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Testing mean-field models near theNÄZ line: g-ray spectroscopy of theTzÄ
1
2 nucleus 73Kr
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Excited states in theN5Z11 nucleus 73Kr have been investigated using the40Ca(36Ar,2pn) and
40Ca(40Ca,a2pn) reactions at 145 and 160 MeV, respectively.g rays were detected using the Gammasphere
array and events were recorded in coincidence with charged-particle and neutron detectors. The three previ-
ously observed bands were extended to high spin, and a new unfavored positive-parity band has been observed.
The alignment characteristics and decay properties of the bands are all consistent with large-deformation
prolate rotation, with no clear evidence for oblate bands or shape coexistence. This is quite different from
neighboring72,74Kr, indicating a strong shape-stabilizing role for the valence neutron. The experimental results
are compared to extended total Routhian surface, cranked Nilsson Strutinsky, and cranked relativistic mean-
field calculations. The results suggest that the paired calculations lack some important physics. Neutron-proton
correlations may be the missing ingredient. There is also evidence for an unusual band crossing in the negative-
parity bands, which may indicate the presence ofT50 pairing correlations. At high spin all the models can
reproduce the experimental data.
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I. INTRODUCTION

Even-even nuclei withA;70 lying at or close to theN
5Z line have been found to exhibit shape coexistence
tween highly deformed, near-degenerate oblate and pro
shapes. They are also interesting in the context of poss
neutron-proton pairing correlations, which have been s
gested to modify their properties. It is known from Nilsso
calculations that large prolate and oblate shell ga
;2 MeV, exist for both neutrons and protons atb2
;10.4 ~at particle numbers 38, 40! and atb2;20.3 ~at
particle numbers 34, 36!, respectively. This leads to larg
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shape changes among nuclei in this region with the remo
or addition of only one or two nucleons. For example,72Kr
is believed to have an oblate ground state@1,2# with a low-
lying prolate isomer@3#, while in 74Kr the situation is
thought to be reversed, with a prolate ground state@4# and a
low-lying oblate isomer@5,6#. Both oblate and prolate band
are seen to compete for yrast status in68Se@7#. Furthermore,
in 74Kr there is also evidence for a substantial reduction
deformation in the yrast band following the alignment ofg9/2
particles@8#.

Investigating the odd-A nuclei in this region is importan
as it allows inference of the shapes of bands at low spin
permits the investigation of alignment blocking, and thus
destruction of pairing correlations, at higher spins. Detai
studies of 75Kr by Skodaet al. @9,10# indicate that shape
mixing plays an important role in these odd-A systems. In
73Kr the minima in the potential energy surface have be
predicted to be nearly degenerate, though with a substa
barrier between them, so shape mixing may be reduced.
termining whether oblate or prolate bands are yrast is on
the goals of this study.

Another question relates to the role of pairing in the stru
ture of medium-heavyN;Z nuclei. It has been widely sug
gested that nearN5Z neutron-proton,np, correlations may
become important. Masses and excitation energies of
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baric analog states have been interpreted in different w
Macchiavelli et al. @11,12# argued that the data on bindin
energies and the energies of isobaric analog states ca
understood as a consequence of isovector (T51) pairing,
containing thenp part that is necessary to conserve isosp
In addition, Frauendorf and Sheikh@13# demonstrated tha
some aspects of rotational spectra inN;Z nuclei can be
interpreted in terms of a cranked shell model that is based
quasiparticles belonging to a pure isovector pair field. On
other hand, Satuła and Wyss@14,15# suggest that there i
evidence for isoscalar (T50) np pairing effects in the ener
gies of low-lying states ofN5Z nuclei. In their mean-field
calculations, the presence of an isoscalar pair field is abl
account for the binding energies~Wigner term! and the ex-
citation energies of theT51 andT50 states@15,16#. More-
over, recent work on72Kr, 76Sr,80Zr, and 88Ru @17–19# has
observed large delays~compared to heavier even-even is
topes! in the crossing frequencies of the aligningg9/2 protons
and neutrons. In the early work of de Angeliset al. @2# on
72Kr this was interpreted as evidence for strongT50 pairing
correlations in the ground state. It is unclear, however, a
whetherT51 or T50, or a combination of both types ofnp
pair correlations is responsible for the observed delay
these nuclei. Frauendorf and Sheikh@13# found that isovector
(T51) np correlations can shift the band crossings to hig
frequencies. However, as a result of the limitations of th
j-shell model it was not possible to judge if the effect
strong enough to explain the shift in real nuclei. More rec
work suggests that the delay in crossing frequency canno
understood if onlyT51 pairing is included within curren
mean-field models~e.g., see@20#!. In addition, it has been
shown that a staticT50 pair field can result in an increase
the crossing frequency@21,22# ~see also@18#!.

Theoretically,np pairing effects are expected to diminis
rapidly as one departs from theN5Z nuclei. This has been
used as an explanation of why total Routhian surface~TRS!
model calculations, using standardT51 like-nucleon pair-
ing, can reproduce the experimental data for theTz51 nuclei
74Kr, 78Sr, and82Zr @4#. However, such an argument may b
too superficial, because strongT51 np pair correlations
show up in a subtle way, as a result of the breaking of isos
symmetry by the isovector pair field. Reference@13# demon-
strated that single-j-shell calculations, using only standa
T51 like-nucleon pairing, can reproduce the spectrum of
N5Z nucleus74Rb if isospin conservation is taken into a
count ~which accounts for theT51 np pair correlations!.
Previous studies of the odd-proton nuclei75Rb @23# and 79Y
@24# have also indicated that TRS calculations can exp
the observed data in theseTz5

1
2 nuclei. In addition, in Ref.

@24# it was also stated that ifT50 np pairing is present, then
this does not appear to significantly affect simple observa
such as the moments of inertia of the rotational bands at
spins. In 75Rb some small differences were observed
tween experiment and theory in the band crossing reg
The authors noted that this in itself was not explicit proof
np correlations, but suggested that if they were significa
they most likely arise from isoscalar residualnp interactions.
At present it is not at all clear what the true nature of thenp
04433
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pair correlations is in nuclei near theN5Z line or how these
are revealed in rotational spectra. Detailed low-spin a
high-spin experimental data in medium-heavyTz 5 6 1

2 nu-
clei will be extremely important in helping to clarify thi
complex issue.

A further interesting aspect of this mass region has b
the observation of bands which show characteristics that
generally associated with smoothly terminating bands@25#.
In81Sr @25,26# the structures do not appear to become fu
noncollective at the highest spins, but in73Br @27# one of the
rotational bands is observed up to its terminating sing
particle state at a spin of63

2 .
The present work concerns theg-ray spectroscopy of the

Tz5
1
2 nucleus 73Kr. After some initial misidentification

@28,29#, the Cologne group@30# identified three excited
bands associated with73Kr and inferred that the ground-stat
quantum numbers wereI p5 5

2
2, based onb decay to known

states in73Br. Recently, two studies have revised the groun
state and low-lying73Kr spin assignments. A detailed off
line decay study unambiguously fixed the ground-state s
and parity to beI p5 3

2
2 @31#. Further, an isomer was foun

@32# in a fragmentation reaction. Its decay populated the lo
lying levels in 73Kr and clarified the location and spins of th
bandheads. However, the placement of the cascadesg
rays observed by Freundet al. @30# has been verified in the
present work, as were most of the high-spin extensions s
gested by Hausladen@33#, although in both cases the sp
sequences have been modified due to the ground-state
signment. As we will discuss, the present spin arrangeme
now consistent with the observed population of the high-s
bands.

II. EXPERIMENTAL DETAILS AND DATA REDUCTION

The data were obtained from two experiments perform
using the ATLAS facility at Argonne National Laboratory
Excited states in the73Kr nucleus were populated in th
40Ca(40Ca,a2pn) and 40Ca(36Ar,2pn) reactions at beam
energies of 160 MeV and 145 MeV, respectively. In ea
case, the target consisted of a;400-mg/cm2-thick 40Ca foil
with 100 mg/cm2 flashes of Au in front and behind to pre
vent oxidization of the Ca foil. Emittedg rays were detected
with the Gammasphere array@34#. As a result of the small
cross section for the production of nuclei far from stability
this reaction, ancillary detectors were included in the exp
mental setup. These were the Microball CsI detector ar
@35# for the detection of protons anda particles, and an array
of 30 liquid scintillation counters for the detection of ne
trons. Data were collected using two trigger conditions:
quiring at least two suppressed Ge detectors firing in coin
dence with one or more events detected in the neutron s
or requiring more than four suppressed Ge detectors firin
prompt coincidence. The events in the neutron detec
were subsequently identified as neutrons~or g rays! in soft-
ware. The two reactions populated73Kr at different spins and
excitation energies. The argon-induced reaction popula
the nucleus at higher spin and allowed the bands to be
tended furthest. The calcium-induced reaction popula
lower spins, which was useful in ordering theg rays in the
1-2
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backbend region and also populated nonyrast states m
favorably.

In the A;70 region the emission of light charged pa
ticles from the compound nucleus results in a substan
broadening of the recoil cone of the final reaction produc
This has the effect of worsening the effective resolution
the g-ray array. However, by using information from th
Microball array, a full kinematic reconstruction can be p
formed @36# and much of the intrinsic resolution regaine
Such an event-by-event Doppler reconstruction was
ployed in the analysis of data from both experiments.

Data from the40Ca1 40Ca experiment were sorted into
gg coincidence matrix with the requirement that onea par-
ticle, two protons, and one neutron be detected in each ev
Feedthrough from other reaction channels involving high
multiplicity particle emission was subtracted in the analys
Particle-gated angular distributions were also analyz
Sums of singleg gates within the band~s! of interest were
used in order to obtain cleaner spectra. This was esse
particularly for analyzing the 200–300 keV crossover tran
tions in order to removeg rays produced in reactions of40Ca
on the12C target contaminant. The gates contained eve
from g-ray detectors located at all available angles so a
minimize correlation effects. Angular distributions for th
strongest in-band transitions were analyzed initially, w
each displaying the characteristic quadrupole radiation
tern. The alignment parameters, representing a Gaussia
distribution of magnetic substates, was allowed to vary
each case. A mean value fors/I i , whereI i is the spin of the
initial state, was determined to be 0.42. This value was h
fixed for the final analysis of all angular distribution me
surements. Mixing ratios were extracted for several of
DI 51 crossover transitions.

Data from the36Ar 1 40Ca reaction were sorted off lin
into a Eg-Eg-Eg cube with particle gates of one or two pro
tons, zero alphas, and a single neutron in an attempt to
hance the73Kr channel relative to more strongly produce
reaction products. These data were subsequently anal
using theRADWARE suite of programs@37#. The data were
also unpacked into triples events and directional correla
from oriented states~DCO! @38# Eg-Eg matrices were sorted
Three such matrices were created. Gates were set on
vidual g rays from a list of transitions in73Kr ~one list for
each of bands 1–3!. There was no restriction placed upon t
angle of detection of the transitions in these lists so as no
bias the correlations. In addition, the same particle gate
discussed above were also utilized. The DCO matrices w
constructed from the remaining twog rays in the triples
events using detectors from the 79° –101° rings on thex axes
and all other detectors on they axes. These data were used
extract the multipolarities of the transitions within and b
tween the three observed bands. DCO ratios for kno
stretched quadrupole↔stretched quadrupole transitions we
found to be ;1.1 on average, and those for stretch
quadrupole↔stretched dipole transitions were found to
;0.8. The ratios extracted for the in-band transitions in73Kr
are consistent with those expected for quadrupoleg rays and
with the measured angular distributions.
04433
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III. ANALYSIS

A. Decay schemes

The level scheme shown in Fig. 1 results from the ana
sis of the data obtained in the present work. Data from
36Ar 1 40Ca reaction made it possible to significantly exte
the previously known structures~bands 1, 2, and 3!. The two
negative-parity bands~labeled as bands 1 and 2 in Fig. 1!
have been extended by ten and nine transitions up to te

tive spins of (63
2

2) and (61
2

2), respectively. The previously
observed positive-parity band~band 3! has also been ex

tended by nine transitions up to a tentative spin of (57
2

1).
The spectra in Fig. 2 were obtained from setting differe
gating conditions within the particle-gated cube. Figures 2~a!
and 2~b! show the spectra created from a sum of double ga
in the RADWARE cube, details of which can be found in th
figure caption. They illustrate the two signatures of t
strongly coupled negative-parity sequence of transitions. F
ure 2~c! gives a similar spectrum, created from a differe
sum of double gates within theRADWARE cube, for the
positive-parity band 3~see figure caption for details!. In ad-
dition, a new band~band 4! which appears to be the signa
ture partner to band 3, has been observed for the first ti
The doublet nature of four of the transitions~714, 826, 1202,
and 1207 keV! in this band makes the determination of th
intensities rather difficult. However, placement of many
the transitions within the band is fixed by the observation
g rays which link the new band to band 3. Figure 3 show
particle-gatedg-ray spectrum from the Ca1Ca data that in-
cludes a sum of single gates on the 632, 1045, 1202,
1354 keV transitions in band 4. The crossover transitions
identified as well as several transitions in the signatu
partner band 3. The ordering of the last two observed tra
tions of 1354 and 1207 keV is uncertain. Finally, a sh
sequence ofg rays, comprised of the 1417 and 1498 ke
transitions, which decay to the23

2
2 state in band 1, has als

been observed.
The ordering of the transitions within the bands has be

deduced mainly fromg-ray intensities measured in the coin
cidence data.73Kr was produced at substantially lower a
gular momentum in the40Ca1 40Ca reaction than in the
36Ar1 40Ca reaction. This is fortuitous as data from th
former reaction make it possible to order the transitio
through the backbend region for bands 1, 2, and 3, while
the latter reaction the ordering is ambiguous. Table I conta
information on the energies and intensities of theg rays
observed in the two experiments. In each case, the intens
are normalized relative to the intensity of the 144 keV tra
sition. Evidence for the difference in population between
two reactions can be seen by comparing the intensities of
827, 913, and 892 keV transitions in the two reactions. T
intensities of the 827 keV and 913 keV transitions of t
negative-parity bands 1 and 2 are very similar for the t
reactions. In contrast, while the relative intensity of the 8
keV transition of the positive-parity band 3 is 95~4! in the
40Ca1 40Ca reaction, it is only 54~7! in the 36Ar 1 40Ca re-
action. Because of this difference in entry population,
unfavored positive-parity signature partner~band 4! was ob-
1-3
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FIG. 1. Proposed level scheme for73Kr de-
duced from the present work.
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served only in the40Ca1 40Ca data.
The spin assignments adopted in this work are consis

with the the relative intensities of the positive- and negati
parity bands and how high in spin each can be traced. Fig
4~a! shows a plot of the level energy minus a rigid rot
reference energy as a function of spin for bands 1–3 us
the spins assigned in the present work. Figure 4~b! shows the
same plot with the spins of all the negative-parity sta
down to the 144 keV level reduced by 1\ ~i.e., with the spins
now the same as the assignments proposed in Ref.@30#!.
From these figures it is clear that the spins proposed in
present work are consistent with the observed feeding pro
of the bands; i.e., the negative-parity states are yrast at
04433
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spin and should therefore be observed to higher spin than
positive-parityng9/2 structure.

B. Angular distributions

In the papers of Skodaet al. @9,10# on the shapes of band
in 75Kr considerable attention was paid to measuring mu
pole mixing ratiosd(E2/M1) and branching ratios of the
in-band decays in order to extract information on shape
existence. The mixing ratios were independently extrac
from the angular distributions and branching ratios. T
analysis was inconsistent with the properties of stron
coupled bands having a constant quadrupole moment, a
mixing ratios extracted from angular distributions were d
1-4
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ferent from those inferred from branching ratios. A rath
complicated mixing of oblate and prolate shapes was s
gested to explain this observation, with theDI 51 andDI
52 E2 matrix elements having different quadrupo
strengths. We have studied the analogous73Kr interband

FIG. 2. Double-gated spectra created within anEg-Eg-Eg cube
showing the three extended rotational bands in73Kr. ~a! and ~b!
show the two negative-parity, signature-partner, bands 1 and 2
spectively. These were created from the particle-gated cube v
sum of gates contained within a list. A separate list was used
each band withg rays from levels up to spins55

2 and 53
2 being

included for bands 1 and 2, respectively.~c! Shows the positive-
parity band, band 3. Again this spectrum was created in the part
gated cube from a sum of double gates included in a list wh
contained allg rays within the band from levels up to spin49

2 .
Peaks marked with an * or' denote contaminants from71Se and
72Br, respectively.

FIG. 3. Particle-gatedg-ray spectrum obtained from a sum o
single gates on the 632, 1045, 1202, and 1354 keV transition
band 4 in73Kr. The 714, 868, and 984g rays are crossover trans
tions to band 3. Peaks marked with an asterisk (*) are membe
band 3.
04433
r
g-

transitions to see if the trends persist. We have measured
particle-gated angular distributions and branching ratios
the fourDI 51 decays in the negative-parity sequence and
two decays in the positive-parity sequence. Each analysis
some model dependence, concerning the alignment for a
lar distributions and concerning the strong coupling assum
tion for the branching ratio analysis. The results are summ
rized in Fig. 5 and Table II.

For the negative-parity sequence, based on theI p5 3
2

2

ground state, fits to the 249, 267, 344, and 368 keV ang
distributions all have similar, positive, multipole mixing ra
tios ~in the convention of Krane and Steffen@39#!, indicating
that the ratio of the band’s magnetic moment to quadrup
moment, (gk2gr)/Q, should also be positive@40#. The mag-
netic factor can be calculated by recourse to the Nils
model or any similar deformed shell model, so in princip
both the sign and size of the deformation can be extrac
and compared to TRS predictions. This has been show
work well for the highly deformed rotors in this region@41#.
For a prolate shape, the Nilsson orbit withI p5 3

2
2 near the

N537 Fermi surface is the@312# 3
2 level, which has ampli-

tudes dominated by the folded (j 5 l 2 1
2 ) f 5/2 shell model

state. For prolate deformations withb2;10.35, a value of
gk2gr;10.2mn is obtained, resulting in an average qua
rupole moment ofQ512.5(8)e b. The uncertainty in this
mean quadrupole moment measurement arises from the
certainty on the individual extracted mixing ratios~Table II!,
from the model-dependent estimate of the gyromagnetic
ment, (gk2gr), and from the weighted average of the me
surements from individual transitions. The low mixing rat
value for the 249 keV transition may arise from mismodeli
the nuclear alignment; at the bottom of long cascades in
target experiments using Gammasphere we have eviden
vacuum deorientation. The branching ratio analysis based
the strong-coupling limit withK5 3

2 and a band with con-
stant quadrupole moment indicates very similar mixing
tios, with the exception of the 249 keV transition, and ag
an average quadrupole moment ofuQu52.4(7)e b. These ex-
tracted quadrupole moments are slightly lower than that
pected for a uniformly charged spheroid withb2;10.35,
for which Q512.6e b. However, in light of the large sys
tematic uncertainties the agreement between methods o
tractingd is quite satisfactory, unlike the case of75Kr @10#,
and no shape-mixing arguments appear to be necessa
similar analysis can be followed for oblate shapes with
formationb2;20.3. Here, there is a differentI p5 3

2
2 level

near the Fermi surface, and the calculated magnetic mom
is large and negative,gk2gr;20.8mn arising mainly from
stretched (j 5 l 1 1

2 ) f 7/2 and p3/2 components. Combining
this magnetic moment with the measured mixing ratio lea
to unphysically large quadrupole moments ofQ;210e b,
though with the self-consistent, negative sign. Consequen
oblate deformation for the negative-parity states is hig
unlikely.

Assuming that band 4 is the signature partner to band
then theg9/2 band has significant signature splitting, so t
strong-coupling limit is open to question. However, the 7
and 868 keVDI 51 decays have similar angular distribu
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a
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TABLE I. Spectroscopic details for theg-ray transitions in the four rotational bands observed in
present work. DCO ratios are given for those transitions for which statistics and contaminants allowed
to be extracted. Firm spin assignments are based on measured DCO ratios and/org-ray angular distributions.

I rel (%) I rel (%)
Eg ~keV! 40Ca1 40Ca 36Ar1 40Ca DCO I i

p(\) I f
p(\)

144.0~1! 100~4! 100~5! 0.7760.11 5
2

2 3
2

2

224~1! 7~2! 5
2

1 5
2

2

249.0~2! 24~6! 23~12! 0.7660.06 7
2

2 5
2

2

267.1~3! 6~3! 17~5! 0.6360.05 9
2

2 7
2

2

343.6~8! 5~2! 11
2

2 9
2

2

368.4~6! 4~2! 13
2

2 11
2

2

393~1! 59~2! 43~6! 0.9760.10 7
2

2 3
2

2

516.1~1! 68~2! 68~12! 0.9160.07 9
2

2 5
2

2

554.3~5! 7~4! 11
2

1
( 7

2
1)

611.0~1! 58~6! 68~11! 1.2660.18 11
2

2 7
2

2

632.3~4! 16~3! 11
2

1 9
2

1

712.1~1! 71~14! 67~10! 1.1760.10 13
2

2 9
2

2

714.3~4! 12~5! 15
2

1 13
2

1

744.1~2! 99~4! 63~7! 1.0060.2 13
2

1 9
2

1

826.2~5! ,20 15
2

1 11
2

1

826.7~2! 61~4! 66~8! 1.460.3 15
2

2 11
2

2

867.8~4! 14~5! 19
2

1 17
2

1

892.0~2! 95~4! 54~7! 0.9460.05 17
2

1 13
2

1

913.0~1! 64~4! 63~10! 0.9460.09 17
2

2 13
2

2

984~1! ,5 ( 23
2

1)
21
2

1

1034.0~2! 63~6! 63~9! - ( 19
2

2)
15
2

2

1045.3~6! ,20 19
2

1 15
2

1

1085.4~2! 75~4! 49~6! 1.760.2 21
2

1 17
2

1

1097.1~1! 61~2! 56~8! 0.9060.13 21
2

2 17
2

2

1160.0~3! 14~2! 36~6! - ( 31
2

2) ( 27
2

2)

1197.0~2! 33~4! 30~6! - ( 33
2

1)
29
2

1

1202~1! ,10 ( 23
2

1)
19
2

1

1207~3! ,5 ( 31
2

1) ( 27
2

1)

1213.9~3! 37~4! 40~5! 1.5560.4 29
2

1 25
2

1

1223.1~2! 42~4! 55~7! 1.760.3 ( 23
2

2) ( 19
2

2)

1246.1~2! 48~4! 35~6! 0.9060.2 25
2

1 21
2

1

1263.1~2! 34~4! 52~8! 1.2260.15 25
2

2 21
2

2

1297.0~3! 19~4! 28~4! 2.0960.5 ( 37
2

1) ( 33
2

1)

1303.0~3! 9~2! 29~6! 1.4460.3 ( 33
2

2) ( 29
2

2)

1319.9~2! 18~6! 29~6! - ( 27
2

1) ( 23
2

2)

1323.1~2! 11~6! 42~7! 1.0460.13 ( 35
2

2) ( 31
2

2)

1354~2! ,5 ( 27
2

1) ( 23
2

1)

1382.0~4! 17~4! 40~8! - ( 29
2

2)
25
2

2

1411.0~6! 10~2! 18~5! 1.0360.16 ( 37
2

2) ( 33
2

2)

1416.9~4! 12~2! 17~4! - - ( 23
2

2)

1425.0~5! 11~2! 27~4! 1.560.3 ( 41
2

1) ( 37
2

1)

1497.5~7! 11~3! - - -

1510.0~3! 24~5! 1.460.3 ( 39
2

2) ( 35
2

2)
044331-6
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TABLE I. ~Continued.!

I rel (%) I rel (%)
Eg ~keV! 40Ca1 40Ca 36Ar1 40Ca DCO I i

p(\) I f
p(\)

1615.1~4! 14~5! - ( 41
2

2) ( 37
2

2)
1704.8~5! 18~3! - ( 43

2
2) ( 39

2
2)

1719.0~6! 11~3! - ( 45
2

1) ( 41
2

1)
1743.1~5! 11~2! - ( 45

2
1) ( 41

2
1)

1868.1~7! 10~3! - ( 49
2

2) ( 45
2

2)
1882.0~6! 14~3! - ( 47

2
2) ( 43

2
2)

2043.9~6! 11~2! - ( 51
2

2) ( 47
2

2)
2135~1! 6~2! - ( 49

2
1) ( 45

2
1)

2179.0~7! 7~3! - ( 53
2

2) ( 49
2

2)
2303~1! 5~2! - ( 55

2
2) ( 51

2
2)

2622~2! 3~2! - ( 57
2

2) ( 53
2

2)
2625~5! 4~1! - ( 53

2
1) ( 49

2
1)

2695~1! 5~1! - ( 59
2

2) ( 55
2

2)
3161~9! 1~1! - ( 61

2
2) ( 57

2
2)

3172~8! 1~1! - ( 57
2

1) ( 53
2

1)
3207~4! 1~1! - ( 63

2
2) ( 59

2
2)
he

v

s
te
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2
ds
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ity rary
tions which are quite different from the decays in t
negative-parity band~see Fig. 5!. They can be fit only by
negative multipole mixing ratios. For all shapes, this wa
function is the stretched sphericalg9/2 state with gk2gr
;20.8mn . Consistency with the sign of the mixing ratio
can only be obtained for a prolate shape, with a calcula
mean deformation ofQ513.0(10)e b. In the branching ra-

FIG. 4. ~a! Plot of experimental level energies minus a rig
rotor reference as a function of spin for bands 1 to 3 in73Kr. The
reference values were obtained with level spins equal to th
shown in Fig. 1.~b! As ~a! but with the spins of bands 1 and
reduced by 1\ ~note that this changes the signatures of the ban!.
Open and solid squares correspond to the two signatures o
negative-parity bands, band 1 (2,2 1

2 ) and band 2 (2,1 1
2 ), re-

spectively. The solid circles correspond to the positive-par
positive-signature (1,1 1

2 ) band 3.
04433
e

d

tio analysis, the extracted value ofd is sensitive to the pro-
jection of angular momentum on the symmetry axis,K. Only
for K5 5

2 can agreement between the mixing ratio from a
gular distributions and that from branching ratios

se

he

,

FIG. 5. Angular distribution plots for~a! the 344 keV 11
2

2

→ 9
2

2 transition between bands 1 and 2,~b! the 267 keV9
2

2→ 7
2

2

transition between bands 2 and 1, and~c! the 868 keV19
2

1→ 17
2

1

transition between bands 4 and 3. Intensities are given in arbit
units. See Table II for the mixing ratios obtained from the data.
1-7
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achieved. ForK5 3
2 the extracted ratio is a factor of 4 lowe

than experiment, and forK5 7
2 it is a factor of 3 larger.

The relative position ofg9/2 band members near the ban
head is strongly perturbed by Coriolis mixing. This has be
studied in detail by Kreineret al. @42#. In a calculation for
the positive-parity band in75Br it was found that theI p

5 5
2

1 and I p5 9
2

1 members were very closely spaced f
axially symmetric prolate deformation. In particular, for 0
,b2,0.35 the5

2
1 state is less than 100 keV below the9

2
1

state. This also appears to be the situation in73Kr. Thus, all
of the observed properties of the band—its level orderi
the branching ratios, the angular distributions, and, as
will discuss below, the alignments—are consistent with

near-prolate band withb;0.35 and having the@422# 5
2 Nils-

son configuration as its dominant amplitude. The infere
that the 73Kr bands are near prolate, despite strong sh
coexistence in even-even neighbors, is consistent with
observations in theN537 isotone72Br @43,44#.

IV. DISCUSSION

The bands observed in the present work have been c
pared to predictions of the pairing-and-deformation se
consistent total Routhian surface~TRS! model @45–47# and
to the cranked Nilsson-Strutinsky~CNS! approach@48#. Both
models are based on the macroscopic-microscopic metho
Strutinsky@49#. The RouthianE8(v,b2 ,g,b4) at fixed fre-
quencyv or the energyE(I ,«2 ,g,«4) at fixed angular mo-
mentum I is minimized with respect to the quadrupo
(b2 /«2 and g) and hexadecapole (b4 /«4) deformation pa-
rameters. The TRS model uses a Woods-Saxon sin
particle potential, while the CNS approach is based on
Nilsson potential with the parameter set from Ref.@50#. In
addition, calculations in the frame of the cranked relativis
mean field~CRMF! theory @51# have been carried out em
ploying the NL3 force@52#.

Pairing is neglected in the CNS and CRMF calculatio
therefore, the results are expected to be realistic only at h
rotational frequency. However, the TRS model takes

TABLE II. Measuredd(E2/M1) mixing ratios obtained from
g-ray angular distributions and calculatedudu(E2/M1) mixing ra-
tios determined from branching ratios. The calculated values
sumeK5

3
2 for the negative-parity andK5

5
2 for the positive-parity

states. Note that the mixing ratio for the 249 keV transition dedu
from angular distributions is likely attenuated due to vacuum de
entation at the bottom of the cascade.

Eg ~keV! Ji
p→Jf

p d(E2/M1) udu(E2/M2)
~Angular

distributions!
~Branching

ratios!

249 7
2

2→ 5
2

2 10.30~9! 0.76~8!

267 9
2

2→ 7
2

2 10.77~12! 0.62~11!

344 11
2

2→ 9
2

2 11.05~29! 1.06~26!

368 13
2

2→ 11
2

2 10.64~23! 0.45~15!

714 15
2

1→ 13
2

1 20.42(21) 0.65~20!

868 19
2

1→ 17
2

1 20.29(25) 0.42~12!
04433
n
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proton-proton and neutron-neutron pair correlations into
count by employing a combination of the convention
monopole and doubly stretched quadrupole pairing inter
tions @45#. Approximate particle-number projection is facil
tated by means of the Lipkin-Nogami method@45,53#. Fur-
ther details of the models may be found in Refs.@45–48,51#.

A. Comparison of data with the CNS and CRMF models

At rotational frequenciesv>1.0 MeV/\, bands 1–3 ex-
hibit features that appear typical for the unpaired regime

FIG. 6. Excitation energiesE of the experimental bands 1–
in73Kr @panel~a!# and configurations calculated in the CNS mod
@panel~b!# as a function of angular momentum given relative to
rigid rotor reference@ERLD50.02535I (I 11) MeV#. Calculated
terminating states are encircled. Solid lines are used for paritp
51, while short-dashed and long-dashed lines are used forp5
2. Solid circles are used for signaturea511/2 and open circles
for a521/2. Note that at low spin oblate or near-oblate (g;
260°) configurations are calculated to be lower in energy but t
are not shown because the observed experimental properties c
suggest that the low-spin states are prolate; see Sec. III.

FIG. 7. Plot showing the total angular momentum along
rotation axisI x, as a function of rotational frequency for experime
tal bands and calculated configurations from the CNS and CR
calculations. The notation of the lines and symbols is given in
figure.
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rotation influenced by the limited angular momentum cont
available within each configuration. These are a decrea
kinematic moment of inertiaJ(1) with increasing rotationa
frequency and a smooth drop of the dynamic moment
inertiaJ(2) with increasingv to values much lower thanJ(1).
Such features have previously been seen in smooth term
ing bands~see Refs.@48,54#! and in the super- and highl
deformed bands of theA;60 mass region@55#. In both
cases, calculations without pairing have been rather succ
ful in explaining the observed properties. In order to ident
the configurations discussed, we will quote the number
particles in the relevant orbitals. Since all high-j f 7/2 orbitals
are occupied in the configurations of interest, we count o
mixed low-j N53 orbitals and use thep f label. A subscript
@•••#U is used in order to distinguish these single-parti
configurations from the quasiparticle configurations, wh
will be used below. We also use the shorthand notat
@p,n#, which indicates the numberp(n) of occupiedg9/2

proton ~neutron! orbitals.
Figures 6~a! and 6~b! show the experimental and ca

culated level energies relative to a rigid rotor referen
(ERLD) as a function of spin. Although the CNS calculatio
indicate the existence of low-lying, aligned~terminating!
states in the spin range of interest, only the collective c
figurations, @p(p f)6(g9/2)

2
^ n(p f)6(g9/2)

3#U5@2,3# and
@p(p f)5(g9/2)

3
^ n(p f)6(g9/2)

3#U5@3,3#, which are lowest
in energy at high spin (I'20\ –30\), are shown in Fig. 6~b!.
In addition, the two signatures of the configuratio
@p(p f)6(g9/2)

2
^ n(p f)7(g9/2)

2#U5@2,2# are displayed.
Since the results of the CRMF calculations are very sim
to the ones presented in Fig. 6~b!, they are not shown. From
the figure, one can see that for spinI>14\, there is clearly
good agreement between experiment and theory for all th
bands. Indeed the slopes, the positions of the minima in
(E2ERLD) curves, and the relative excitation energies
well reproduced in the calculations. Note that the ene
splitting between bands 1 and 2 and its increase atI>28\
are nicely reproduced by the@3,3#(a561/2) configurations.
This correspondence suggests that at high spin
configuration @2,3# can be assigned to band 3 and t
@3,3#(a561/2) configurations to bands 1 and 2.

The experimental and calculated aligned angular m
menta, denoted byI x , are compared in Fig. 7. The spin va
ues of band 3 are well reproduced in the CNS and CR
calculations forv>0.7 MeV/\, while for bands 1 and 2
good agreement between theory and calculations is obse
at v>1.0 MeV/\. The level of agreement obtained for the
bands at high spin is comparable to the agreement see
similar calculations for nuclei away from theN5Z line ~see
Ref. @48# and references quoted therein!, in theA;60 mass
region@55# and in 74Kr @56# and 72,73Br @27,44#. The fact that
the results of the calculations without pairing, using tw
completely different approaches, are very close to exp
ment might suggest that pairing correlations~including np
T50 pairing correlations! are rather weak or that they do n
lead to considerable modifications of the rotational proper
at very high spins. This will be discussed further in S
IV B 4 below.
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B. Comparison of data with the TRS model

In the presence of pairing, we use the common cran
shell model notation. We label the configurations by quot
the quasiparticles excited from the ground band, and in or
to avoid confusion with the unpaired calculations, the su
script @•••#P is added.

The TRS calculations predict a highly deformed, ne
prolate shape for all of the observed bands at low spins.
quadrupole deformation isb2;0.38 at low spins and theg
values of the two lowest bands with (p,a)5(2,2 1

2 ) and

(2, 1
2 ) from the configuration@n(p f)#P are ;9° and

212°, while the values for the lowest (p,a)5(1, 1
2 ) and

(1,2 1
2 ) bands from the@ng9/2#P configuration areg;2°

and 4°, respectively. This agrees well with both the conc
sions of the present work and that of Freundet al. @30#, who
stated that no evidence for large oblate deformation could

FIG. 8. The plots on the left show the experimental and th
retical I x values as a function of rotational frequency for bands 1
and 3 in73Kr while those on the right show the Routhianse8 for the
same bands calculated using Harris parameters ofJ (0)

518\2 MeV21 andJ (1)50\4 MeV23. Solid symbols show the
experimental data points while the solid and dashed lines show
results of the TRS calculations for the configurations discusse
the text. For bands 1 and 2 the projection of the angular momen
on the deformation axis,K, was taken as32 while for band 3 a value
of 5

2 has been used. The calculations have been normalized to
low spin portion of the data for band 1.
1-9
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found below a spin of17
2 in their work.

Figure 8 presents the experimental and theoretical va
of the total angular momentum along the rotation axisI x and
the Routhianse8 as a function of rotational frequency (\v)
for bands 1–3 in73Kr. It can be seen from these plots th
two of the three bands~bands 1 and 3! experience an align
ment at a rotational frequency of;0.62 MeV/\ and that for
the remaining band~band 2! the alignment occurs a
;0.66 MeV/\. In addition, the negative-parity bands a
pear to undergo a second very gradual alignment
;0.9 MeV/\. The solid lines in Fig. 8 show the calculate
values ofI x and the Routhianse8 for the lowest-energy con
figurations for each of the bands as detailed below and in
figure caption. Clearly, the calculated spins below the b
crossings agree with the experimental data.

1. Positive-parity states

For the favored signature of the@ng9/2#P band ~band 3!
one expects that only a pair ofg9/2 protons will align, since
the equivalentg9/2 neutron alignment is Pauli blocked. Th
g9/2 proton alignment is predicted to occur;0.12 MeV be-
low the experimentally observed crossing frequency. It
also noticeable from theI x plot that the calculations do no
yield the correct alignment gain at the band crossing. Ho
ever, the calculated and experimental spins do converg
higher frequencies. The TRS predicts that the deformatio
this band will be reduced fromb2;0.37 at low frequencies
(v<0.5 MeV/\) to a value ofb2;0.30 after thepg9/2
alignment. However, the nucleus is expected to remain
proximately prolate at all frequencies, with values of the
axial deformation parameterg lying between 2° and 3°.

Unfortunately, the data for band 4 do not extend throu
the first alignment. Assuming that band 4 is the signat
partner, it is possible to compare the experimental and th
retical signature splitting for the band up to the band cross
region.~We note that band 4 could be based upon a differ
configuration to that assumed in this work.! As seen in Fig.

FIG. 9. Comparison of experimental~solid dots! and theoretical
~TRS model, solid line! signature splitting as a function of rota
tional frequency (\v) for the ng9/2 band~band 3! in 73Kr.
04433
es

at

e
d

s

-
at

of

p-
-

h
e
o-
g
t

9, the TRS reproduces the experimental signature split
quite well up to the start of theg9/2 proton alignment.

2. Negative-parity states

The calculations predict a well-deformed (b2;0.39)
near-prolate shape for both of the negative-parity band
low spins. The triaxiality parameterg is predicted to be;9°
at low rotational frequency (,0.5 MeV) for the

(p,a)5(2,2 1
2 ) band, while for the (p,a)5(2, 1

2 ) band it
is ;212°. This difference ing values can be traced to dif
ferent admixtures of thep3/2 and f 5/2 orbitals in the configu-
rations of the two bands, the former favoring positiveg val-
ues while the latter favors negative values.

The calculated values ofI x ande8 for bands 1 and 2 are
shown in Fig. 8 along with the experimental values. O
should note that the calculations have been normalized to
data for the (p,a)5(2,2 1

2 ) configuration at low spin~i.e.,
before theg9/2 band crossings!. These bands were previous
assigned to the configuration@n(p f)#P based on the two sig

natures of the@312# 3
2 Nilsson orbital. The TRS model pre

dicts that there is a simultaneous alignment of a pair ofg9/2
protons and a pair ofg9/2 neutrons for both signatures atv
;0.53 MeV/\. After these band crossings, the configur
tion becomes@p(g9/2)

2
^ n(p f)(g9/2)

2#P ~dashed line in Fig.
8!. As in 74Kr, the alignment ofg9/2 particles results in a
shape change towards smaller quadrupole deformation.
clear from Fig.8, however, that although this configuration
much lower in energy than the continuation of the@n(p f)#P
configuration, it clearly fails to reproduce the experimen
data, since the calculated spins are too low when compa
to experiment.

The CNS and CRMF calculations suggest that band
and 2 have a@3,3# configuration at high spin. A paired con
figuration with this composition is the three-quasipartic
configuration @p(p f)g9/2^ ng9/2#P . The properties of this
configuration are also shown in Fig. 8, as a solid line exte
ing to high rotational frequencies. This configuration, whi
is found to be yrast at very high spin, nicely accounts for
experimental data. Hence we tentatively assign this confi
ration to the high-spin part of bands 1 and 2. The slig
increase in aligned angular momenta, which can be see
both bands around\v;0.9 MeV, can be explained in term
of a decrease in quadrupole deformation, which results in
increase of the alignment of theg9/2 protons and neutrons
The calculated quadrupole deformation drops fromb2
;0.35 to 0.29 near this frequency and, with increasing f
quency, there is a further small reduction of the deformat
to b250.28 andg57° at \v51.4 MeV.

Although the two alternative configurations@p(p f)g9/2
^ ng9/2#P and@p(g9/2)

2
^ n(p f)(g9/2)

2#P have the same par
ity, one would expect them to form two very distinct band
with essentially no interaction between them, since they
fer by both the change of a quasiproton from negative
positive parity and the creation of a pair of quasineutro
with positive and negative parities. Exchanging quasiprot
with quasineutrons, the same type of excitation exists
tween the one-quasineutron configuration@n(p f)#P before
the band crossing and the@p(p f)g9/2^ ng9/2#P configura-
1-10
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tion. Hence, if the@p(p f)g9/2^ ng9/2#P assignment is cor-
rect, the present data reveal an unusual bandcrossing.
conventional picture describes the backbending mechan
in terms ofT51 pairing, where a pair of high-j like particles
is broken and aligns, which would correspond to a cha
from the @n(p f)#P configuration to the@p(g9/2)

2
^ n(p f)

3(g9/2)
2#P configuration. Here, however, we suggest a co

figuration change from@n(p f)#P to @p(p f)g9/2^ ng9/2#P ,
which may also involve the@p(g9/2)

2
^ n(p f)(g9/2)

2#P con-
figuration as an intermediate step. The relatively smo
change in moment of inertia observed in the band cross
region could indicate the presence of strong mixing betw
the three- and five-quasiparticle configurations discus
above. Such a mixing may indicate the presence of statT
50 pairing correlations since the configurations are rela
by the exchange of a neutron-proton pair from identicalp f-
shell orbitals into identicalg9/2 orbitals. A measurement o
the lifetimes in the crossing region would be of great inter
since one could then determine whether the transitions
enhanced or retarded.

Our association between the paired and unpaired confi
rations is based on the comparison of the TRS and CR
CNS calculations. The alignment properties of correspond
configurations are similar at high spins~compare Figs. 7 and
8!. The fact that the@2,2# configurations are not seen in th
experimental data may be explained by the mixing with ot
configurations, as discussed in the preceding paragr
However, there are alternative explanations: for exam
they may not be fed because they lie far away from the y
line at the spin where the feeding takes place, or they m
terminate before this spin~see Fig. 6!.

3. Band crossing frequencies

In previous work, the TRS model was found to accou
well for all of the observed bands in theTz51 nucleus74Kr
@4#. However it could not account for the properties of t
yrast band structure in72Kr @2,18# and, in particular, for the
delay in alignment in the yrast sequence. The authors s
gested thatnp pairing may be the reason for the discrepan
in the N5Z nucleus. In the case of73Kr ~see Fig. 8!, the
calculatedg9/2 proton and neutron crossing frequencies
generally lower (;0.1 MeV) than the experimental dat
However, the magnitude of the disagreement appears t
less than for the yrast band of72Kr @2,17,18#. This may be
related to the increase of the neutron numberN by 1.

In order to see if there is such a trend, we compared T
calculations with data in75Kr ~taken from Ref.@10#!, which
is three neutrons away from theN5Z line. Figure 10 shows
I x and e8 for the favored signatures of the positive- a
negative-parity bands. The TRS calculations appear to re
duce the experimentally observed crossing frequen
somewhat better in this case. Thus, taking into account
excellent agreement between calculations and the exp
mental data in74Kr, 78Sr, and 82Zr @4# it would seem that,
from this limited comparison, the TRS model is more su
cessful at predicting the experimental crossing frequencie
nuclei which are not too close to theN5Z line. This may
suggest that the model lacks some important physics w
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trying to describe theN5Z nuclei. Neutron-proton pairing
seems to be the favorite candidate at the present time.

4. Evidence for np pairing?

While the band crossing frequency argument presen
above does not provide strong evidence fornp pairing in
nuclei such as73Kr at high spin, we believe that the new
data, along with other data in this region, give at least
indication that such pairing may be necessary inTz50,6 1

2

nuclei in order to yield an accurate description. However,
question of whether pair correlations ofT50 or of T51
character cause the shifts remains unanswered.

A number of calculations@57–59# suggest that there ma
be T50 pairing at high spin. Since there is no Coriolis a
tipairing effect forT50 np pairs, this type of pairing might
survive up to very high spin if the coupling strength is su
ficiently strong. One may therefore expect that deviatio
between calculations without pairing and high-spin data
N;Z nuclei may indicate the presence of isoscalar (T50)
np pairing. At first sight one would therefore suggest that t
lack of any such deviations in the present work might in
cate that all pairing~including T50 pairing! is rather weak

FIG. 10. The plots on the left show the experimental and th
retical I x values as a function of rotational frequency for bands
and 3 in75Kr while those on the right show the Routhianse8 for the
same bands calculated using Harris parameters ofJ (0)

518\2 MeV21 andJ (1)50\4 MeV23. Solid symbols show the
experimental data points while the solid lines show the results
the TRS calculations. The dashed and dotted lines represen
calculated neutron and proton contributions toI x , respectively.
For the g9/2 band ~band 3! a K value ~projection of the angular
momentum on the deformation axis! of 5

2 has been used. The ca
culations have been normalized to the low-spin portion of the d
from band 1.
1-11
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at high spins. However, as shown in Ref.@57#, even if there
are substantialT50 static pairing correlations present, the
may not show up in the experimental data. Hence, this wo
suggest that from the present data set we cannot make
firm conclusions on the presence or absence ofT50 corre-
lations at high spin from such a comparison.

The unusual transition from the one- to the thre
quasiparticle configuration, instead of the expected fi
quasiparticle configuration, seen in the negative-parity ba
may be considered as possible evidence for substantiT
50 pair scattering, provided our configuration assignmen
correct. However, one should also note that a similar kind
band crossing has been seen before in nuclei far away f
the N5Z line ~e.g., 156Dy for example, Refs.@60,61#!. In
this case the ground-state band, which has the stan
vacuum configuration at low spin, terminates around s
60\ with an odd number ofh11/2 protons andi 13/2 neutrons in
the configuration. This would suggest that at intermedi
spins there is a band crossing of a similar type to that
served in73Kr.

Finally, a further word of caution is necessary. The deta
of the calculated bands, such as the crossing frequencies
the alignments, depend on how accurately the single-par
spectra are reproduced. Since the single-particle potentia
the case of the TRS and CNS calculations and the effec
force in the case of CRMF calculations have not been o
mized for the present mass region, it may not be surpris
that some differences between the calculations and the
periment occur. Moreover, it is well known that crossi
frequencies and other rotational characteristics are sens
to the triaxiality and quadrupole deformation paramete
which are only calculated but not yet confirmed by expe
ment. Hence, at the present time it is difficult to determ
how much of the disagreement in the crossing frequen
between theory and experiment can be attributed to the
of np pairing in the models and how much should be
signed to the uncertainty of the nuclear shape.

V. CONCLUSIONS

In summary, we have revised and greatly extended
previously known decay scheme for theN5Z11 nucleus
73Kr. The three known bands have been extended up to s
of 63

2
2 ~band 1!, 61

2
2 ~band 2!, and57

2
1 ~band 3!. In addition,

a new positive-parity band~band 4!, which is believed to be
the signature partner to band 3, has been identified up
tentative spin of31

2
1. Measured mixing ratios indicate pro

late deformation at low spin for both the negative- a
positive-parity bands.

The bands have been discussed in terms of the pair
04433
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and-deformation self-consistent TRS model, the cran
Nilsson-Strutinsky model, and the relativistic mean-fie
theory. At high spin, all three models give very similar r
sults and can reproduce quite well the experimental data.
good description of the negative-parity bands by the T
model appears to result from a band crossing at\v
;0.6 MeV which is very different from the familiar back
bending mechanism. Calculations suggest that two bands
involved and that the configurations of the crossi
bands „@p(g9/2)2

^ n@@( f p)(g9/2)2#P and @p( f p)(g9/2)
^ n@@(g9/2)#P… are related by the exchange of a neutro
proton pair from thep f orbit into theg9/2 orbit. The rela-
tively smooth behavior of the moments of inertia might su
gest that these distictly different configurations are mixed
possible source of such mixing could be the presence oT
50 pair correlations.

The TRS model has problems in reproducing the ba
crossing frequencies in severalN5Z nuclei ~e.g., 72Kr, 76Sr,
and 80Zr), whereas it appears to work somewhat better
Tz51 nuclei~e.g., 74Kr, 78Sr, and82Zr). The present study o
a Tz5

1
2 nucleus adds further evidence to this trend. T

crossing frequencies in the yrast positive- and negat
parity bands in theN5Z13 nucleus75Kr appear to be bette
reproduced than those in theN5Z11 nucleus 73Kr. This
feature may be an indication that the TRS model, which u
the standard pairing acting only between like nucleons, la
some important physics for the complete description ofTz
50,6 1

2 nuclei. Neutron-proton pair correlations could be t
missing ingredient.

Further tests of the models are necessary to determin
the high-spin data contain evidence for thenp pair correla-
tions. It will be important, for example, to determine th
deformation of the various rotational structures both bef
and after theg9/2 proton and neutron band crossings in ord
to study the effects of shape changes on the crossing freq
cies. Lifetime measurements in this region will therefore
required since they will help determine how the nuclear
formation changes with spin within a given configuration.
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