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Excited positive parity states up to spin (') have been studied in "Kr using a 98 MeV 2Si
beam on a natural chromium target. AJ =1 transitions have been identified throughout the posi-
tive parity band. The energies, mixing ratios, and B (M]1) transition rates for these transitions al-
ternate in size as the spin increases. A cranked shell model analysis was performed along with
Strutinsky-Bogolyubov cranking calculations. The observed decrease in the signature splitting of
the vgy,, band has been attributed to a band crossing due to an aligning pair of g,,, protons. Pro-
late quadrupole deformations of 3,=0.34 for the one-quasiparticle band and 3,=0.26 for the
three-quasiparticle band are predicted. This band crossing is associated with a shape change
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caused by the polarization effect of aligned quasiparticles.

I. INTRODUCTION

The neutron deficient bromine, krypton, and stronti-
um isotopes offer some of the best examples of large col-
lective quadrupole deformations and shape coexistence.
The nuclei "°Kr and "®Kr, in particular, are predicted to
have strong prolate deformations coexisting with oblate
structures. These competing deformations produce nu-
clei that are y soft, especially at low angular momenta.
However, these nuclei behave collectively at high spins.
These phenomena can be fairly well described by the de-
formed shell model.

Previously, ’Kr has been studied in detail? up to the
JT=2% 4153 keV level using '°O beams. The one-
quasiparticle (1qp) neutron states have been studied up
to the onset of the three-quasiparticle (3qp) excitations.
The present work was initiated to extend our knowledge
beyond the 3qp excitations by using a heavier beam (*%Si)
to excite higher spin states.

Two different targets, >>Cr and >>Mn, were used to
study 7Kr. The >*Mn(*®Si,apn)’’Kr reaction at 108
MeV and the >2Cr(*®Si,2pn)”’Kr reaction at 98 MeV pro-
duce a moderate percentage of ""Kr out of all the
fusion-evaporation products; however, the 2pn channel
populated more higher spin states cleanly. Thus, the
data contained in this report was taken using the
chromium reaction.

II. EXPERIMENTAL PROCEDURE

High spin states in ’Kr were observed using the reac-
tion *2Cr(*88i,2pn)”’Kr at 98 MeV. The 2’Si beam was
produced using the Florida State University FN tandem
accelerator. The beam was stripped to a charge of 81 at
the terminal and stripped again midway down the high
energy column to a charge of 12*. The chromium tar-
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get was made of natural chromium, which contains ap-
proximately 84% °2Cr. About 1 mg/cm? of chromium
was evaporated on an 0.013 cm thick lead foil.

The y rays were detected with two Compton-
suppressed intrinsic germanium detectors, each with an
efficiency of about 24%. A '>?Eu source was used to
determine relative efficiencies and the energy calibrations
of the detectors. The energy resolution of the 1333 keV
transition in %°Co was better than 2.5 keV.

Y-y coincidence data were taken with a detector on
both sides of the beam line at 81° in the forward direc-
tion. This detector arrangement was used to reduce the
511 keV annihilation coincidences and still minimize the
Doppler shift which occurs at angles other than 90°.

All data were stored on magnetic tape for later
analysis. Three parameters were stored for each coin-
cidence event, two energy events and a time-to-
amplitude converter (TAC), which represented the time
difference between the two detectors. The TAC was gat-
ed, and the subsequent energy parameters were sorted on
a 25002500 two-dimensional array using a pu-VAXII
computer. One-dimensional energy spectra were then
projected out of the array corresponding to particular
energy gates and equal sized Compton background sub-
tract gates.

Angular distribution data were taken with one detec-
tor positioned at 90° with respect to the beam axis to
serve as a normalization check. On the other side of the
beam axis, a movable detector was placed at 90°, 60°, 45°,
30° and 0°.

III. EXPERIMENTAL RESULTS

The level scheme for the yrast positive parity band in
"7Kr based on the present work is shown in Fig. 1. The
present study confirms the positive parity levels up to
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(4172%) 9815 All the high spin transitions seen previously can be ob-
e e I S 9352 served. Although transitions coming from 2% state
(@772 %) } 1600 1708 8215 were seen before, the transitions decaying to the Y7
(3572 *) 7644 state had been only tentatively identified. These transi-
1507 1559 tions, the 282 and 1063 keV peaks, are shown in Figs. 3
332+ 6708 .
$ 623 I and 4(a), respectively.

312 * 1332 709 1271 6085 As seen in the level scheme, several transitions have
2972 * —= y 5376 similar energies. The 282 keV 2+ 2+ transition can
27/2: 1223 661 1043 setd be observed in Fig. 3. The 150 keV gated spectrum does
izg . 382 i‘ﬁ? not have the 279 keV transition which masks the much

a1/ + 1163 781 1063 2990 weaker 282 keV line in most of the other gated spectra.
19/2 * 282 2708 Although the energy differences of the transitions be-
172+ 1072 A 4 Zgg 1048 1918 tween 1000 and 1100 keV are much greater than the
gg: 915 v _ 657 874 1§§2 detector resolution, Doppler broadening due to their
+ =58 785 short lifetimes has made identification of these transi-
"2 : ———t7s — i = =580 tions difficult. A clear identification of the 1063 keV
;g 7 0 transition is seen in Fig. 4(a). The 1048 keV gate does

7
T Kr

FIG. 1. Proposed level scheme of yrast band in 7Kr as de-
duced from the present work and previous studies. Transitions
in the @=+1 band are to the left and those in the a=—1
band are to the right.

4153 keV, Z£%, and negative parity levels up to 3605
keV, %“, that have been reported in Refs. 1 and 2. In
addition, we have extended the positive parity yrast se-
quence up to a state of J7=(4'*) as shown in Fig. 1.
Figure 2 shows the sum of the coincidence spectra

gated on the 129 + 150 + 724 + 915 keV transitions.
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FIG. 2. Coincidence spectra generated by the addition of
several gates—the 129, 150, 724, and 915 keV gates. All tran-
sitions lie in 77Kr unless otherwise indicated. The 150 keV line
has some 147 keV contaminant due to the 130 keV transition
in Br. Some peaks may be Doppler shifted with a §~0.017.

not have the 1072 keV peak which obscures the 1063
keV transition. Similarly, the 1072 keV gated spectrum
shown in Fig. 4(b), allows the identification of the much
weaker 1043 keV line.

This same region of the level scheme shows the dimin-
ishing of the signature splitting that is characteristic at
lower spins (see Sec. V A). The intensities of the AJ=2
transitions of the unfavored signature band, a= —1, in-
crease above the 1043 keV transition as compared to
those below this transition. In comparing the AJ=1
transitions above and below the 4153 keV level, the
a=+1——1 (type A) branching ratios increase. The
a=—1—+1 (type B) transitions remain moderately in-
tense. The presence of all the AJ=1 transitions pro-
vides solid evidence for the placement of the AJ=2
transitions.

Figure 5 shows a region taken from several gated
spectra superimposed on each other to aid the reader in
determining the placement of the AJ =2 transitions in
the vicinity of the band crossing. The spectrum in Fig.
5(a) is gated by the 1163 keV transition and shows the
1223, 1271, and 1332 keV transitions. The 1223 keV
gated spectrum in Fig. 5(b) shows that the 1271 keV
transition is not visible above the background. In Fig.
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FIG. 3. Partial coincidence spectrum from the 150 keV gate
highlighting the 282 keV transition. Unless otherwise indicat-
ed, all peaks are in 77Kr. Some peaks may be Doppler shifted
with a 8~0.017.
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FIG. 4. Partial coincidence spectra highlighting the 1043
and 1063 keV transitions. (a) is the 1048 keV gate clearly 100l | |
showing the 1063 keV transition. The 1043 keV line is also
seen. (b) is the 1072 keV gate showing the 1043 keV transition.
The 1163 keV line is also seen. 0 : L
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FIG. 5. Partial coincidence spectra from several gates

5(c), which illustrates the spectrum in coincidence with
the 661 keV y ray, the 1271 keV line is present. Con-
taminant lines from ®Kr are due to gating on the 664
keV 4% 2% transition.> The 562 keV gated spectrum
in Fig. 5(d) shows neither the 1223 nor 1271 keV transi-
tions but does show the 1332 keV peak. Contaminant
lines from "°Br are from the 563 keV B+ 2% transi-
tion.* This evidence, plus the visible AJ =1 transitions,
establishes this section of the level scheme shown in Fig.

1.
Above the 7644 keV level we see the strengthening of

the signature splitting again. The AJ =1 transitions are
not seen and therefore we have labeled the 9352 keV lev-
el as tentative.

Table I contains the y-ray transition energies, their
relative intensities as compared to the strength of the
724 keV transition, and a comparison between branching
ratios from the past and present work. Uncertainties in
the relative intensities are estimated to be about +10%.

Branching ratios from Ref. 1 were derived from the
relative intensities of the y rays at 55°. The present in-
tensities and branching ratios were derived from the
coincidence data taken at 81°, using the yields of the 150
and 279 keV gates added together to allow for all possi-
ble decay paths. This procedure helps to eliminate in-
terference from other nuclei demonstrated by the large
yields of contaminants in Figs. 5(c) and 5(d).

One problem with this technique is that angular corre-
lations can substantially affect the yields generated. In
order to partially correct for this effect the yields have
been adjusted by taking into account the ratio of angular
distribution results for 81° and 55° for both the particu-
lar ¥ ray and the gate. In cases where the angular dis-
tribution was not measured for a AJ =2 transition, we
used theoretical angular distribution coefficients for a
pure quadrupole transition. If the AJ=1 angular distri-
butions were not known, the intensities were not correct-

highlighting the transitions in the yrast part of the 3qp band.
* indicates contaminants and are explained in the text. (a) is
the 1163 keV gate showing the three peaks of interest. (b) is
the 1223 keV gate showing only the 1332 keV line. (c) is the
661 keV gate showing only the 1271 keV transition. (d) is the
562 keV gate showing only the 1332 keV line. These peaks are
Doppler shifted with a 3~0.017.

ed. For two levels, 1003 and 1918 keV, angular distribu-
tions were measured for both branches and the 4,
coefficients were also used to calculate branching ratios
in order to compare results, and these branching ratios
are also indicated in Table I.

Table II contains angular distribution coefficients
fitted with the Legendre polynomial series

Y(0)= Ag*[14a,%P,(cosd)+a,*P,(cosd)] . (1)

The resulting a, coefficients are consistent with the spin
assignments shown in Fig. 1 up through the level at 5376
keV. The spins of 6085 and 6708 keV levels are based
on their decay mode.

The angular distributions were also fitted as a function
of 8, the mixing ratio, for particular initial and final
spins according to the properties of angular momentum
algebra, assuming a Gaussian distribution of substates.’
A Gaussian width of 2 was assumed as reasonable,® al-
though the dependence of the fit on this parameter was
small. Figure 6 shows four examples of the normalized
X? per degree of freedom® versus arctand. Figure 6(a) is
typical of the fits for the type A transitions; these transi-
tions are almost pure M1 in character. Figures 6(b)—6(d)
are fits for type B transitions; the transitions shown in
Figs. 6(b) and 6(c) have appreciable E2 strength. There
are two distinct minima, and, as seen in Fig. 6(c), there
is some ambiguity about the choice of 8. For all AJ =1
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TABLE I. Intensities and branching ratios for Ref. 1 and present work.

E level E, Branching ratios
(keV) (keV) I, Ref. 1 Present Ang dis.*
150 150
279 129
279
785 506 42 72 (3) 75 (3)
634 14 28 (3) 25 (3)
1003 218 22 6 (3) 18 (2) 12 (1)
724 100 94 (3) 82 (2) 88 (1)
1660 657 26 37 (5) 48 (4)
874 28 63 (5) 52 (4)
1918 258 4 2 (1) 4 (1) 4 (1)
915 88 98 (1) 96 (1) 96 (1)
2708 790 14 37 (3)
1048 24 63 (3)
2990 282 6° <6 <9
1072 59 > 94 >91°
3771 781 19 61 (3)
1063 12 39 (3)
4153 382 6 <35 16 (2)
1163 31 > 65 84 (2)
4814 661 14 67 (3)¢
1043 7¢ 33 (3)
5376 562 7 37 (3)
1223 12 63 (3)
6085 709 19° <37°
1271 16° > 63°
6708 623 12° <50°
1332 11° > 50°
7644 1559 g®
8215 1507 16°
9352 1708 6°
9815 1600 g®

*Values calculated from the angular distribution 4, values.
®Values were not corrected for angular distribution effects.
“Estimated yield due to interference from 1048 keV transition.

dCalculated with estimated yield. See footnote c .

transitions except the 790 keV, the only X? minimum
which falls below the 0.1% confidence limit has a small
positive value of 8. For systematic reasons the small
value of 8 corresponding to the less favored minimum
was listed in Table II for the 790 keV transition. For
the two cases that can be compared with Ref. 1, the
present values of § are considerably smaller. We do not
know the source of this discrepancy, although the values
of & at the less favored minimum in the present work
would better agree with Ref. 1.

IV. DISCUSSION

With the present branching and mixing ratios, we can
calculate transition rates using the lifetimes found in
Ref. 1. The results are shown in Table III. For the
AJ =2 transitions, there are strong B(E2) values as ex-
pected for a collective rotational band. In the a=+1
band there is a decrease in the B(E2) values between the
1072 and 1163 keV transitions. The reduction in B(E2)
strength might be associated with the mixing of the 1qp
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TABLE II. Comparison of angular distribution results between previous and present work.
E level E, Ref. 2 Ref. 1 Present work
(keV) (keV) A,/ Ay Ay/ Ay A,/ Ay As/ Ay [ 8| A,/ A4, A/ Ay | 8]
150 150 —0.36(4) 0.00(4) a
279 129 —0.27(32) 0.03(44) a
279 0.29(6) 0.00(9) 0.31(3)  —0.08(3)
785 506 —0.66(10) 0.01(12) —0.74(6) 0.07(2)  1.15(15) —0.63(3) 0.03(3)  0.35(6)
634 a
1003 218 —0.29(3) 0.01(3)  0.03(5)
724 0.32(6) —0.05(7) 0.29(3)  —0.09(3) 0.30(3) 0.01(3)
1660 657 —0.50(6) —0.13(25) —0.46(7) 0.04(2)  1.5(3) —0.59(3) 0.06(3)  0.21(5)
874 a
1918 258 —0.42(4) 0.05(5)  0.09(7)
915 0.09(11)  —0.08(14) 0.32(3)  —0.14(3) 0.22(1)  —0.05(3)
2708 790 —0.83(4) 0.18(5)  0.32(6)
1048 a
2990 282 a
1072 0.393)  —0.06(3)
3771 781 —0.71(3) 0.06(4)  0.25(6)
1063 a
4153 382 —0.35(4) —0.04(5) 0.07(7)
1163 :
4814 661 —0.47(4) 0.08(4)  0.09(5)
5376 562 —0.27(4) 0.03(4)  0.00(7)

2Could not be determined.

and 3qp bands (see Sec. V A). The situation in the
a=—1 band is unclear because of the limited lifetime
data. The B(E2) values for the AJ=1 transitions are
substantially lower than those reported in Ref. 1 due to
the significantly smaller mixing ratios in the present
work. The strength of these transitions is constant
throughout the reported range within their larger uncer-
tainties.

Some interesting patterns can be seen in the M1 tran-
sitions. It is clear from Table III that the B (M 1) values
for type A transitions (smaller energies) are consistently
higher than those for type B decays. There are some
suggestions from the branching and mixing ratios of in-

J
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where i, and i, are the spin alignment along the axis of
rotation for the odd neutron and the g,,, protons, re-
spectively. Ae’ is the signature splitting between the
a=+1 and — bands.

We have used the Schmidt values

8 =8 *(g —g)

1
20 +1

(I2—KHV2_i +

creasing M1 strength in the vicinity of the proton cross-
ing. However, it is not possible to draw any firm con-
clusions due to the limited lifetime data.

In order to interpret the effect on the B(M1) values
from the alignment of the g4,, proton pair one can em-
ploy the “semiclassical” model proposed in Ref. 7. The
component of the magnetic moment which is perpendic-
ular to the direction of the total angular momentum is
composed of the neutron spin coupled to the symmetry
axis and the spins of the two g,,, protons coupled to the
axis of rotation. In the most recent formulation by
Donau® the B (M 1) rate is given by

2

Iae” (un)?, 2)

> —(8,—8&r )i,

[

with g, =0.65g; .. and g =g, Which yield g, =—0.28
and g,=129. With gg=Z/4, Eq. (2) gives for
J=11/2 (type B), B(M1)=0.02 (uy)? and for J=1L
(type A4), B(M1)=~0.54 (uy)*. After the proton cross-
ing, Eq. (2) gives for J=~2 (type B), B(M1)=~0.55 (uy)>
and AJ =% (type A), B(M1)~0.82 (uy)>. These results
qualitatively reproduce the observed differences between
type A and type B M1 strengths at lower spins. They
are also in agreement with the possible increase in
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arctan &

FIG. 6. Several X2 vs arctan plots are shown. The minima
indicate the choice of &, which is the mixing ratio E2/M 1. (a),
(b), (c) and (d) are the plots for the 218 keV, 2+ — 1L+*; 506
keV, &L+ 2%, 790 keV, 2+ —11"; and 661 keV, I+t 27
transitions, respectively. The dashed line indicates the 0.1%
confidence limit.

B (M1) values after the proton alignment, especially for
type B transitions. Such an increase has been seen’ in

81Kr

V. INTERPRETATION

"’Kr lies the region of transitional neutron deficient
nuclei around Z=36 and N=40, where strong variations
in collective properties have been observed as functions
of both neutron and proton number. In fact, nuclei with
Z=37 ["'Rb (Ref. 10)] or Z=38 ['®Sr (Ref. 11)] are
among the best collective rotors known. Quadrupole
moments of these nuclei, of the order of Q;=3.3 eb,
suggest that they have very elongated shapes with a
quadrupole deformation'? 8,=0.38. On the other hand,
nuclei with Z <34 are much less deformed and, in many
of them, deformed prolate structures coexist with weakly
deformed oblate bands. Neutron deficient Kr isotopes
(Z =36) lie just in the center of the region: At low spins
the shape coexistence pattern is clearly seen, but at
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higher angular momenta they behave fairly collectively.
All these variations can be well explained by means of
the deformed shell model, where observed properties can
be directly associated with the large prolate and oblate
energy gaps in the single-particle spectrum.!!3

Both even-even cores of "'Kr, i.e., '°Kr and "®Kr, are
predicted to be prolate deformed in their ground states
but y soft. Calculations of Ref. 12 based on the shell
correction method with the deformed Woods-Saxon
average field predict a 0.55 MeV energy difference be-
tween coexisting prolate (3,=0.35) and oblate
(B,=—0.31) minima in "Kr and almost no difference in
energy between the prolate (5,=0.30) and oblate
(B,=—0.25) configurations in ®Kr. These predictions
are well correlated with the observed excited weakly de-
formed structure in "°Kr (Ref. 11) and with a decrease in
the observed quadrupole moments and moments of iner-
tial3 %15 when going from "®Kr to "®Kr. Because both
"Kr cores are 8 and y soft, one may expect shape polar-
ization effects due to rotationally aligned quasiparticles
to be seen in this nucleus. Such effects have recently
been reported in the odd-proton nucleus "°Br (Ref. 4).

A. Experimental quasiparticle energies
and alignments

In order to discuss rotational properties of the ob-
served bands in ""Kr, we performed a cranked shell mod-
el'® analysis of the experimental data. Figure 7 shows
quasiparticle Routhians e’ and aligned angular momenta
i for the positive parity yrast bands in ”’Kr compared to
the ground-state rotational bands in "®Kr (Ref. 17) and
Kr (Ref. 3). Because of the band mixing effects and
shape variations due to the centrifugal stretching at low
spins, the choice of reference parameters J, and J,
causes some problems. To fix a reference curve we thus
used the three-quasiparticle unfavored ==+ band
(I'>2) in "Kr which has a fairly constant moment of
inertia.

Both positive parity bands in 7’Kr are built on the
vgq,, intruder orbital [422 2]. Because of the blocking
argument the first crossing in these bands must be due to
the alignment of the g,,, proton pair. Such strong
crossing with a small interaction matrix element has
indeed been observed at #iw=0.51 MeV in the unfavored
(a=—3) band. The favored band (a=+1) undergoes a
gradual alignment in the frequency interval
0.53 <#iw <0.64 MeV which can be associated with a
large band interaction. The gain in alignment in both
bands is about 4.5 # which nicely agrees with the aligned
angular momenta in the lgp proton bands in '°Br:
ila=4)=2.8 # and i(a=—1)=1.5 # (Ref. 4). At
higher frequencies, #iw > 0.75 MeV, a further increase in
alignment begins. We will argue in Sec. V C that this
can be associated with the alignment of the g4,, neutron
pair.

By subtracting the contribution from the ®Kr core
one obtains i(a=1)=1.8 7 and i(a=—3)=1 7 for the
aligned angular momenta in the 1qp vg,,, states in Kr.
By summing up the contributions from protons (4.5 #)
and neutrons (2.8 #) one obtains i=7.3 fi—the gain in
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TABLE III. Transition strengths in 7'Kr.

AJ =2 A =1
B(E?) B(E2) B(M1)
J7 E, (keV) Type T (ps)® (e? fm?) (e?fm*) (uk)®
U+ 506 B 3.0(5) 672133 0.098*3:83
634 6647133
B+ 218 4 2.703) 99434 0.37+0.08
724 1247713
1+ 657 B 1202) 1378 0.077+3:83
874 694133
o+ 258 4 0.90(15) 255+338 0.15+0.06
915 13581358
L 790 B 0.4(2) 228*i%} 0.097*3.8:8
1048 1018 55¢°
2+ 282 A 0.26(8)° 0.59-0.50?
1072 >2019
B+ 781 B 0.3-4° (366-252)  (0.23-0.17)
1063 (782-587)
L+ 382 A 0.44(15)° 17814 0.37:834
1163 7331363

*Reference 1.
*Nuclear magneton uy=e#/2M ,c.
‘Lifetimes not corrected for side feeding.

4Value for 0< | 8| <0.4 and a branching ratio of 6%.

“Estimated typical lifetime range.

alignment for the even-even system after proton and
neutron crossings. One can see in Fig. 7 that this is pre-
cisely the value for the gain in angular momentum in
"Kr in the region of rotational frequency between
0.55 < #iw <0.75 MeV. On the basis of this simple addi-
tivity argument, one may draw the conclusion that the
backbending observed in ®Kr results from the consecu-
tive alignment of the g,,, proton and g,4,, neutron pairs.
It has been shown in Ref. 4 that in "*Kr the expected
proton crossing frequency is slightly lower (%w=0.6
MeV) than the neutron one (#iw=0.68 MeV) at the de-
formation appropriate for this nucleus. This result can
easily be understood: In the Kr isotopes with N > 40 the
proton Fermi surface penetrates the first half of the g4,
shell, while the neutron Fermi surface lies in the region
of deformation-aligned states above the [422 3] orbital.
Therefore the g4/, proton pair carries more aligned an-
gular momentum than does the pair of decoupled gy ,,
neutrons and, consequently, protons are expected to
align first. With increasing neutron number the
difference between the proton and neutron crossing fre-
quencies should be even larger. In "®Kr the first crossing
occurs at #iw=0.56 MeV and the corresponding gain in
alignment is 4.5-5# (cf. Fig. 7)—characteristic of the
alignment of the g,,, proton pair. So far no neutron

crossing has been observed in this nucleus.

The signature splitting between 7= + Routhians in
"’Kr increases with rotational frequency, reaching the
value of 250 keV at fio=0.5 MeV. After alignment of
the proton pair the signature splitting is reduced to the
value of 100 keV at #iw=0.65 MeV. Such variation in
the signature splitting is not expected for a system with
rigid deformation and indicates the shape change associ-
ated with the quasiparticle alignment (cf. Sec. VC
below).

In order to explain alignment properties and shape
variations in "’Kr, deformation-self-consistent cranking
calculations were carried out. They are described in the
following sections.

B. Remarks about the model

If the core of the nucleus is deformation-soft, rotation-
ally aligned quasiparticles will have a large influence on
the overall nuclear shape.!® Experimental data discussed
in the previous section—the shifts in the frequency of
the first proton crossing and changes in the signature
splitting—suggest that this is exactly the case in ""Kr.
In order to investigate the influence of shape effects on
the rotational properties of "’Kr we have performed



2608

ROUTHIANS €' (MeV)

® (+,0)"®Kr
V (+.+1/2) 77
A (+,-12) ) KT
W (+,0)78Kr

10
Jo = 10 R*/MeV
Ji= 5h'/MeV’

ALIGNMENT i (h)

| L 1 I 1 L 1 L

0 Oi2 I 04 0.6 0.8
ho(MeV)

FIG. 7. Experimental intrinsic frame excitation energies
(Routhians) and alignments for 7*~7Kr as a function of the ro-
tational frequency #iw. Experimental data for "*Kr and *Kr
were taken from Refs. 17 and 3, respectively.

Strutinsky-Bogolyubov cranking calculations using the
nonaxial Woods-Saxon potential'>!® with the parameters
of Ref. 20. The pairing interaction was assumed to be of
the monopole-pairing type with state-independent pair-
ing strengths G, and G, for neutrons and protons. They
were taken according to Ref. 12. Rotation was taken
into account using the usual cranking ansatz:

H'=H—ol, , 4)

where I, is the projection of the angular momentum
operator onto the cranking axis.

At zero rotational frequéncy the pairing gap, A(BCS),
was calculated using the BCS method. At high spins the
Coriolis force acts destructively on the mean pair field
with a corresponding reduction of the static gap parame-
ter. Within the Hartree-Fock Bogolyubov cranking ap-
proximation the pairing gap suddenly drops to zero at a
critical value of rotational frequency,’’ w.;. In the
A =280 nuclei this pairing phase transition would occur
roughly at f#iw,;=0.7 MeV, in conjunction with the
alignment of one pair of quasiparticles. Within the
particle-number conserving approaches, however, the
pairing correlations are present to some extent at all fre-
quencies. Having this in mind, we approximate the
average pairing properties at high spins by parametriz-
ing the pairing gap as a smooth function of w:
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with w_;,=0.7 MeV for both neutrons and protons.

The nuclear shape was defined by the standard (/35,7 )
parametrization. Hexadecapole deformation, f3,, was in-
cluded in a similar way as in Ref. 12. Three (3,,7)
planes of dimension 9X 8 (cf. Ref. 12) corresponding to
three different values of B, have defined our deformation
space (B).

The total Routhian of a nucleus (Z,N) of fixed many-
quasiparticle configuration v is given by

E:/(N,Z)Bv’w):EStrut(N’Z’Bv)
+[(¢V|Hw|¢v>_<¢’v‘Hw‘wv> | [m:O]
(6)

where Eg,,(N,Z,B) is the energy of the nonrotating
state obtained by the Strutinsky method?? and the term
in square brackets represents the rotational energy in the
intrinsic system of coordinates. At a fixed value of rota-
tional frequency the total routhian [Eq. (6)] was mini-
mized with respect to the shape parameters 3 by interpo-
lating between the lattice points.

A detailed description of these calculations will be
published in a separate paper.?>

C. Shape changes and alignment properties

In Ref. 12 the low-lying bandheads of ""Kr were cal-
culated. On the prolate side the two lowest single-
particle states, [422 3] and [301 ] were associated with
the quadrupole deformation 3,=0.33. In addition, cal-
culations indicate the presence of excited oblate struc-
tures originating from the g,,, and p,,, orbitals with
quadrupole deformations ranging between —0.22 and
—0.26.

Results of our calculations for ”’Kr are summarized in
Fig. 8 where equilibrium deformations for the lowest
quasiparticle configurations of different parity = and sig-
nature a are displayed for a sequence of rotational fre-
quencies as explained in the figure caption

1. The gy, prolate bands

At low spins the g,,, prolate bands correspond to a
shape with quadrupole deformation around 3,=0.34 and
negative y deformation decreasing from y =—2°to —8°
due to the centrifugal stretching. The appropriate quasi-
particle diagram is shown in Fig. 9. At #ion=0.5 MeV a
first band crossing, corresponding to an alignment of a
pair of g4,, protons, appears. Two aligned quasiprotons
drive the deformation towards smaller values of 3, and
positive y values (y =10°). At this shape the signature
splitting between the g,,, Routhians is reduced (see Fig.
10) which nicely explains experimental findings. Align-
ments of the g,,, neutron pairs (4D and BC crossings)
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77
60° oblate Kr

p.-h. \’Y

FIG. 8. Calculated equilibrium deformations (3,,7) for the
lowest quasiparticle configurations in 7’Kr. The total Routhian
(Ref. 2) [Eq. (6)] has been minimized at each (3,,7) grid point
with respect to 3,. Small arrows indicate the direction of in-
creasing rotational frequency (in the present diagram #iw was
varied in the interval O < 7w < 1 MeV). Labels indicate charac-
teristic quasiparticle structures. Note the dramatic shape
changes associated with increasing the number of aligned
quasiparticles.

are predicted to occur at #iw=0.66 MeV, slightly below
the experimental value. It is seen in Fig. 10 that the
band interaction in the favored band (BC crossing) is
much smaller than that in the unfavored band (4D
crossing), which is consistent with the results shown in
Fig. 7. Since the neutron Fermi surface lies in the upper
part of the g4,, shell, the aligned g, ,, neutrons trigger a
change to more negative y values (y =0°) (see Ref. 13).

2. The w= — prolate bands

The low spin behavior of 7= — bands is very similar
to that predicted for the g4/, structures. As the neutron
g9,, orbitals are not blocked in these bands, one should

P B, =032,y =-9° - =

0 02 04 060810 0 0.2 04 06081.0
o (MeV)

FIG. 9. Proton and neutron quasiparticle Routhians in "Kr
at deformation 3,=0.32, y = —9° representative for the lqp,,
configurations in Fig. 10. Routhians are labeled by means of
parity 7 and signature ¢ quantum numbers: solid line (7= +,
azé), short-dashed line (r=+4, a= —%), long-dashed line
(m=—, a=73), and dash-dotted line (7= —, a=—1).
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FIG. 10. Same as in Fig. 9 but for neutrons at deformation

»=0.26, y=10°, representative for the 1qp.,2qpm»
configurations of Fig. 10.

expect the neutron alignment to follow the proton cross-
ing, as in the case of 7°Kr. Reduction in the v deforma-
tion when going from the 3qp to the 5qp w= — band
seen in Fig. 8 reflects this double crossing. At a higher
rotational frequency both negative parity bands ter-
minate at the oblate axis at the optimal particle-hole
states J"=3'" and £ .

3. The noncollective oblate states

A few low-lying particle-hole configurations have been
predicted to appear low in energy. Their deformations
vary between 3,=0.2 and 0.3 (y =60°) (see Fig. 8). The
most favored ones predicted by the calculations are

JT= % T =v[(go, )31/2(1’3/2 )8]77(89/2 )é ’
JT=3"=v[(gy, )‘1‘2(1’3/2 )g/z]
X7(89,2)5P3/2)3,20F 5,2)5,2] -

So far no such noncollective states have been seen exper-
imentally.

4. Collective oblate states

At the oblate shape (y = —60°) a few rotational bands
are predicted to lie low in energy. At low spins they can
be interpreted as 1qp excitations coupled to the excited
oblate minimum in ®Kr. In our calculations these col-
lective oblate states appear higher in energy than the
near-prolate bands and they never become yrast. The
calculations predict an increase in the ¥ deformation for
these bands, both due to centrifugal stretching and
quasiparticle alignment.

VI. CONCLUSIONS

The yrast band in 7’Kr has been extended up to spin
J7=(4%). The strong signature splitting seen below
JT=2" is weaker after two g,,, protons align, indicat-
ing a shape change toward smaller 3, and positive y
values. The amount of alignment gained from the neu-
trons in 7’Kr and the protons in *Br compare nicely
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with the alignment gain seen in "®Kr. Above the
J7=23" state the signature splitting strengthens, sug-
gesting the alignment of a pair of neutrons. The AJ =1
transitions are not visible, perhaps indicating that the
aligning neutrons reduce the total magnetic moment.
Angular distribution results indicate mixed E2/M1
transitions alternating with almost pure M1 transitions
in the 1gp band. The B (M) transition rates also alter-
nate in strength in qualitative agreement with a simple
model® proposed by Donau. After the proton crossing
these AJ =1 transitions have almost pure M1 character.
The observed structure of "'Kr compares well with
what has been seen in the neighboring nuclei. There are
indications (mixing and branching ratios) that 7’Kr may
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be an intermediate case of the phenomenon seen in 81K,
where strong AJ =1 transitions dominate the 3qp band.
Thus, further theoretical work and experimental lifetime
measurements examining these M1 transitions may
prove fruitful.
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