@nd holegis limited. A par-
ticular configuration giving rise to a collective band is ex-

3. Band termination

CROBALL detector proved to be an essential tool for a de-
pected to gradually lose collectivity with increasing spin andt"’;Iled srt)ectrk(‘).scr:]or;])y of ths nuclltleust. BefSp':E.the ernaII ndumber
eventually terminat¢28]. Such terminating bands are well '([)h counts w 'Ct lave eentco hec € b or 'Sh’?“C %uz urllngt
known in severaA~ 110 nuclei(e.g.,[29-31]) and are also . € experiment, clean spectra have been achieved by select-
g the desired reaction channel with the charged-particle

expected in other mass regions. Recently, evidences for sud o
P g y etector. Furthermore, from an event-by-event determination

bands in theA ~80 region have been reported in the nuclei 1 : .
74 and 825y [32,33 of the nucleus recoil momentum a precise Doppler-shift cor-

In 8 the bandsA, C, G, F, andH have been extended rection has peen_ applied to therays, leading to resolution-

, _ , 55 _ _ enhancedy lines in the spectra.

to considerable high-spin values ¢f32, a spin region The analysis of anE-E, matrix as well as an
where possible termination effects are expected to evolve fOEy-E,/-Ey cube resulted in the placement of more than 100
_ba_nds with a few p_arti(_:les in thgag_,z subshell. A characte_r— new y rays and 80 new levels in the decay schem&®f

istic feature of terminating bands is a gradual decrease in thgiost of the new levels have been assigned to rotational
moment of inertia with increasing rotational frequency, a re-hands, where six bands have been observed. Several bands

nantly built by the aligning particles. This decrease in the

. . C ey
moment of inertia is observed for the ban8ls C, and H with the top spin re?Ch.mg_(T)' .
aboveiw=0.9 MeV (see Figs. 10 and 12A further indi- Le\_/els at low exc!tatlon_ energy_have been mterprett_ad Sys-
cation of band termination is the high energy cost, necessaljs?m.at'ca”y by configurations built on the proton single-
for building the last spin values. This unfavored energy conParticle levels[422]3*, [301]3 ", [303]3~, and[301]3 .
sumption manifests itself as a characteristic “parabola’-likePossible evidence for g801]3~ level close to the ground
curve when the excitation energy versus spin is plotted relastate has been found time in this nucleus.
tive to a rigid rotor reference. This has been done in Fig. 13 |n the favored signature of the positive-parity yrast band a
for the bandsA, C, andH, relative to a rigid rotor with a second band crossing has been observed. These crossings
moment of inertia of 23%/MeV. For these bands an upbend have been interpreted similarly to characteristic crossings ob-
is seen above a spin bf24, indicating that the spin of the served in the neighboring nucléiRb and®Y. On the basis
highest levels within the bands are approaching terminationsf systematics the first is attributed ¢g,, neutrons and the
Possibly those structures are based on the four unpaired prgecond tayg, protons. With increasing rotational frequency
tons and neutrons in thgy, subshell coupling to the above a convergence of the moments of inertia close to the rigid
spin value in the terminating state. body value has been found.
Regarding the negative-parity bands the successive in-
crease in the)d)) moment of inertia at low rotational fre-
VI. CONCLUSIONS quency has b_een int_erpreted as th_e gradual alignment of a
proton go, pair. At higher frequencies a breakup ofgg,

In the present investigation the high-spin structure of theneutron pair has been observed only in the favored signature
nucleus®lY has been studied. The combination of the GAM- of the negative-parity yrast band. An equivalent alignment
MASPHERE array fory-ray detection and the simultaneous scenario has been reported in the neighboring isotSRée.
identification of emitted charged particles by the MI- A band associated with a high moment of inertia has been
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