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High-angular-momentum states $Zn were populated in th&°Ca(?8Si, 4p) reaction at a beam energy of
122 MeV. Evaporated, light, charged particles were identified by the Microball, whikeys were detected
using the Gammasphere array. The main focus of this paper is on two strongly coupled, collective bands. The
yrast band, which was previously known, has been linked to lower-lying states establishing the excitation
energies and angular momenta of in-band states for the first time. The newly identified excited band decays to
the yrast band but firm angular-momentum assignments could not be made. In order to interpret these struc-
tures cranked-Nilsson-Strutinsky calculations have been performed. The calculations have been extended to
account for the distribution of nucleons within a configuration. The yrast collective band is interpreted as based
on the m(f7/2) "X (Ps/afs2)2(dor2) v(Pasafs2)*(Qgs2)? configuration. There are several possible interpretations of
the second band but it is difficult to distinguish between the different possibilities.
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[. INTRODUCTION tics of this band were very similar to those of smoothly ter-
. , ) _ minating rotational bands in the Sn-Sb nuclei of tAe
Recent observations of rotational bands in the proton-rich. 119 region[14]. Such terminating bands are expected in
nuclei near A=60 are of considerable current interesthe A~60 region since the maximum angular momentum
[1-13. The limited number of valence particles outside of 5y4jjaple from possible configurations is often limitedito
the spherical doubly magic nucle®\i means that the low-  _>0_305, Comparisons of th&*Zn structure with cranked-
angular-momentum decay schemes are dominated by sphegyjsson-strutinsky(CNS) calculations suggested a single-
cal shell-model states. At higher angular momentum, colleCparticle configuration involving a proton excitation across
tive bands dominate. Such bands provide an importang,e 7=28 spherical shell gap from thig,, to the ggj, SUb-
testing ground for nuclear models enabling comparisons tQpe|is, coupled with the excitation of two of the valence neu-
be made between mean-field cranking models, traditionallyons into thegy,, subshell. However, in the previous work of
used to describe collective behavior in heavier nuclei, angkef. [2] no transitions linking the band to lower-lying yrast
large-scale shell-model calculations. states were observed and angular momentum and parity as-
The first rotational structure identified in this region was agsjgnments were not possible. Motivated by the above consid-
strongly coupled band assignedZn [2]. The characteris- grations an experiment has been performed to investigate

collective structures if*Zn.

*Present address: Department of Physics, University of Guelph,
Guelph, Ontario, Canada NIG 2W1. Il. EXPERIMENTAL DETAILS
"Present address: Oliver Lodge Laboratory, University of Liver-
pool, Liverpool L69 7ZE, United Kingdom.
*Present address: DAPNIA/SPhN, CEA Saclay, F-91191 Gif-sur— High-angular-momentum states were populated in the

A. Analysis

Yvette, France. 40Ca(?8si, 4p) reaction at a beam energy of 122 MeV. The
Spresent address: Technology Development Division, Argonndeam, accelerated by the ATLAS accelerator at the Argonne
National Laboratory, Argonne, IL 60439. National Laboratory, was incident on=a400 ug/cn? 4Ca
'Present address: Department of Nuclear Physics, The Australidioil with a flash of =100 ug/cn? Au on both sides to pre-
National University, Canberra ACT 0200, Australia. vent oxidation.y rays were detected with the Gammasphere
Tpresent address: Glenn T. Seaborg Institute, Lawrence Livermor@rray [15] which, for this experiment, comprised 101 HPGe
National Laboratory, Livermore, CA 94550. detectors. Light charged particles were detected with the Mi-
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croball [16], a 4 array of 95 CHITI) scintillators. Hevimet momentum states. This velocity is appropriate for nuclear
collimators were removed from the BGO suppressors to enstates with lifetimes longer than the transit time in the target
able y-ray sum-energy and multiplicity measuremefi3]. and was estimated from the mean Doppler shiftyefay

A total of 2.3x 10° coincidence events, with at least four transitions, which were emitted after the nucleus recoiled

Compton-suppressel rays, were collected. Th&Zn resi-  into vacuum. For high-angular-momentum states a mean re-
due was produced in approximately 15% of all fusion-coil velocity of v/c=0.0397 was used and is more appropri-
evaporation events. ate for states which have lifetimes that are much shorter than

In the analysis, events associated vfitfin were selected the transit time through the target. This corresponds to the
by requiring the detection of four protons in the Microball calculated recoil velocity for nuclei formed at mid-target and
(the detection efficiency for a single proton was measured tgmproves the energy resolution gfrays emitted from states

be 78% in combination with a requirement that the total jn collective bands. These two corrections are referred to as
energy of the detected protons plus the toaiay energy, “slow” and “fast,” respectively.

measured in Gammasphere, was consistent with that ex-
pected for the g evaporation channel. This latter condition
is an application of conservation of total energy and helps to B. Results
reduce contaminants associated with other reaction channels
when one or more of the evaporated particles goes undetec-
ted[18]. Over 95% of the fusion-evaporation events passing The level scheme established by previous works
these requirements were associated Wifn. Contaminant [2,21-24 has been considerably modified and extended. A
vy rays that were positively identified came from then45p, partial level scheme derived from the experiment is pre-
and a3p channels and all hag1% intensity relative to the sented in Fig. 1. The main focus of this paper is on the two
4p channel after the filters. The selected events weretrongly coupled bands labelddandB. As an illustration of
then sorted into variou€,-E, coincidence matrices, and the quality of the data, Fig. 2 shows a spectrum associated
E,-E,-E, cubes. The analysis was performed using thewith a single coincidence gate on the 2689 keV transition in
RADWARE suite of program$19]. bandA. This strongly coupled band is the previously known
During the off-line sorting, a correction to the mean recoil collective band 2] and it collects approximately 10% of the
velocity according to the momentum vectors of the detectednhtensity of the 2— 0%, 991 keV ground-state transition. The
protons was applied to thgrays on an event-by-event basis topmost states have been extended by the addition of the
[20]. A mean recoil velocity oby/c=0.0358(wherec is the 2814, 3571, and 3117 keV transitions. The 3461 keV transi-
speed of light was used when investigating the low-angular-tion was placed at the top of the band in the previous work

1. The level scheme

034330-2



HIGH-ANGULAR-MOMENTUM STRUCTURES IN%Zn PHYSICAL REVIEW C69, 034330(2004)

3000 B

1313(A)/1315

2000

Counts

1000

500 1000 1500 FIG. 2. Low and high energy portiongop

Energy (keV) and bottom, respectivelyof a coincidence spec-
trum obtained from the “fast” matrix by requiring
a single gate on the 2689 keV transition of band
A. In-band transitions are labeled “A.”

800 T T T

2225(A)

2
600 2

268%GATE)

400

Counts

200

2000 2500 3000
Energy (keV)

[2] and has been reassigned as a transition decaying frotion in bandA with the 2099 keV transition of ban#l shows
near the bottom of the band. The band has also been exo connection is prese(gee Fig. . Such coincidence rela-
tended towards lower angular momentum by the addition ofionships helped with the identification of the interband de-
the 1020 keV transition. The structure has been firmly linkedcay pathways shown in Fig. 1. A 1792 ke)¥ray has been

to low-lying states. Figure 3 shows the high energy portiontentatively placed which decays from the lowest observed
of the spectrum derived from a single gate on the 603 ke\in-band state into a lower-lying state.

in-band transition in the “slow” matrix. Several of the link-

ing transitions can be clearly seen. 2. Angular-momentum assignments

I%and B is a newly observed structure with an intensity 14 getermine the angular momenta of states, angular cor-
=1% relative to the 20" 991 keV transition. Figure 4 oj5ion (AC) ratios were analyzed. Such an AC ratio was
shows a coincidence spectrum associated with a single gaffufined by the intensity, corrected for detection efficiency, of
on the 2429 keV transition in bar@i It is clear from Fig. 4 given pair of coincident transitions in the tvg-E, ma-
that the 2429 keV transition is in coincidence with transi-.cag corresponding to +35°/+35° and 1800/i860’ where
tions of bandA indicating that there is some connection be- 350 \yas formed from summing the subset of detectors with

tween the two structures. Indeed, as shown in the leveéngles(relative to the beam axigi= +31.7° and +37.4°, and
scheme of Fig. 1, a number of transitionS61, 742, 1gge from the subset with=+79.2° and +80.7°. Thus, the
769 keV) have been identified which decay from the upperac (atio is defined as

states of band to lower states in band. Each of these

interband transitions carries approximately 30% of the total _ 7,,(£35, +39H

observed decay intensity from their respective initial states. AC ~ m (1)

To illustrate the interband decays, Fig. 5 presents a spectrum e

generated by requiring a double coincidence between the Coincident pairs of known stretchdeR transitions pro-
563 keV transition in bané with the 2429 keV transition of vided a measure of the nuclear spin alignment given by the
bandB. The 563 keV interband transition is clearly visible as dimensionless parameter/| where, for an initial state of
are the expected coincidences with other members of Band angular momentunh, it is assumed that there is a Gaussian
Requiring a double coincidence between the 563 keV transidistribution of m substates centered at=0 with standard

FIG. 3. Coincidence spectrum obtained from
the “slow” matrix by requiring a single gate on
the 603 keV transition of band. The transitions
linking the band to lower lying states are labeled
“L” while in-band vy rays are labeled “A.”
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deviation . For such transitions a value &:=1.7410) ever, the intensities of transitions and the angular-momentum
was measured, correspondingdél=0.324) at =17 [see  assignments of states shown in Fig. 1 were confirmed from
Fig. 6a)]. This value ofc/l was used to estimate the ex- the analysis of spectra formed using several different gates.

pected Ry values for common correlationd — 11— As an example of this analysis Table | gives the measured
-2, —1-1—1-3, etc.) and to assign thevalues shown in  intensities, AC ratioRac), angular anisotropy ratio&Raa),
Fig. 1. and the angular-momentum assignments determined for tran-

Additional information on the angular momentum assign-Sitions using a single gate on the 710 ke6~ —157)
ments was obtained by measurifgay angular anisotropy transition in bandA. The information contained in Table I is
(AA) ratios. Such a ratio was defined by the intensity, cor-sufficient to show that the angular-momentum assignments
rected for detector efficiency, of a transition detected at +359f states in band\ are firmly established.
divided by the intensity when detected at +80°. Clean spectra Note, that the averagRac value for the dipoles in bandl
were obtained by requiring a coincidence with another tranis Rac=0.802) and the average for the in-band stretched
sition detected in any other detector, regardless of angle. Bguadrupoles isR,c=1.346). These correlation ratios are
summing over all the detector angles of Gammasphere agonsistent with arE2/M1 mixing ratio & for the in-band
essentially spherical average over the gating transition wastretched-dipole transitions éf= 0.05(using the same phase
taken yielding an angular anisotrograther than an angular convention as that used in RgR5])—see Fig. @). This
correlation ratio. mixing ratio would correspond to a value of the angular an-

It was not possible to extract intensities and angular ratiossotropy ofR,,=0.86 for a value otr/1=0.3. The measured
for all transitions shown in Fig. 1 from any single gate. How- average of the dipoles in bandl presented in Table | is
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20r | bandB.
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FIG. 6. (a) The solid curve is the calculated variationR{c for a stretched-quadrupote stretched-quadrupole correlation as a function
of the nuclear spin alignment parameter| (see text The open point is the experimental average value. The vertical errors indicate the
experimental uncertainty of this quantity while the horizontal errors give the corresponding uncertaintly. i) Plots of Ryc for a
stretched-dipole-stretched-dipole correlation as a function of argt&nwhere s is theE2/M1 mixing ratio. The horizontal solid line is the
average experimental value for in-baad=1 transitions. The other solid curve is calculated assumpifig=0.32. Dashed lines and curves
are the uncertainties.

Raa=0.792). Using the 710 keV dipole as a gate and assum- Il —1-2)
ing o/1=0.3, a value oR,,=1.41 is expected for stretched = ‘% I=i-1 3
Y

quadrupole transitions. Assuming that all the low-lying
stretched quadrupole transitions are electric quadrupoles, the branching ratios were determined by setting a single
follows that states in band are likely negative parity. gate on a transition decaying into the state of interest and
As mentioned above, barlis much weaker than basl ~ Measuring the intensities of the rays depopulating that
Angular anisotropy measurements were sufficient to shovptate. The small effect of the mixing ratiwas ignored. The
the dipole character of the crossover transitions and th&esulting B(M1;1—1-1)/B(E2;1—1-2) ratios for bandsA
quadrupole character of the presuntl transitions. How- andB are given in Table II. The values for bandsand B
ever, reliableR,c or Ry, ratios could not be extracted for the agree within errors and are roughly constant for all measured

transitions connecting banB to band A. Therefore, the values.

angula_r—momentum assignments for Fhe states in lB;acb ll. THEORETICAL INTERPRETATION
unconfirmed. The intensity of bandl is around ten times ) _
greater than the intensity of baBdsuggesting that bardl is A. General considerations

the yrast of the two structures in the region where they are The nucleus®®Zn has two protons and six neutrons out-
fed. This suggests that the interband transitions may be side the spherical doubly magic core eiNi (N=2=28).

— | transitions as indicated in Fig. 1. Low-lying valence configurations involve active orbitals
from the N'=3 ps, and fs;, subshells and th&V=4 gg, in-
3. B(M1;1 —1-1)/B(E2;| —1-2) ratios truder subshell. Higher-angular-momentum states can be

; - _ formed by exciting one or more protons from th&=3 f,,
The analysis described above shows thatthel cross subshell across thg=28 shell gap, giving rise to deformed,

over transitions in band\ are relatively pure stretched di- lective. band struct b dqi I lei of
poles, presumably magnetic dipoles as expected for decays. ective, band structures as observed in several nucler o
S mass regiofl-13.

between strongly coupled partner bands. It seems reasonal | fort t ; . i o the ob dst
to assume that this is also the case for transitions in f@and 0 nan emg ° as:;_lgn th.m |gdura '033 (t) Cilg serlvel f’ ruc-
The B(M1;l—1-1)/B(E2;l —1-2) ratios can then be deter- ures - in n, configuration-dependen caiculations

mined. which mav help in assianing nucleon confiquration have been performed. The formalism described in Refs.
. y help in gning . 9 . S[:L4,2(3 is followed. Pairing is neglected in these calculations
to the bands. The expression used to determine these ratlosS|8 they can only be used to get a qualitative understanding of
) B 5 the states with low-angular momentum but they should be-
BM1I—1-1) :0.69_/E7(| —1-2°1 come realistic for higher values, say-10%, in this mass

B(E2;l —1-2) E,(1 —1-13\ region. Configurations will be labeled &g;p,,n;n,] defin-

1 ing the occupation of the active subshells,
X o llue b)z] ’ 2 -p1 2+p1—py P2 -y 6+n;—ny
(1+8) m(f712)PUPa/afs/2) (9or2)P21(f7) " (P3/afs/2)
n
where, E, is given in MeV and\ is the branching ratio X (Gor2)"™
expressed as That is,p;(n,) is the number of protofneutron holes in the
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TABLE I. Measured transition energies, intensities, angular correlation régQs, angular anisotropy
ratios(Raa), and angular-momentum assignments for transitiorféZn measured from a single coincidence
gate on the 710 keV stretched-dipole transition in b#@adThe intensities were corrected for detection
efficiency and are given as a percentage of the 991 ke\ @' transition. The numbers above the solid
dividing line are in-band states of bai#dwhile those below it are from lower-lying states.

E, (keV) Intensity Rac Raa IT—=I1f
508.1(5) 129110
512.05) 137 —120)
563.33) 65.53) 0.792) 0.762) 149 —130)
603.03) 102.714) 0.792) 0.81(2) 157 —140)
709.53) 16 —157)
746.43) 87.24) 0.862) 0.81(3) 179 167
865.45) 25.93) 0.743) 0.868) 187 —170)
914.55) 29.603) 0.805) 0.835) 19— 187
1082.15) 13.73) 200 —19”)
1142.@5) 4.1(8) 21020
1395.§9) 4.2(2) 229210
12921) 237220
15231) 240 23"
1020.@5) 6.02) 137110
1074.75) 15.94) 147 —120)
1166 52.44) 1.2711) 1.256) 157137
1312.59) 16 —140)
1455.25) 170 —157)
1613.36) 57.411) 1.098) 187 —16")
1779.66) 30.53) 1.31(6) 1.249) 197 —170)
1997.46) 29.94) 1.449) 1.16(8) 207 —18"”)
2225.110) 22.04) 1.27(11) 1.3512) 210199
2538.610) 14.93) 1.2615) 1.2316) 220 20
2688.510) 11.26) 1.47(27) 1.156) 239210
28141) 4.52) 240) 5 220)
31171) 1.1(1) 257 239
3571(1) 26— 24"
398.23) 9.52) 0.61(5) 0.696) 7" —6"
429.83) 1.21) 1.2444) 4 4%
547.43) 2.011) 0.8715) 870
584.85) 3.82) 0.808) 120 110
592.53) 9.4(2) 0.548) 0.648) 6 6™
617.95) 1.7(1) 5 4%
641.45) 47.03) 0.732) 0.80(3) 76"
656.75) 3.001) 1.2824) 139110
771.25) 2.91) 0.8019) 4 4P
808.45) 12.43) 0.71(6) AR
824.65) 3.72) 1.6613) 70) 50
926.25) 4.92) 1.4311) 53"
936.75) 15.63) 1.257) 1.179) 4t 2t
955.05) 6.1(2) 1.0415) 1.3417) 860
971.1(5) 5.32) 1.6240) 9 - 70)
991.45) 100.419) 1.193) 1.172) 2t 0"
999.96)¢ 4.8(4) 0.923) 6(Y) — 4" /4% 4+
1029.95) 3.32) 1.31(10) 860

034330-6



HIGH-ANGULAR-MOMENTUM STRUCTURES IN%Zn PHYSICAL REVIEW C69, 034330(2004)

TABLE I. (Continued)

E, (keV) Intensity Rac Raa IT—I1f
1046.25) 19.23) 1.3415) 1.4418) 110 -9
1056.45) 17.63) 1.2717) 1.7015) 705"
1064.15) 4.3(2) 87"
1144.44) 15.341) 0.90(24) 1.01(7) 8+ 70
1227.26) 1.31) 1.399) 70) 57
1260.37) 15.62) 1.21(12) 1.1511) 110 - 90
1304.95) 5.82) 120 110
1315 113.45) 1.124) 1.393) 4% 24190 77
1340.4q7) 12.42) 1.2615) 1.26111) 6" 4"
1363.q4) 6.92) 1.4632) 1.3331) 107 — 80
1397.@5) 4.32) 8% 7-
1500.35) 9.2(2) 1.7420) 1.6424) 6t —4*
1618.65) 20.45) 5 4t
1622.58) 0.8(5) 110 107
1686.95) 45.54) 1.2717) 1.365) 6t —4*
1773.210) 2.8(5) 6" 4*
1799.67) 5.52) 1.5633) 2t -0t
1850.410) 2.34) 50) 4%
1935.37) 4.1(3) 1.61(28) 1.4610) 6t —4*
2005.310) 2.4(3) 3 2*
2037.87) 5.8(3) 1.66122) 1.3718) 8" 6"
2086.27) 5.6(2) 1.1243) 44 2*
2129.17) 2.6(2) 1.499) 8" 6t
2158.39) 4.32) 139120
2321.99) 3.62) 110 —10%)
27201) 1.1(1) 149 —120)
28841) 1.1(1) 1.5230) 120 107
29501) 4.42) 0.878) 0.91(8) 120110
32471) 2.91) 1.2410) 137 —110)
3461(1) 5.52) 1.3729) 1.6951) 139110

dcontaminated.

bRAA is low for this assignment.
“Raa is low for this assignment.
dmultiple unresolved transitions.
°multiple unresolved transitions.

f2/» subshell andy,(n,) is the number of protongeutron$  ferent states can be formed by the redistribution of nucleons
in the gg» subshell. Similar calculations have previously within specific subshells belonging to the same “fixed” con-
been carried out fo?t*Zn [2] and for several other nuclei in figuration. In order to trace these states, it is necessary to go
this region, including®®Cu [11], %2Zn [1,3], and%8Ge[9].  beyond the standard CNS formalism. The extended CNS cal-
In general, for a nucleus with only a few particlésnd  culations, and the resulting interpretation of baxcare pre-
holes outside theZ=N=28 core, the configurations are sented in Sec. Il C. Possible interpretations of b@&ndre
rather pure and easy to interpret. With more particles outdiscussed in Sec. Il D.
side the core, as in the case #Ge [9], the situation
becomes more complex.

It is useful at this stage to make a few remarks on termi-
nology and to broadly outline the main points in the sections First, it is worthwhile to give a general overview of the
to come. The word configuration is used to refer to the occalculated structures if“zZn. Using standard parameters
cupation of active subshells as discussed in the precedin@6], the yrast states and other low-lying configurations for
paragraph. As shall be seen in Sec. Il B, standard CNS caHlifferent combinations of parity and signature were investi-
culations do not take into account the specific distribution ofgated. These states are shown relative to a standard rotating
the nucleons within that configuration. In other words, dif-reference[14] in Fig. 7. The highest angular momentum

B. Standard CNS calculations

034330-7
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TABLE II. MeasuredB(M1;1—1-1)/B(E2;I—1-2) ratios for  nature of the different groups of orbitals to be read out. For
bandsA and B (above and below the solid dividing line, respec- those configurations which are strongly downsloping in Fig.
tively). 7, it generally appears that tlips/,fs/,) neutrons do not con-
tribute their maximum angular momentum to the terminating
E,(AI=1) E(AI=2) B(M1;I—1-1)/B(E2;l —1-2)(uy/eb)? state. This occurs for thg91,0] 13" and 14 states, for the
[11,01 18" and 19 states, and for th§d0,01 11~ state in

563 1075 15.60 which the five (psjfs,) @=1/2 neutrons couple té=2.5.

603 1166 12.8) The states for which théps,fs;,) neutrons couple tb=4.5

710 1313 or 1=6.5 are less favored in energy and, therefore, they are
746 1455 12.819) not drawn in Fig. qwith the exception of the I3state which

866 1613 10.65) belongs to the same configuration as 6@,0 11 state. If

915 1780 12.61) the five (p3»fs,) neutrons haver=-1/2, the states are cal-

culated to be less favored energetically but they continue

1082 1997 1580 smoothly to the state where these five neutrons couple to
1142 2225 1482 their maximum angular momentum b£5.5. This occurs for
1396 2539 1522 the [11,0]] configuration terminating at 2Jand 22, and for
1292 2689 12.78) the [00,0] configuration terminating at T4 For configura-
tions with four(ps»fs;) neutrons, there is a competition be-
856 1860 9.221) tween terminating states involving either the full angular-
1067 1924 12.©0) momentum contribution from these neutronslef6 or if
1032 2099 14.@10) they only contributd =4. Whena=1, it is the configuration

in which these neutrons contribute=3, which becomes
competitive in energy while the states requiring the maxi-
which can be built in the valence space(pg,fs;;) protons mum contribution ofl =5 appear to be much less favored.
and neutrons is=10. However, this 10state is calculated to Examples of these(ps,fs,)* couplings are seen in Table Il
have a relatively high excitation energy. The lowest calcu-and will be discussed in more detail below for tfi,02
lated states foF=10-15 involve one, two, or even thrgg,  configuration.

particles. These configurations often terminate in low-lying To compare experiment with calculation, baAdis of
noncollective aligned states at a large oblate deformation. Amain interest since banB does not have firm™ assign-
higher angular momentum, it becomes favorable to promotenents. BandA was assigned to thil1,02 configuration in
one proton from thd-,, subshell across thé=28 gap. These Ref.[2]. The analysis of Ref{2] shows that this configura-
configurations are drawn with thick shaded lines in Fig. 7.tion assignment is consistent with the measured small posi-
For even higher values of the angular momentum, it becometive E2/M1 mixing ratios and the deduceB(M1;l—I|

favorable to create more holéparticleg in the f;5(gg)  —1)/B(E2;l—1-2) values. Now that bané has been con-
subshells leading to larger deformations and enhanced cohected to the low-angular-momentum states and observed to
lectivity. thel™=26") state(see Fig. }, this assignment has additional

The contribution to the total angular momentum from thesupport. There are two calculatdd1,02 configurations
different subshells is given for low-lying aligned states inwhich are relatively low in energysee Fig. 7. These two
Table Ill. The information in this table also allows the sig- configurations differ in the distribution of the four neutrons

z R S B 3
N
% 3.0 E \\ \“ wk [11,08 \ é
2 25 01,01} 11,01] E
= Y Q‘”i [22,12]
& 2.0 TN P P
~ 15E V@ 4
© E x “%j&
g 1o \ 71,01
S 05 ‘\\ 3
W 00F ®01,01] E FIG. 7. The calculated low-lying rotational

05 T bands of%zn drawn relative to a rigid-rotor ref-

erence. Each panel corresponds to fixed partity

55 ETWNU N\ ' i rlx)‘—‘(—l1) E and signature exponenk. The configurations
S a0l 3 \\ ' with one proton hole in thef;, subshell are
2 ,5E E N5\ drawn with thick shaded lines. Aligned states at,
T 20F E RN or very close to,y=60° are circled.
~ 15F S u\
B E E ®
= 10F E 3
8 o5k 3 \\‘ /[01.027 \ A
QI VE E o ® 1,02)4
W 00 E [0001] ~®

-0.5 E CNS calc. 1 E [22,03] 3

AU T T T A T T A A A 0 S M A O Ev v v v v by b v b by by
4 8 12 16 20 24 28 4 8 12 16 20 24 28
Angular momentum (h) Angular momentum (h)
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TABLE Ill. Low-lying calculated terminating states #Zn. The(e,,£,) deformation at terminatiofy
=60°) is given in the third column. The angular-momentum contribution from different groups of orbitals

[(pf)=(pasfs0)] is shown as a subscript in the fourth column.

| [P1P2, M1 ] Deformation,(e;, e4) Configuration
13+ [01,0]] (0.24,-0.01% m(PN1525(90r2)a 5
14+ (0.26,-0.018 wpH3 5 (o35
18 [11,09 (0.24,-0.01% m(f71055.35(PD3 (Godhs
19* (0.23,-0.009 wpH3 5 (9or)ss
21 (11,0 (0.23,-0.023 m(f7255.2.5(PD3 Qo) s
oot (0.20,-0.010 wpH3 s (Gor)ss
11 [00,0]] (0.18,0.00% a(phH;
14 (0.18,-0.007 UpH3 5559045
17 (0.26,0.005
18 [01,02 (0.28,0.000 7(Ph)1s5.25ois
18 (0.27,-0.008 wph)s 4 (9o
19 (0.30,-0.015
23 (0.28,-0.013
o5 [11,02 (0.25,-0.004 7(171935.35(PN3 (Gor2)i s
o6 (0.22,0.010 Uph 6 (Dor)s
27 [11,02 (0.27,-0.002 m(171935.35(PN3 (Gor2)i s
o3 (0.25,0.010 w(ph3 (Gor2)3

in the (psj»fs») orbitals. The configuration which is lowest ~ The shape trajectories for the two low$1,03 configu-

for most angular-momentum values has two neutrons in eaciations are shown in Fig. 8. Consider first the yrast, odd-
of the a=+1/2 orbitals, while the other configuration has angular-momentum states for which the shape changes
three neutrons imvk=1/2 and one ink=-1/2. For the termi- smoothly frome,=~0.31, y=20° at|"=11" to the terminat-
nating states of this latter configuratigiisted in Table Ill, ing|7=23 state at,~0.28,y=60°. This contrasts with the
=22,23 these four(ps,fs;) neutrons couple tb=3. How-  shape trajectory for the evdrstates which follows the odd-
ever, the corresponding band is calculated to be very irregu-trajectory up td =~ 20 but then moves toward decreasig

lar and lie low in energy for only a few angular-momentum values (with approximately a constant value of before
values, especially=22. Therefore, it is only the more regu- reaching a noncollectivg=60°17=26" state. The deforma-
lar [11,02 band which is relevant for the interpretation of tion of this| =26 state is considerably smalles,=0.22 than
bandA.

The calculatedvr=1 stategodd valueg behave regularly 60°
only up tol™=23" which is predicted to be a noncollective 030
state withy=60. This aligned 23 state terminates the low-
est[11,02 band. The aligned Z5state, connected to this 23
state in Fig. 7, corresponds to the terminating state of a dif-~ 25 -
ferent excited sequence. As seen in Table lll, the difference3 2
between these two aligned states is that the four neutrons iz
the (pyofs;y) orbitals contribute either74or 64 of angular "iozo i
momentum, respectively. The calculated termination "at '
=23 disagrees with the observed otddequence which be-
haves regularly all the way up to and including te=25
state. In contrast, thex=0 states(even} valueg behave 0.15 — . .
regularly all the way up to thé"=26" state in agreement 0.00 0.08 0.10 015 0.20 0.25

. . . .. €, COS (Y+30°)
with experiment. It is surprising that the calculated ddixd

event states display this different behavior as they approach F|G. 8. Calculated deformations for tfi&1,03 configurations
termination since they only differ by the signature of thg  in 54zn using standard parametd@6]. The yrast states are shown
hole (see Table ll). It is probable that this discrepancy can by large circles and full lines, while the states with one exciied
be removed by making small changes to the single-particle-1/2 low4, A'=3 neutron by smaller circles and dashed lines.
parameters used in the calculati@®e below. The open(closed circles are for odd-(event) states.

64Zn
CNScale. [15°
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Along /= 171-23 trajectory of yrast [11,02] band At this same point in the shape trajectory, there is another
Doasasroaaloasnnnepalonsinnenglongipisnnl . . . .

e orbital at slightly higher energy, labeled,3wvhich has the
same signature and parity but an aligned angular momentum
of m=1.5. These differences in theg values imply that if
the 34th particle is raised to the higher-lying &rbital, an
excited configuration exists which will terminaté higher
than the yrast sequence. That is, the excited configuration
will terminate atl=25. The even-states appear to behave
differently, terminating at =26~ and not atl™=24". This
suggests that, for the corresponding shape trajectory, the or-
dering of these two neutron orbita{8¢ and 3) is already
reversed aty=60°. Therefore, they must interact before
reaching the noncollective limit ag=60°, which is consis-
tent with the band-crossing scenario discussed above. The
two configurations which interact will have the same label-
ing within the standard scheme. In order to study such a
situation in detail the CNS formalism must be extended to
include a way to follow such structures which may be re-
garded as excitations within a “fixed” configuration.

)
o
o

44

Single-proton energy (Hiax,

» »
[o)] (o]
pa 1 Lo e a1 e e er a1l

>
S

Single-neutron energy (hwy)

C. Extended CNS calculations

In principle, it should be straightforward to calculate not
0.00 004 008 012 016 only the yrast states but also excited states associated with
Rotational frequency, w/e fixed configurations. However, without additional con-
FIG. 9. Single-particle orbitals along the path, calculated withStra.Ints’ the first excited state might correspond to a different

excitation at each angular-momentum value. To overcome

standard parameters as in Fig. 8, of the lowest1—-23 states in thi bl it ible to define i hich f orbit
the [11,07 configuration of%Zn. The spherical origin of the orbit- IS probiem It 1S possible o define in which group ot orbit-
Is an excitation is allowedfor example, in the low- NV

als is traced schematically, first by varying the deformation and thef? . . oo . .
by adding a cranking frequency, At =0, the orbitals are labeled =3 Qrbltals W't_ha:_llz)' The difficulty is thgn to define the

by their oscillator shell,V, and by the position in that/ shell as a  €Xcited state in the full space of deformation and rotational
subscript. Positive-parity states are shown by full or dotted linefr€duency. In general, this is not possible because of different
while negative-parity states have dashed or dot-dashed lines. Syn¥irtual crossings between orbitals with identical quantum
bols (circles for a=-1/2 and dots for=+1/2) are drawn at the humbers. For example, an excited state could correspond to

frequencies corresponding to the11,13,...,23 states while the €ither a single-particle excitation at a constant deformation
deformation at these angular momentum values can be read out B to a state in a secondary minimum at a different deforma-
Fig. 8. The frequency of the terminatirig-23 state is not well tion. However, by limiting the changes in deformation and
defined and was chosen to give smooth curves for the singlerotational frequency, it is often possible to define a unique
particle energies. The orbitals which are either occupied or empty iiyrast sequence and to specify which excitation is allowed
the [11,03 bands assigned to the observed b#ndre drawn by  with respect to these yrast states. In order to provide a full
thick shaded lines. For these orbitals, the aligned angular momerfinterpretation of band\ and to search for possible explana-

tum along the symmetry axis at terminatioy=60°) is given onthe  tions of bandB, the CNS formalism as described in REif4]

right-hand side. was generalized to calculate and identify excitations of this
kind.

that of thel =23 state(e,=0.28. The S shape of the eveh- Considering the orbitals in Fig. 9, the lowest states of the

trajectory suggests some kind of band-crossintrag2%. [11,02 type are well defined. Starting from these states, the

The single-particle orbitals along the otidhape trajec- next highest excited states have been calculated, specifying
tory are drawn in Fig. 9 where, at each deformation, theexcitations within the lowj; N'=3, «=-1/2 neutron orbitals.
rotational frequency has been fitted to give the appropriatdhis corresponds to a neutron being excited from the lower
angular-momentum value. For the protons, there is a big gafBs) to the uppei(3;) thick shaded orbital in the lower panel
atZ=31 and the odd-states are formed by creating one holeof Fig. 9. For odd+ excited states, a smooth, well-defined
in the highestf,, orbital (labeled 3) below this gap, while deformation trajectory is obtained, which can be followed up
the event states require the hole to be in the signatureto |"=25 (see Fig. 8 This state is noncollective with,
partner orbital. These orbitals, which are drawn with thick=0.25, y=60° and was connected smoothly to the aligned
shaded lines in Fig. 9, are essentially degenerate at lowrastl”™=23" state in Fig. 7. For the evenstates, the yrast
angular-momentum but separate in energy at higher angulaband can be followed to tH€=26" state as discussed above.
momentum. The neutron orbitals are filled up to the34 There seems to be a clear tendency for the highest-
gap. Aty=60° there is an orbital just below the gap, labeledangular-momentum states to be calculated at a higher exci-
3, which has an aligned angular momentumngE—0.5:.  tation energy relative to the observed energies.5&om with
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T Neutrons: £,=0.268, y= 33.4, £,=0.012, K,(3) = 0.095, 1,(3) = 0.29
6 __ __ 4.9 . | .I..-I 1 [ I.;.l I‘\I'\I;_.I ‘III |'.| ‘I |’; r
s L ] - ] u
[} L i 4.8 —
= r ] > ] C
g [ ] 247 4 C
= 0 1 g ] r
‘“'\3 4r B o h r
8 | : 87 -
S L ] = - g
w3k - 245 o
C i & ] u
C ] X 3 E
i . % 447 3
F LI . -
6L ] 43 - .
— I ] 0.00 0.05 0.10 0.15 0.20
3 N 1 Rotational frequency, o/w,
250 ]
:ii FIG. 11. Neutron orbitals at a deformation close to that calcu-
u:>4 3 1 lated for the yrast[11,0 configurations of®¥zn at 1=21,22.
§ - . Positive-parity states are shown by full or dotted lines while
s [ N ([11,02], exc.) 1 negative-parity states have dashed or dot-dashed lines. Open circles
Gl #47n SN \\D\\(//@ ] indicatea=-1/2 and dots indicate=+1/2. Theparameters fitted
L CNS calc \3*\\\\ o @ ] to describe the positive parity states®iCu are used27]. The two
C ' [11,02] ‘O—"—‘o-“"‘@ ] orbitals which pass through a virtual crossing e#=0.120w, are
2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 . . .
10 12 14 16 18 20 22 24 26 drawn with thick shaded lines.

Angular momentum ¢h)
_ at a fixed deformation close to the predicted shape associated
FIG. 10. Comparison between the observed bahdsdB (up-  with the yrast and excitel1,02 bands atl=21,22. It is
per panel and the calculated configurationusing revised  eyident that the sixth and seventh=-1/2, N'=3 orbitals
parameters—see toxassigned to bané and possible configura-  come close to each other, interchanging charactew at
tions which could be assigned to baBdFull (long-dashejllines — _q 12, and passing through a virtual crossing. This is the
indicate posﬁwe(negapve) parity while short-dashed lines are approximate frequency at which the 21,22 states are ex-
drawn when the parity is not known. The opefosed symbols are o0 This crossing is not clearly visible in the behavior of
for qu (ev?m) states. Experiment and theory have been normal'calculated energies drawn in Fig. 10, indicating a large inter-
ized in the high-spin range of bawkicontrary to the more standard ction strength. However, this interéction will influence the
convention to normalize for the ground state. Aligned states at, of gth. ’ A .
curvature of the calculated sequences in Fig. 10 and, since

very close to,y=60° are circled. Calculated energies of {i¢,0]] h . I ith . hi S
configuration are given only for the collective minima where energy_t ere Is excellent agreement with experiment, this crossing Is

and deformation varies smoothly with angular momentum important for a detailed understanding of bakd

only a few particles in thdps,fs,) subshells, the highest-
angular-momentum states will become more favored if the
high-j subshells are made to have lower energy in the calcu- Itis interesting to see if an interpretation can be found for
lation (that is, thefs, subshell is lowered relative to thg,, ~ PandB, assuming that the suggested angular-momentum as-
subshell. The parameters recently used to describe the deca§ignments in Fig. 1 are correct. TEB¢M1;l —1-1)/B(E2;l
out of the superdeformed band #Cu [27] indicate that —1-2) ratios measured for band& and B are identical
such small changes are reasonable. In that casdgtheub-  within errors(see Table i supporting the suggestion that the
shell was found to be approximately 300 keV closer to thetwo bands are based on similar configurations involving only
pss» subshell(corresponding to 0.0Zaw, closer in oscillator  onefy, proton hole. This is also consistent with the range of
units as used in Fig.)9New calculations for the configura- angular momentum over which the band is seen.
tions in %4Zn have been performed using these revised pa- There are several possible interpretations of bBn@he
rameters. The new calculations for the yrg#i,02 se- band might correspond to the secofid,03 configuration
guences are compared with baféh Fig. 10. The agreement (drawn in Fig. J which terminates in aligned states with
with experiment is almost perfect all the way from the lowest!"=22" and|7=23", which is consistent with the suggested
7=11",12 states to the terminating=25",26 states. The angular-momentum assignments. However, the calculation
calculated shape trajectory for the eviestates is very simi- for this configuration fails to reproduce several features of
lar to that already shown in Fig. 8. The otidstates now the observed banB including its excitation energy relative
follow a trajectory close to that of the evérstates with a  to bandA. It is not drawn in the lower panel of Fig. 10.
similar S shape and terminating ap=~ 0.25, y=60°. Another possibility is that ban8 could be an excitation
Shown in Fig. 11 are the calculated single-neutron orbital®f the yrast{11,02 configuration as discussed in the preced-
using the revised parameters. The calculation was performadg section. The band resulting from such a calculation ter-

D. Possible interpretations of bandB
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minates atl™=23" and |=24". The prediction for the two V. SUMMARY

signatures is drawn in the lower panel of Fig. 10. The calcu-

lated energies at the highest angular momenta are in general |n summary, high-angular-momentum state$4an were

agreement with experiment but the discrepancy gets Worsgyestigated in an experiment using Gammasphere and the

for lower | values. . Microball. The level scheme was considerably revised and
As drawn in Fig. 1, band\ is clearly yrast when com- extended. The main focus of this paper has been on two

pared with band at high angular momentuigwhich is also
reasonable from the point of view of the relative populaltionStrongl.y coupled ba”qs- One of these bands was knpwn from
of the two bandgbut the energy difference between the two & Prévious study. This structure has been firmly linked to

bands decreases with decreasing angular momentum. |RW-lying states, establishing the excitation energies, angular
would then seem reasonable to expect that the underlyinfomenta, and probable parity of the in-band states. An ex-
configuration of band3 involves fewergg, particles. Pos- cited band is seen to decay to the lower-lying band and sev-
sible configurations of this kind argl1,0] (with one gy,  eral interband transitions have been identified. The angular
proton and ongg,, neutron or [10,02 (no gg/, protons and momenta and parity of the states in this second band could
two gg/, Neutrons. The calculated sequences based on thesgot be firmly established. These structures are important ex-
configurations are drawn in the lower panel of Fig. 10. amples of the onset of collective rotational behavior in the

The [11,0] sequences are also drawn in Fig. 7, whergjimitaq valence space outside th=Z=28 spherical shell
standard parameters are used. Independent of the paramet

used, there is a total four bands;, signature partners are

formed with the(ps/sfs/;) Neutrons having eithew=1/2 or In order to interpret the bands, the standard cranked-

a=-1/2. While thea=1/2 bands are lower in energy for Nilsson-Strutinsky formalism was extended to allow yrast
some aﬁgular—momentum values. it is the-1/2 bands. and excited states to be calculated within fixed configura-
with the (paj»fs;,) neutrons coupled to a maximum spin of tions and to find their self-consistent deformations. The low-

5.5h (see Table 1I), which behave smoothly and which are est collective band irf*Zn is interpreted as based on the

therefore most naturally associated with baddndeed, as  7(F7/2) ™ (Ps/afs12)(Gor2) '¥(Parafsr2) *(9oro)* configuration (la-

seen in Fig. 10, the general characteristics of these calculatéx¢led[11,02 in our notation and the calculations reproduce

sequences agree much better with b&dusing the sug- the observed in-band states to an excellent accuracy. The

gested angular-momentum assignmgthan the other con- second band has several alternative interpretations, but on

figurations drawn in the figure. However, the observed bandhe basis of the current work it is impossible to distinguish

continues to a suggested angular momentui=@3:, while  between them. One aspect that may provide an important

the maximum angular momentum for the calculated configuelue is the interband decay from this excited structure to the

ration is 2Z:. One possibility would be that the state labeled|ower band.

as|=(23) in bandB belongs to a different configuration. It

should be noted that ah=23 state can be formed in the

[11,07 configuration when the fivéps,fs;,) neutrons have

a=1/2, inwhich case they can couple te6.5i. Although

this 23 state is at a fairly high energy, it is drawn in Fig. 7

and connected to the 23tate with a short-dashed line. We would like to express our gratitude to the operations
The [10,02 configuration appears to be too high in exci- staff of ATLAS and to John Green@NL) for making the

tation energy to be a reasonable alternatsee Fig. 10. The target foils. This work was supported in part by the U.S. DoE

high excitation energy is due to the large signature splittinginder Contract Nos. DE-AC03-76SFO00@3BNL ), W-31-

between the two lowedg;, neutron levels, which makes it 109-ENG-38(ANL), and DE-FG05-88ER40406NU), the

energetically unfavorable to have two neutrons occupyingswedish Science Research Council and the Natural Sciences
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