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Testing mean-field models near theN=2Z line: y-ray spectroscopy of theT,=3 nucleus "°Kr
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Excited states in theN=Z+1 nucleus "*Kr have been investigated using tH8CaC®Ar,2pn) and
40ca(*°Ca,a2pn) reactions at 145 and 160 MeV, respectivelyrays 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
neighboring”>"/r, 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 presencd ef0 pairing correlations. At high spin all the models can
reproduce the experimental data.
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[. INTRODUCTION shape changes among nuclei in this region with the removal
or addition of only one or two nucleons. For examplér
Even-even nuclei wittA~70 lying at or close to thé\ is believed to have an oblate ground stte?] with a low-
=Z line have been found to exhibit shape coexistence belying prolate isomer[3], while in "Kr the situation is
tween highly deformed, near-degenerate oblate and prolatBought to be reversed, with a prolate ground sfdieand a
shapes. They are also interesting in the context of possiblew-lying oblate isome(5,6]. Both oblate and prolate bands
neutron-proton pairing correlations, which have been sugare seen to compete for yrast statu$i8e[7]. Furthermore,
gested to modify their properties. It is known from Nilssonin “*Kr there is also evidence for a substantial reduction in
calculations that large prolate and oblate shell gapsgeformation in the yrast band following the alignmentgh
~2 MeV, exist for both neutrons and protons @&, particles[8].
~+0.4 (at particle numbers 38, 4(and atB,~—0.3 (at Investigating the odd nuclei in this region is important
particle numbers 34, 36respectively. This leads to large as it allows inference of the shapes of bands at low spin and
permits the investigation of alignment blocking, and thus the
destruction of pairing correlations, at higher spins. Detailed
*Present address: Department of Physics, University of Liverpoolstudies of "*Kr by Skodaet al. [9,10] indicate that shape

Liverpool, L69 7ZE, UK. mixing plays an important role in these oddsystems. In
'Present address: Department of Physics, University of Guelph!°Kr the minima in the potential energy surface have been
Guelph, Ontario, Canada N1G 2W1. predicted to be nearly degenerate, though with a substantial
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Guildford, Surrey GU2 7XH, UK. termining whether oblate or prolate bands are yrast is one of
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baric analog states have been interpreted in different waysair correlations is in nuclei near ti=Z line or how these
Macchiavelli et al. [11,17 argued that the data on binding are revealed in rotational spectra. Detailed low-spin and
energies and the energies of isobaric analog states can bégh-spin experimentalldata in mgdium-heéﬂyz t%_ nu--
understood as a consequence of isovectos {) pairing,  clei will be extremely important in helping to clarify this
containing thenp part that is necessary to conserve isospin.complex ISSUe. _ _ .
In addition, Frauendorf and Sheifti3] demonstrated that A further interesting aspect of this mass region has been
some aspects of rotational spectraNm-Z nuclei can be the observation of bands which show characteristics that are
interpreted in terms of a cranked shell model that is based og%?erally associated with smoothly terminating bafis.
quasiparticles belonging to a pure isovector pair field. On thd" St [25,26 the structures do not appear to become fully
other hand, Satuta and Wy$84,15 suggest that there is noncollective at the highest spins, buﬁhr [27] one of the
evidence for isoscalafT(=0) np pairing effects in the ener- rotational bands is observed up to its terminating single-
. : _ . : . particle state at a spin of.

gies of low-lying states oN=2Z nuclei. In their mean-field

. . P, The present work concerns theray spectroscopy of the
calculations, the presence of an isoscalar pair field is able

e S ® _1 nucleus ™*Kr. After some initial misidentification
account for the binding energi€gvigner term and the ex- [228 qu the Cologne groug30] identified three excited
citation energies of th# =1 andT=0 stateg15,16. More- o

bands associated witfiKr and inferred that the ground-state
over, recent work orf?Kr, “Sr,8%zr, and #Ru[17-19 has g

) > quantum numbers weld =3, based orB decay to known
observed large delayeompared to heavier even-even iso- giates iA3Br. Recently, two studies have revised the ground-

topes in the crossing frequencies of the aligniggz protons  gtate and low-lying”*Kr spin assignments. A detailed off-
and neutrons. In the early work of de Angeéisal. [2] on jine decay study unambiguously fixed the ground-state spin
2Kr this was interpreted as evidence for straig 0 pairing  and parity to bd "= 2~ [31]. Further, an isomer was found
correlations in the ground state. It is unclear, however, as tp32] in a fragmentation reaction. Its decay populated the low-
whetherT=1 or T=0, or a combination of both types o  lying levels in "*Kr and clarified the location and spins of the
pair correlations is responsible for the observed delay irhandheads. However, the placement of the cascades of
these nuclei. Frauendorf and Shejll3] found that isovector rays observed by Freuret al. [30] has been verified in the
(T=1) np correlations can shift the band crossings to highepresent work, as were most of the high-spin extensions sug-
frequencies. However, as a result of the limitations of theirgested by Hausladef83], although in both cases the spin
j-shell model it was not possible to judge if the effect issequences have been modified due to the ground-state reas-
strong enough to explain the shift in real nuclei. More recenkignment. As we will discuss, the present spin arrangement is
work suggests that the delay in crossing frequency cannot bgow consistent with the observed population of the high-spin
understood if onlyT=1 pairing is included within current bands.
mean-field modelge.g., seg20]). In addition, it has been
shown that a stati€ =0 pair field can result in an increase in
the crossing frequendy21,22 (see alsd18]).
Theoretically,np pairing effects are expected to diminish  The data were obtained from two experiments performed
rapidly as one departs from thié=Z nuclei. This has been using the ATLAS facility at Argonne National Laboratory.
used as an explanation of why total Routhian surfd@dRS) Excited states in the’*Kr nucleus were populated in the
model calculations, using standafd=1 like-nucleon pair- “%Ca(*°Ca,a2pn) and “°Ca®Ar,2pn) reactions at beam
ing, can reproduce the experimental data forfhe 1 nuclei  energies of 160 MeV and 145 MeV, respectively. In each
Kr, "8sr, and®2Zr [4]. However, such an argument may be case, the target consisted of-a400-.g/cn-thick 4°Ca foil
too superficial, because stronig=1 np pair correlations with 100 ug/cn? flashes of Au in front and behind to pre-
show up in a subtle way, as a result of the breaking of isospiwent oxidization of the Ca foil. Emittegt rays were detected
symmetry by the isovector pair field. Refereri@8] demon-  with the Gammasphere arrg@4]. As a result of the small
strated that singlgshell calculations, using only standard cross section for the production of nuclei far from stability in
T=1 like-nucleon pairing, can reproduce the spectrum of thehis reaction, ancillary detectors were included in the experi-
N=Z nucleus"Rb if isospin conservation is taken into ac- mental setup. These were the Microball Csl detector array
count (which accounts for th&@=1 np pair correlations  [35] for the detection of protons and particles, and an array
Previous studies of the odd-proton nucl&Rb[23] and "°Y of 30 liquid scintillation counters for the detection of neu-
[24] have also indicated that TRS calculations can explairtrons. Data were collected using two trigger conditions: re-
the observed data in the3e=3 nuclei. In addition, in Ref. quiring at least two suppressed Ge detectors firing in coinci-
[24] it was also stated that =0 np pairing is present, then dence with one or more events detected in the neutron shell
this does not appear to significantly affect simple observablesr requiring more than four suppressed Ge detectors firing in
such as the moments of inertia of the rotational bands at loyprompt coincidence. The events in the neutron detectors
spins. In "Rb some small differences were observed bewere subsequently identified as neutréosy rays in soft-
tween experiment and theory in the band crossing regiorware. The two reactions populatétKr at different spins and
The authors noted that this in itself was not explicit proof ofexcitation energies. The argon-induced reaction populated
np correlations, but suggested that if they were significantthe nucleus at higher spin and allowed the bands to be ex-
they most likely arise from isoscalar residugd interactions. tended furthest. The calcium-induced reaction populated
At present it is not at all clear what the true nature oftiee  lower spins, which was useful in ordering therays in the

II. EXPERIMENTAL DETAILS AND DATA REDUCTION
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backbend region and also populated nonyrast states more 1. ANALYSIS
favorably.

In the A~70 region the emission of light charged par-
ticles from the compound nucleus results in a substantial The level scheme shown in Fig. 1 results from the analy-
broadening of the recoil cone of the final reaction products$is of the data obtained in the present work. Data from the
This has the effect of worsening the effective resolution of 'Ar + “°Ca reaction made it possible to significantly extend
the y-ray array. However, by using information from the the previously known structurébands 1, 2, and)3The two
Microball array, a full kinematic reconstruction can be per-negative-parity bandglabeled as bands 1 and 2 in Fig. 1
formed [36] and much of the intrinsic resolution regained. have been extended by ten and nine transitions up to tenta-
Such an event-by-event Doppler reconstruction was emtive spins of &) and (& ~), respectively. The previously
ployed in the analysis of data from both experiments. observed positive-parity bantband 3 has also been ex-

Data from the*°Ca+ “%Ca experiment were sorted into a tended by nine transitions up to a tentative spin F(.

y coincidence matrix with the requirement that an@ar-  The gpecira in Fig. 2 were obtained from setting different

ticle, two protons, and one negtron be detec_ted m_each_ eve’Hating conditions within the particle-gated cube. Figures 2
Feedthrough from other reaction channels involving highery g ap) show the spectra created from a sum of double gates
multiplicity particle emission was subtracted in the analysis;, the RapwARE cube, details of which can be found in the
Particle-gated angular distributions were also analyzedig re caption. They illustrate the two signatures of the
Sums of singley gates within the barid) of interest were  gongly coupled negative-parity sequence of transitions. Fig-
used in order to obtain cleaner spectra. This was essentig|q 2c) gives a similar spectrum, created from a different
particularly for analyzing the 200-300 keV crossover transi,m of double gates within theADWARE cube, for the
tions in order to remove rays produced in reactions 6fCa positive-parity band 3see figure caption for detajlsin ad-
on thé?C target contaminant. The gates contained eventgition, a new bandband 4 which appears to be the signa-
from y-ray detectors located at all available angles so as teure partner to band 3, has been observed for the first time.
minimize correlation effects. Angular distributions for the The doublet nature of four of the transitio(&l4, 826, 1202,
strongest in-band transitions were analyzed initially, withand 1207 keV in this band makes the determination of the
each displaying the characteristic quadrupole radiation paintensities rather difficult. However, placement of many of
tern. The alignment parameter, representing a Gaussian the transitions within the band is fixed by the observation of
distribution of magnetic substates, was allowed to vary iny rays which link the new band to band 3. Figure 3 shows a
each case. A mean value fafl;, wherel; is the spin of the particle-gatedy-ray spectrum from the CaCa data that in-
initial state, was determined to be 0.42. This value was heldludes a sum of single gates on the 632, 1045, 1202, and
fixed for the final analysis of all angular distribution mea- 1354 keV transitions in band 4. The crossover transitions are
surements. Mixing ratios were extracted for several of thedentified as well as several transitions in the signature-
Al=1 crossover transitions. partner band 3. The ordering of the last two observed transi-
Data from the3Ar + “°Ca reaction were sorted off line tions of 1354 and 1207 keV is uncertain. Finally, a short
into aE,-E,-E, cube with particle gates of one or two pro- sequence ofy rays, comprised of the 1417 and 1498 keV
tons, zero alphas, and a single neutron in an attempt to etransitions, which decay to the ~ state in band 1, has also
hance the”Kr channel relative to more strongly produced been observed.
reaction products. These data were subsequently analyzed The ordering of the transitions within the bands has been
using theRADWARE suite of programg37]. The data were deduced mainly fromy-ray intensities measured in the coin-
also unpacked into triples events and directional correlatiomidence data”3Kr was produced at substantially lower an-
from oriented state€DCO) [38] E,-E., matrices were sorted. gular momentum in the*°Ca+ “°Ca reaction than in the
Three such matrices were created. Gates were set on ind¥Ar+ °Ca reaction. This is fortuitous as data from the
vidual y rays from a list of transitions ir*Kr (one list for ~ former reaction make it possible to order the transitions
each of bands 193There was no restriction placed upon the through the backbend region for bands 1, 2, and 3, while in
angle of detection of the transitions in these lists so as not tthe latter reaction the ordering is ambiguous. Table | contains
bias the correlations. In addition, the same particle gates daformation on the energies and intensities of therays
discussed above were also utilized. The DCO matrices werebserved in the two experiments. In each case, the intensities
constructed from the remaining twe rays in the triples are normalized relative to the intensity of the 144 keV tran-
events using detectors from the 79°—101° rings orxthges  sition. Evidence for the difference in population between the
and all other detectors on tlyeaxes. These data were used to two reactions can be seen by comparing the intensities of the
extract the multipolarities of the transitions within and be-827, 913, and 892 keV transitions in the two reactions. The
tween the three observed bands. DCO ratios for knowrntensities of the 827 keV and 913 keV transitions of the
stretched quadrupolestretched quadrupole transitions were negative-parity bands 1 and 2 are very similar for the two
found to be ~1.1 on average, and those for stretchedreactions. In contrast, while the relative intensity of the 892
guadrupole-stretched dipole transitions were found to bekeV transition of the positive-parity band 3 is (@b in the
~0.8. The ratios extracted for the in-band transitiond¥r  4°Ca+ “°Ca reaction, it is only 5&) in the *°Ar + “°Ca re-
are consistent with those expected for quadrupotays and action. Because of this difference in entry population, the
with the measured angular distributions. unfavored positive-parity signature partriband 4 was ob-

A. Decay schemes
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served only in the*®Ca+ “°Ca data. spin and should therefore be observed to higher spin than the
The spin assignments adopted in this work are consisterROsitive-parityvgg, structure.

with the the relative intensities of the positive- and negative-

parity bands and how high in spin each can be traced. Figure B. Angular distributions

4(a) shows a plot of the level energy minus a rigid rotor |, the papers of Skodet al.[9,10] on the shapes of bands
reference energy as a function of spin for bands 1-3 using, 75y considerable attention was paid to measuring multi-
the spins assigned in the present work. Figute éhows the  hole mixing ratiosS(E2/M1) and branching ratios of the
same plot with the spins of all the negative-parity statesn-pand decays in order to extract information on shape co-
down to the 144 keV level reduced by 1i.e., with the spins  existence. The mixing ratios were independently extracted
now the same as the assignments proposed in [B6f).  from the angular distributions and branching ratios. The
From these figures it is clear that the spins proposed in thanalysis was inconsistent with the properties of strongly
present work are consistent with the observed feeding profileoupled bands having a constant quadrupole moment, as the
of the bands; i.e., the negative-parity states are yrast at highmixing ratios extracted from angular distributions were dif-
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transitions to see if the trends persist. We have measured the
particle-gated angular distributions and branching ratios of
the fourAl =1 decays in the negative-parity sequence and of
two decays in the positive-parity sequence. Each analysis has
some model dependence, concerning the alignment for angu-
lar distributions and concerning the strong coupling assump-
tion for the branching ratio analysis. The results are summa-
rized in Fig. 5 and Table 1.

For the negative-parity sequence, based onlfhe 3~
ground state, fits to the 249, 267, 344, and 368 keV angular
distributions all have similar, positive, multipole mixing ra-
tios (in the convention of Krane and Steff€d9]), indicating
that the ratio of the band’s magnetic moment to quadrupole
moment, §,—g,)/Q, should also be positiiet0]. The mag-
netic factor can be calculated by recourse to the Nilsson
model or any similar deformed shell model, so in principle
both the sign and size of the deformation can be extracted
and compared to TRS predictions. This has been shown to
: work well for the highly deformed rotors in this regi¢pal].

500 3000 3500 For a prolate shape, the Nilsson orbit with= 2~ near the

Energy (keV) N=237 Fermi surface is thg312]3 level, which has ampli-
tudes dominated by the folded #€1—3) fs, shell model
FIG. 2. Double-gated spectra created withinEjpE ,-E,, cube  giate. For prolate deformations wifl,~ +0.35, a value of
showing the three extended rotational bands3r. (a) and (b) gx—0,~ +0.2u, is obtained, resulting in an average quad-
show the two negative-parity, signature-partner, bands 1 and 2, r%pole moment ofQ=+2.5(8)eb. The uncertainty in this
spectively. These were created from the particle-gated cube via fhean quadrupole moment measurement arises from the un-
sum of gates'contained within a list. A Se"‘?"aée list \é\éas u.sed foEertainty on the individual extracted mixing ratioEable 1),
each band withy rays from levels up to spin§® and 5 being 0T model-dependent estimate of the gyromagnetic mo-
included for bands 1 and 2, respectively) Shows the positive- ment, @—g,), and from the weighted average of the mea-
parity band, band 3. Again this spectrum was created in the partiC|eS_urer1’1erl1(ts frro;’n individual transitions. The low mixing ratio
gated cube from a sum of double gates included in a list WhiChvalue for the 249 keV transition ma a'rise from mismc?delin
contained ally rays within the band from levels up to spﬂ;?. ) ) y €ling
Peaks marked with an * ofe denote contaminants frofiSe and the nuclear cfalllgnmentZ at the bottom of long cascade_s in thin
723, respectively. target experlr_nents_ using Gammas_phere we have_ewdence of
vacuum deorientation. The branching ratio analysis based on

the strong-coupling limit withK =2 and a band with con-

ferent_from tho_s_e inferred from branching ratios. A ratherg, ¢ quadrupole moment indicates very similar mixing ra-
complicated mixing of oblate and prolate shapes was Sugjos with the exception of the 249 keV transition, and again
gested to explain this observation, with thé=1 and Al an average quadrupole momen{@f=2.4(7)eb. These ex-

=2 E2 matrix elements having different quadrupole yacted quadrupole moments are slightly lower than that ex-
strengths. We have studied the analogdtiér interband  hected for a uniformly charged spheroid wighy~ +0.35,

for which Q= +2.6eb. However, in light of the large sys-

150

1323/1320

100

50

150"

100

Counts

50

150

100

50

80 . . tematic uncertainties the agreement between methods of ex-
%3 g tracting & is quite satisfactory, unlike the case 6Kr [10],

60 Q= n | e and no shape-mixing arguments appear to be necessary. A
¢ © g |8 imil lysi be followed for oblate sh ith d
2 - = g similar analysis can be followed for oblate shapes with de-
w40 o g /o 1 formation 8,~ —0.3. Here, there is a differenf=3" level
g T % B | - near the Fermi surface, and the calculated magnetic moment
ER ‘ 1 is large and negativey,— g, ~ — 0.8u,, arising mainly from

stretched [=1+3) f4, and ps, components. Combining
this magnetic moment with the measured mixing ratio leads
400 8(')0 12'00 1600 to unphysically large quadrupole moments @f-—10eb,
though with the self-consistent, negative sign. Consequently,
Energy (keV)

oblate deformation for the negative-parity states is highly
FIG. 3. Particle-gatedy-ray spectrum obtained from a sum of unlikely.

single gates on the 632, 1045, 1202, and 1354 keV transitions of Assuming that band 4 is the signature partner to band 3,

band 4 in”3r. The 714, 868, and 984 rays are crossover transi- then thegg, band has significant signature splitting, so the

tions to band 3. Peaks marked with an asterisk (*) are members gtrong-coupling limit is open to question. However, the 714

band 3. and 868 keVAl=1 decays have similar angular distribu-
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TABLE |. Spectroscopic details for the-ray transitions in the four rotational bands observed in the
present work. DCO ratios are given for those transitions for which statistics and contaminants allowed a ratio
to be extracted. Firm spin assignments are based on measured DCO ratiosyaray/@ngular distributions.

IreI (%) IreI (%)
E, (keV) 40Ca+ *°Ca S8Ar+ 40Ca DCO 17 (%) I7(#)
144.01) 1004) 100(5) 0.77+0.11 3 3-
224(1) 7(2) 3+ 5-
249.02) 24(6) 23(12) 0.76+0.06 i 3-
267.13) 6(3) 17(5) 0.63+0.05 3- -
343.68) 5(2) - 9-
368.46) 4(2) 8- i-
3931) 59(2) 43(6) 0.97+0.10 I 3-
516.11) 68(2) 68(12) 0.91+0.07 3- 5-
554.35) 7(4) i+ )
611.01) 58(6) 68(11) 1.26+0.18 i&- 5
632.34) 16(3) U+ o+
712.41) 71(14) 67(10) 1.17+0.10 3 5-
714.34) 12(5) L+ 3+
744.12) 99(4) 63(7) 1.00+0.2 F o
826.25) <20 2t S
826.12) 61(4) 66(8) 1.4+0.3 - u4-
867.84) 14(5) D+ i+
892.02) 95(4) 54(7) 0.94+0.05 ¥+ B+
913.q1) 64(4) 63(10) 0.94+0.09 g- Z-
984(1) <5 (2 2+
1034.42) 63(6) 63(9) - (20) -
1045.36) <20 £ £+
1085.42) 75(4) 49(6) 1.7+0.2 g+ g+
1097.11) 61(2) 56(8) 0.90+0.13 4- i-
1160.G3) 14(2) 36(6) - (%*) (%*)
1197.G2) 33(4) 30(6) - (2 2+
12021) <10 ) D+
1203) =° (31 (27
1213.93) 37(4) 40(5) 1.55+0.4 2+ S+
1223.12) 42(4) 55(7) 1.7+0.3 ) (2
1246.12) 48(4) 35(6) 0.90+0.2 L+ 4+
1263.12) 34(4) 52(8) 1.22+0.15 2- a-
1297.G3) 19(4) 28(4) 2.09+0.5 (34 (£
1303.03) 9(2) 29(6) 1.44+0.3 (£ (2)
1319.92) 18(6) 296) - (2 (2
1323.12) 11(6) 42(7) 1.04+0.13 (£ D)
13542 =5 (%) (29
1382.044) 17(4) 40(8) - (2°) 2-
1411.06) 10(2) 18(5) 1.03+0.16 () (2
1416.94) 12(2) 17(4) - - (2
1425.05) 11(2) 27(4) 1.5+0.3 (4+) (3
1497.57) 11(3) - - -
1510.03) 24(5) 1.4+0.3 (2 (3
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4(|)rel (%))) 3érel (%))
E, (keV) Cat+ “Ca Ar+ ““Ca DCO 17(h) 1f(h)
1615.14) 14(5) - 41 37—
1704.85) 183) - E%—g E%—;
1719.@6) 11(3) - (%+) (42_1+)
1743.15) 11(2) - (£ (2)
1868.17) 10(3) - (%) (5
1882.@6) 14(3) - (% ) (% )
2043.96) 11(2) - (% ) (42_7 )
2135Y) 82 - (27 (27
2179.47) 73 - (%*) (%*)
2303 2 - () (37
26222 2) - () ()
26255) 4D ] (39 (29
26931) A - (Z7) (27)
aone) un ' (%) (%)
31728) 1(1) - (%+) (%Ar)
32074) 1) - (3) (3)

tions which are quite different from the decays in thetio analysis, the extracted value éfis sensitive to the pro-
negative-parity bandsee Fig. 5. They can be fit only by jection of angular momentum on the symmetry akisOnly
negative multipole mixing ratios. For all shapes, this wavefor K=3 can agreement between the mixing ratio from an-
function is the stretched sphericgl,, state with g,—g; gular distributions and that from branching ratios be
~—0.8u,. Consistency with the sign of the mixing ratios

can only be obtained for a prolate shape, with a calculated 1.5 . . . .
mean deformation o= +3.0(10kb. In the branching ra-
1 T T T T T T
S
[
2 oh @
5 344 keV
=-lr 1
a | 4.0 : : : : |
vy
S ol w @+ i
< o (To)=(--%)
Mmoo [ e mo=(++%) > 30
2 Z
s | g
2 = 20
z
= 3.0 —
vy
(s
<
=)
S 2t
ot
20510 15 20 25 30 35
SpinI (h
pinT(h) 868 keV
FIG. 4. (a) Plot of experimental level energies minus a rigid 0.0 .
rotor reference as a function of spin for bands 1 to 39%r. The Y0 30 60 90 120 150 180
reference values were obtained with level spins equal to those 8 (degrees)

shown in Fig. 1.(b) As (&) but with the spins of bands 1 and 2
reduced by % (note that this changes the signatures of the bands

Open and solid squares correspond to the two signatures of th%%‘ transition between bands 1 and(B) the 267 keV;  —3

negative-parity bands, band (- 3) and band 2 {,+3), re-

transition between bands 2 and 1, aejithe 868 keV5 " — 5

FIG. 5. Angular distribution plots fora) the 344 keVv 3t~

7

19 17+

spectively. The solid circles correspond to the positive-parity,transition between bands 4 and 3. Intensities are given in arbitrary
positive-signature €, + %) band 3. units. See Table Il for the mixing ratios obtained from the data.
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TABLE Il. Measured$(E2/M1) mixing ratios obtained from E-0.02535 I(1+1) [MeV]
y-ray angular distributions and calculated (E2/M 1) mixing ra- D L N VL T s
tios determined from branching ratios. The calculated values as- a8 I 21 7]
sumeK=§ for the negative-parity anl{=§ for the positive-parity . b. ke (exp.) 1 ] ’ / ]
states. Note that the mixing ratio for the 249 keV transition deduced o c 1 rC ‘\0\2\ : N
from angular distributions is likely attenuated due to vacuum deori- > | 1 '{\*kb,a’ ® ]
entation at the bottom of the cascade. =i 10 o s
y 1 F je” &
E, (keV) IJTJ7 S(E2IM1) |8|(E2/M2) h ] f 331 # ]
(Angular (Branching C 2_ C CNS I,v;g b
distributiong ratios r 1 F s [:03] ;
249 13- +0.3009) 0.768) 8 ] P S
9-— 7 -
267 151_—>59_ +0.7712) 0.6211) Angular momentum
344 3T —3 +1.0529) 1.0626)
368 &-_u- +0.6423) 0.4515) FIG. 6. Excitation energie§ of the experimental bands 1-3
714 L+ 13+ —-0.42(21) 0.680) in”*Kr [panel(a)] and configurations calculated in the CNS model
868 %9+H1?7+ —0.29(25) 0.4712) [panel(b)] as a function of angular momentum given relative to a

rigid rotor reference[Eg p=0.0253%(1+1) MeV]. Calculated
terminating states are encircled. Solid lines are used for parity
=+, while short-dashed and long-dashed lines are usedrfer
achieved. FoK =3 the extracted ratio is a factor of 4 lower — solid circles are used for signatuse=+1/2 and open circles
than experiment, and fd¢ =7 it is a factor of 3 larger. for @=—1/2. Note that at low spin oblate or near-oblatg~(

The relative position ofjq, band members near the band- —60°) configurations are calculated to be lower in energy but they
head is strongly perturbed by Coriolis mixing. This has beerare not shown because the observed experimental properties clearly
studied in detail by Kreineet al. [42]. In a calculation for  suggest that the low-spin states are prolate; see Sec. Ill.

Hiva_nar iR i T
t:g +posmve psgrlthy band inBr it was found that thd proton-proton and neutron-neutron pair correlations into ac-

2 and |7T:2' members were very closely spaced forcount by employing a combination of the conventional
axially symmetglg prolatt_e deformation. In particular, for 0.3 monopoie and doubly stretched quadrupole pairing interac-
<B2<0.35 the; " state is less than 100 ke;/ below the  {ions[45]. Approximate particle-number projection is facili-
state. This also appears to be the situatiodr. Thus, all  tated by means of the Lipkin-Nogami methptb,53. Fur-

of the observed properties of the band—its level orderingther details of the models may be found in R¢f&5—48,51.
the branching ratios, the angular distributions, and, as we

will discuss below, the alignments—are consistent with a A. Comparison of data with the CNS and CRMF models
near-prolate band witg~0.35 and having thp422]2 Nils- At rotational frequencie®»=1.0 MeV/4, bands 1-3 ex-

son configuration as its dominant amplitude. The inferencduibit features that appear typical for the unpaired regime of
that the *Kr bands are near prolate, despite strong shape

coexistence in even-even neighbors, is consistent with the 0 ! l . I 10 l | I
observations in thé\=37 isotone’?Br [43,44]. 25 - B3 s
20 & ra R ]
IV. DISCUSSION sl /7. aE ]
The bands observed in the present work have been com 10 - “...bandz r N
pared to predictions of the pairing-and-deformation self-_ s /_e (@ A —
consistent total Routhian surfa€éRS) model[45-47] and E’ |74 R R N | 740 S I R B
to the cranked Nilsson-StrutinskgNS) approach48]. Both € so- ~ ' = T 7 T 3 05 10 15
models are based on the macroscopic-microscopic method &g 5 - o~ _| experiment:
Strutinsky[49]. The RouthiarE’ (w,B,,v,8,) at fixed fre- 20 L (©) pad | solidcircles - o=+1/2
. [2,3] open circles — a=—1/2
guencyw or the energye(l,s,,7y,e4) at fixed angular mo- - e .
mentum | is minimized with respect to the quadrupole [ :o 7 theory: o
(B21e, and y) and hexadecapoles(/s,) deformation pa- 0 e band 3 1 c:hs’": (NL3)
rameters. The TRS model uses a Woods-Saxon single s/ e -
particle potential, while the CNS approach is based onthe 7 . 1, 1 , | ] [PNI=#00,#vdsl
Nilsson potential with the parameter set from R&O]. In 00 05 1.0 1.5
addition,pcalculations in th(f frame of the cranked relativistic Rotational frequency [MeV/n]
mean field(CRMF) theory[51] have been carried out em-  FG. 7. Plot showing the total angular momentum along the
ploying the NL3 force[52]. rotation axisl,, as a function of rotational frequency for experimen-

Pairing is neglected in the CNS and CRMF calculationsital bands and calculated configurations from the CNS and CRMF
therefore, the results are expected to be realistic only at higkalculations. The notation of the lines and symbols is given in the
rotational frequency. However, the TRS model takes theigure.
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rotation influenced by the limited angular momentum content 73Kr
available within each configuration. These are a decreasin(
kinematic moment of inertid™ with increasing rotational 10
frequency and a smooth drop of the dynamic moment of
inertiaJ® with increasingw to values much lower thaif?). I
Such features have previously been seen in smooth terminag ar
ing bands(see Refs[48,54) and in the super- and highly 15}
deformed bands of thé&~60 mass regior{55]. In both 10
cases, calculations without pairing have been rather succes: [
ful in explaining the observed properties. In order to identify

the configurations discussed, we will quote the number of
particles in the relevant orbitals. Since all higlfi-/, orbitals BT
are occupied in the configurations of interest, we count only
mixed low4 N =3 orbitals and use thef label. A subscript g
[---]y is used in order to distinguish these single-particle =
configurations from the quasiparticle configurations, which 10
will be used below. We also use the shorthand notation s
[p,n], which indicates the numbgs(n) of occupiedgg,
proton (neutron orbitals.

Figures 6a) and Gb) show the experimental and cal- Br
culated level energies relative to a rigid rotor reference 2
(ErLp) as a function of spin. Although the CNS calculations g
indicate the existence of low-lying, alignederminating ol

L

e’ (MeV)

1
e’ (MeV)

0

I5F

1
e’ (MeV)

states in the spin range of interest, only the collective con- 10 7

figurations, [(pf)®(ge)*® r(pf)®(ge)*lu=[2,3] and sk 4 1

[7(P)°(90)°® v(Pf)°(9e2) *lu=[3,3], which are lowest AN I SR Y

in energy at high spinl& 20/ —304), are shown in Fig. @). % 04 08 12 16 0 04 08 12 16

In addition, the two signatures of the configuration fo (MeV) heo (MeV)
[7(pf)®(gen)*®@ v(pf)(9e)*1u=[2,2] are displayed. FIG. 8. The plots on the left show the experimental and theo-

Since the results of the CRMF calculations are very similaketicall, values as a function of rotational frequency for bands 1, 2,
to the ones presented in Figbg, they are not shown. From  and 3 in?3Kr while those on the right show the Routhiagisfor the
the figure, one can see that for spi 144, there is clearly same bands calculated using Harris parameters Of
good agreement between experiment and theory for all three 1842 MeV~! and 7M=0%* MeV~3. Solid symbols show the
bands. Indeed the slopes, the positions of the minima in thexperimental data points while the solid and dashed lines show the
(E—Egr.p) curves, and the relative excitation energies aregesults of the TRS calculations for the configurations discussed in
well reproduced in the calculations. Note that the energyhe text. For bands 1 and 2 the projection of the angular momentum
splitting between bands 1 and 2 and its increaskE=a28% on the deformation axis, was taken ag while for band 3 a value
are nicely reproduced by th&,3](a= * 1/2) configurations. of g has been used. The calculations have been normalized to the
This correspondence suggests that at high spin thi®w spin portion of the data for band 1.
configuration [2,3] can be assigned to band 3 and the
[3,3](a= *=1/2) configurations to bands 1 and 2.

The experimental and calculated aligned angular mo- B. Comparison of data with the TRS model
menta, denoted bl , are compared in Fig. 7. The spin val-
ues of band 3 are well reproduced in the CNS and CRMFS

calcglations for(;f?\.; Met\rf/ﬁ, whilg folr blart\'ds 1. ang 2 the quasiparticles excited from the ground band, and in order
good agreement between theory and calcuiations 15 o serv%i avoid confusion with the unpaired calculations, the sub-
atw=1.0 MeV/#. The level of agreement obtained for thesescript[- ..]p is added

bands at high spin is comparable to the agreement seen in The TRS calculations predict a highly deformed, near-

similar calculations for nuclei away from thé=2 line (see 516 shape for all of the observed bands at low spins. The
Ref_. [48] and rgfe7rfnces q“°te;‘§ 7ther)3|m the A~60 mass quadrupole deformation i8,~0.38 at low spins and the
region[55] and in "*Kr [56] and "2"Br [27,44. The fact that values of the two lowest bands withr(a)=(—,—2) and

the results of the calculations without pairing, using two . . . ' 02
completely different approaches, are very close to experil ~+2) from the configuration[»(pf)]p are ~9° and

ment might suggest that pairing correlatiofiscludingnp ~ —12°, while the values for the lowestr(e)=(+,3) and
T=0 pairing correlationsare rather weak or that they do not (+,—3) bands from the vgg,]p configuration arey~2°

lead to considerable modifications of the rotational propertieand 4°, respectively. This agrees well with both the conclu-
at very high spins. This will be discussed further in Sec.sions of the present work and that of Frewgtdl. [30], who

IV B 4 below. stated that no evidence for large oblate deformation could be

In the presence of pairing, we use the common cranked
hell model notation. We label the configurations by quoting
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1.0 T . T 9, the TRS reproduces the experimental signature splitting
L i quite well up to the start of thgg, proton alignment.
081~ 7] 2. Negative-parity states
I i The calculations predict a well-deformed34~0.39)
< 0.6 — near-prolate shape for both of the negative-parity bands at
s L i low spins. The triaxiality parameteris predicted to be-9°
g at low rotational frequency <0.5 MeV) for the
04 (ma)=(—,— 1) band, while for the f,@)=(—, %) band it
i 1 is ~—12°. This difference iny values can be traced to dif-
0.2 — ferent admixtures of thps,, andfs), orbitals in the configu-
i | rations of the two bands, the former favoring positiveal-
T T ues while the latter favors negative values.
0073 04 03 0.6 0.7 The calculated values df ande’ for bands 1 and 2 are
o (MeV) shown in Fig. 8 along with the experimental values. One
_ _ _ ) should note that the calculations have been normalized to the
FIG. 9. Comparison of experimentadolid dotg and theoretical  at4 for the fr,a)=(—,— 1) configuration at low spifi.e.,

(TRS model, solid ling signature splitting as a function of rota-

before th band crossings These bands were previousl|
tional frequency § w) for the vgq, band(band 3 in 73Kr. Doz 9 p y

assigned to the configurati¢m(pf) ], based on the two sig-

o . natures of thg312]3 Nilsson orbital. The TRS model pre-
found below a spin ofy’ in their work. . dicts that there is a simultaneous alignment of a paiggf
Figure 8 presents the experimental and theoretical value@,oto,«,S and a pair ofq, neutrons for both signatures at
of the total angular momentum along the rotation dxiand (.53 MeV/#. After these band crossings, the configura-
the Routhian®’ as a function of rotational frequency ¢) tion become$ 7(gg)>® v(pf)(ge)?]e (dashed line in Fig.
for bands 1-3 in"3Kr. It can be seen from these plots that 8). As in "Kr, the alignment ofgg, particles results in a
two of the three bandébands 1 and Bexperience an align- shape change towards smaller quadrupole deformation. It is
ment at a rotational frequency ef0.62 MeV# and that for  clear from Fig.8, however, that although this configuration is
the remaining band(band 2 the alignment occurs at much lower in energy than the continuation of thépf)]p
~0.66 MeVH. In addition, the negative-parity bands ap- configuration, it clearly fails to reproduce the experimental
pear to undergo a second very gradual alignment atlata, since the calculated spins are too low when compared
~0.9 MeV/#. The solid lines in Fig. 8 show the calculated to experiment.
values ofl, and the Routhiane’ for the lowest-energy con- ~ The CNS and CRMF calculations suggest that bands 1
figurations for each of the bands as detailed below and in th@nd 2 have 43,3] configuration at high spin. A paired con-
figure caption. Clearly, the calculated spins below the bandiguration with this composition is the three-quasiparticle

crossings agree with the experimental data. configuration[ 7(pf)ge,® vgepzlp . The properties of this
configuration are also shown in Fig. 8, as a solid line extend-
1. Positive-parity states ing to high rotational frequencies. This configuration, which

_ is found to be yrast at very high spin, nicely accounts for the

For the favored signature of the/gg,lp band(band 3 experimental data. Hence we tentatively assign this configu-
one expects that only a pair g, protons will align, since  ration to the high-spin part of bands 1 and 2. The slight
the equivalengg, neutron alignment is Pauli blocked. The increase in aligned angular momenta, which can be seen in
Qo2 Proton alignment is predicted to occe0.12 MeV be-  hoth bands arountlo~0.9 MeV, can be explained in terms
low the experimentally observed crossing frequency. It isof a decrease in quadrupole deformation, which results in an
also noticeable from thg, plot that the calculations do not increase of the alignment of thg,, protons and neutrons.
yield the correct alignment gain at the band crossing. HowThe calculated quadrupole deformation drops frgsa
ever, the calculated and experimental spins do converge at0.35 to 0.29 near this frequency and, with increasing fre-
higher frequencies. The TRS predicts that the deformation ofjuency, there is a further small reduction of the deformation
this band will be reduced frong,~0.37 at low frequencies to 8,=0.28 andy=7° athw=1.4 MeV.
(w=<0.5 MeV/%) to a value of 8,~0.30 after thewgg Although the two alternative configuratiosr(pf)gg.
alignment. However, the nucleus is expected to remain ap® vgq,|p and[ m(de2)%® v(pf)(de)%]p have the same par-
proximately prolate at all frequencies, with values of the tri-ity, one would expect them to form two very distinct bands,
axial deformation parameter lying between 2° and 3°. with essentially no interaction between them, since they dif-

Unfortunately, the data for band 4 do not extend throughfer by both the change of a quasiproton from negative to
the first alignment. Assuming that band 4 is the signaturgositive parity and the creation of a pair of quasineutrons
partner, it is possible to compare the experimental and theowith positive and negative parities. Exchanging quasiprotons
retical signature splitting for the band up to the band crossingvith quasineutrons, the same type of excitation exists be-
region.(We note that band 4 could be based upon a differentween the one-quasineutron configuration(pf)]p before
configuration to that assumed in this wgrRs seen in Fig. the band crossing and tHer(pf)ge,® vggplpe configura-
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tion. Hence, if the[ w(pf)gqr® vggplp assignment is cor- 75Kr
rect, the present data reveal an unusual bandcrossing. TfF
conventional picture describes the backbending mechanisn
in terms of T=1 pairing, where a pair of highlike particles

is broken and aligns, which would correspond to a change 20

251 (@ Band 1 .

from the [v(pf)]p configuration to the m(ge)?® v(pf) T A I~

X (ggp)%]p configuration. Here, however, we suggest a con- £ 15[ R e 12 i
figuration change fronfv(pf)]p to [m(pF)er® vOople, Lol N 1

which may also involve them(gg)2® v(pf)(gges)2]e con- I i ] i
figuration as an intermediate step. The relatively smooth s} -

change in moment of inertia observed in the band crossing e 7
region could indicate the presence of strong mixing betweer 0 f—+—t+——+——+—+— 1ttt
the three- and five-quasiparticle configurations discussec 25_' © Band 3 | F @ Band 3
above. Such a mixing may indicate the presence of sfatic ok 2 | 7
=0 pairing correlations since the configurations are related I s ]l

by the exchange of a neutron-proton pair from identjhd 2 15 a 12" 7
shell orbitals into identicafjg,, orbitals. A measurement of —~ : e 5

the lifetimes in the crossing region would be of great interest 1oL R j::-;-;';:iﬁ” 4 °- )
since one could then determine whether the transitions art ]
enhanced or retarded. 5k -

Our association between the paired and unpaired configu R TS Y I S R S
rations is based on the comparison of the TRS and CRMF, 0 04 rmoi\%[ v 1216 0 04 . Oifj[ v 1216
CNS calculations. The alignment properties of corresponding (MeV) > (MeV)

configurations are similar at high spifompare Figs. 7 and FIG. 10. The plots on the left show the experimental and theo-
8). The fact that th¢2,2] configurations are not seen in the retical I, values as a function of rotational frequency for bands 1
experimental data may be explained by the mixing with otheland 3 in”°Kr while those on the right show the Routhiagisfor the
configurations, as discussed in the preceding paragrapBame bands calculated using Harris parameters G
However, there are alternative explanations: for example=18%:2 MeV~! and 7("'=04% MeV~3. Solid symbols show the
they may not be fed because they lie far away from the yraséxperimental data points while the solid lines show the results of
line at the spin where the feeding takes place, or they magshe TRS calculations. The dashed and dotted lines represent the
terminate before this spifsee Fig. 6. calculated neutron and proton contributions Itg respectively.
For the go;, band (band 3 a K value (projection of the angular
momentum on the deformation axisf 3 has been used. The cal-
culations have been normalized to the low-spin portion of the data
In previous work, the TRS model was found to accountfrom band 1.
well for all of the observed bands in tig=1 nucleus’Kr

[4]. However it could not account for the properties of thetrying to describe theN=Z nuclei. Neutron-proton pairing

yrast band structure if’Kr [2,18] and, in particular, for the  seems to be the favorite candidate at the present time.
delay in alignment in the yrast sequence. The authors sug-

gested thah p pairing may be the reason for the discrepancy
in the N=Z nucleus. In the case ofKr (see Fig. 8 the
calculatedgg, proton and neutron crossing frequencies are While the band crossing frequency argument presented
generally lower 0.1 MeV) than the experimental data. above does not provide strong evidence figr pairing in
However, the magnitude of the disagreement appears to briclei such as’*Kr at high spin, we believe that the new
less than for the yrast band &fKr [2,17,18. This may be data, along with other data in this region, give at least an
related to the increase of the neutron numidy 1. indication that such pairing may be necessaryljs0,* 3

In order to see if there is such a trend, we compared TR®uclei in order to yield an accurate description. However, the
calculations with data if°Kr (taken from Ref[10]), which  question of whether pair correlations =0 or of T=1
is three neutrons away from tid=Z line. Figure 10 shows character cause the shifts remains unanswered.
I, and e’ for the favored signatures of the positive- and A number of calculation§57—59 suggest that there may
negative-parity bands. The TRS calculations appear to reprdde T=0 pairing at high spin. Since there is no Coriolis an-
duce the experimentally observed crossing frequenciespairing effect forT=0 np pairs, this type of pairing might
somewhat better in this case. Thus, taking into account theurvive up to very high spin if the coupling strength is suf-
excellent agreement between calculations and the experficiently strong. One may therefore expect that deviations
mental data in’*Kr, "®Sr, and ®2Zr [4] it would seem that, between calculations without pairing and high-spin data in
from this limited comparison, the TRS model is more suc-N~Z nuclei may indicate the presence of isoscaltr=Q)
cessful at predicting the experimental crossing frequencies inp pairing. At first sight one would therefore suggest that the
nuclei which are not too close to thié=Z line. This may lack of any such deviations in the present work might indi-
suggest that the model lacks some important physics whecate that all pairindincluding T=0 pairing is rather weak

3. Band crossing frequencies

4. Evidence for np pairing?
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at high spins. However, as shown in RE§7], even if there and-deformation self-consistent TRS model, the cranked
are substantial =0 static pairing correlations present, they Nilsson-Strutinsky model, and the relativistic mean-field
may not show up in the experimental data. Hence, this wouldheory. At high spin, all three models give very similar re-
suggest that from the present data set we cannot make aswylts and can reproduce quite well the experimental data. The
firm conclusions on the presence or absenc&e0 corre- good description of the negative-parity bands by the TRS
lations at high spin from such a comparison. model appears to result from a band crossing fia

The unusual transition from the one- to the three-~0.6 MeV which is very different from the familiar back-
guasiparticle configuration, instead of the expected fivebending mechanism. Calculations suggest that two bands are
guasiparticle configuration, seen in the negative-parity bandsvolved and that the configurations of the crossing
may be considered as possible evidence for substahtial bands ([ 7(g%?)2® v[[(fp)(9*)?]p and [7(fp)(ge/r)
=0 pair scattering, provided our configuration assignment is2 v[[(dg,2) |p) are related by the exchange of a neutron-
correct. However, one should also note that a similar kind oproton pair from thepf orbit into the gg, orbit. The rela-
band crossing has been seen before in nuclei far away froitively smooth behavior of the moments of inertia might sug-
the N=Z line (e.g., Dy for example, Refs[60,61)). In  gest that these distictly different configurations are mixed. A
this case the ground-state band, which has the standapbssible source of such mixing could be the presencé& of
vacuum configuration at low spin, terminates around spin=0 pair correlations.
607 with an odd number dfi;;,, protons and 3, heutrons in The TRS model has problems in reproducing the band
the configuration. This would suggest that at intermediaterossing frequencies in sevefdl=Z nuclei(e.g.,72Kr, 76gy,
spins there is a band crossing of a similar type to that oband 8%Zr), whereas it appears to work somewhat better for
served in"3Kr. T,=1 nuclei(e.g., "Kr, "®Sr, and®?zr). The present study of

Finally, a further word of caution is necessary. The detailsa T,=3% nucleus adds further evidence to this trend. The
of the calculated bands, such as the crossing frequencies anrbssing frequencies in the yrast positive- and negative-
the alignments, depend on how accurately the single-particlparity bands in thé\=Z+ 3 nucleus’Kr appear to be better
spectra are reproduced. Since the single-particle potentials @produced than those in tié=Z+1 nucleus "°Kr. This
the case of the TRS and CNS calculations and the effectivieature may be an indication that the TRS model, which uses
force in the case of CRMF calculations have not been optithe standard pairing acting only between like nucleons, lacks
mized for the present mass region, it may not be surprisingome important physics for the complete descriptioriT of
that some differences between the calculations and the ex O,j% nuclei. Neutron-proton pair correlations could be the
periment occur. Moreover, it is well known that crossing missing ingredient.
frequencies and other rotational characteristics are sensitive Further tests of the models are necessary to determine if
to the triaxiality and quadrupole deformation parametersthe high-spin data contain evidence for thp pair correla-
which are only calculated but not yet confirmed by experi-tions. It will be important, for example, to determine the
ment. Hence, at the present time it is difficult to determinedeformation of the various rotational structures both before
how much of the disagreement in the crossing frequencieand after theyg, proton and neutron band crossings in order
between theory and experiment can be attributed to the ladg study the effects of shape changes on the crossing frequen-
of np pairing in the models and how much should be as<ies. Lifetime measurements in this region will therefore be
signed to the uncertainty of the nuclear shape. required since they will help determine how the nuclear de-

formation changes with spin within a given configuration.
V. CONCLUSIONS

In summary, we have revised and greatly extended the
previously known decay scheme for the=Z+1 nucleus
3Kr. The three known bands have been extended up to spins The authors would like to thank the staff at the ATLAS
of £~ (band 3, &~ (band 2, and3/ " (band 3. In addition,  accelerator for providing the beam and John Greene for
a new positive-parity bantband 4, which is believed to be manufacturing the targets. This work was supported by
the signature partner to band 3, has been identified up to the U. K. EPSRC, U. S. NSF, and Department of Energy
tentative spin of *. Measured mixing ratios indicate pro- under Contract Nos. DE-AC03-76SF00098, DE-FGO02-
late deformation at low spin for both the negative- and95ER40934, and W-31-109-ENG38. R. M. C. and R. W. also
positive-parity bands. wish to acknowledge support from NATO. S.M.F. acknowl-

The bands have been discussed in terms of the pairinggdges support from the Research Corporation.
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