DEFORMED GROUND STATES AND DOUBLE BACKBENDING AT HIGH SPINS IN LIGHT Kr ISOTOPES
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Abstract

The energy levels in 7%,76Kr have been studied
with a range of in-beam, Y-spectroscogy techniques
following heavy-ion reactions and in SKr via the
radioactive decay of 76Rb. Breaks in the level
energies and moments of inertia in 74,76Kr are ob-
served at low spins. These data can be understood
in terms of the crossing of bands built on near-
spherical and deformed shapes with the ground states
having very large deformation. In 74Kr the yrast
cascade is observed to a tentative 20* level. Dou-
ble backbending of 7 is observed at spins of 12*
and 16*. These changes are interpreted in terms of
rotation-aligned structures.

1. Introduction

Two of the important frontiers in nuclear re-
search are the extension of our knowledge of the
structures of nuclei further from stability and to
higher spins. The present paper reports on studies
which extend our knowledge in both these directions
in the light krypton isotopes. In both instances
evidence for new structures are found, including
large ground state deformation in 7“’§6Kr and dou-
ble backbending of the moment of inertia in 74Kr a-
bove the 10* level. These latter data were obtained
by using a new neutron multiplicity technique with
(n,n,y) and (n,y,y) coincidences.

The energies of the 05 states have a deep mini-
mum in N = 40 Ge and Se isotopes so that in 7 »72Ge
and 72:7%Se they are very near or, in the case of
72Ge, below the energy of the first excited 2*
states (see review in Ref. 1). These and a variety
of other data have been interpreted in terms of
shape coexistence in these nuclei, where the low-
lying 05 states are more deformed than the ground
statesl=" The origin of this shape coexistence
can be attributed to the gaps in the single parti-
cle spectrum seen in Fig. 1 at N = 40, § = 0 and
N = 38, § = 0.25, that stabilize the nuclear shape.
Evidence for the spherical subshell closure around
N(Z) = 40 is found when Z(N) is close or equal to
28 or 50, because the protons (neutrons) prefer a

sgherical shape, as seen for example in
geNi(gngso). However, as Z moves away from 28 or

50 the level density for a spherical shape becomes
very high and the minimum of the proton deformation
energy moves to deformed shapes as qualitatively
indicated by the circles in Fig. 1. The same holds
for the neutrons since the proton and neutron sin-
gle particle levels are almost identical. Away
from the Z(N) = 28 and 50 closed shells, maximal
deformation is expected at N(Z) = 38. However, the
deformed state can coexiste with a nearly spherical
configuration in a delicate balance. Which one is
lower depends on the7Eroton number. For
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excited bands has been reportedl‘“). In 72>74ge,
the deformed band becomes yrast at I = 2-4 because
of its lower rotational energy. For the Ge iso- 204
topes, the bands built on the two different shapes A2
are less well developed because of the smaller de- h
formations (two protons less than Se). In the Kr- [Mévf
isotopes, the 36 protons favor deformation even 154
more. Here we present evidence that the deformed
minimum becomes the ground state and the lowest OE
states are the spherical ones in ’%»7®Kr,

101

2. Evidence for deformed ground states

To investigate the nature of the 05 states and 51
the influence of the N = 40 subshell closure far-
ther from the proton magic numbers, levels in 0 ol 0.2 03 (ha)’ 04 [Mev?]
74576Kr were studied with in-beam gamma-ray spec- )
troscopy techniques via, a) the reactions 60Ni (1%0, E(1)
2n) and %%zZn(12C, 2n) with 45 MeV 190 and 39 Mev D“@Q_
12¢ jons from the Oak Ridge EN tandem, including
angular distribution and y-y coincidence measure-
ments with Ge(Li) detectors, and b) the reaction 4
58Ni(1%F, p2n) with 68 MeV ions from the University
of Koln tandem (in that work an additional tech-
nique5 of measuring (n,y,y) and (n,n,y) coinci-
dences was used), and the radioactive decay of 76Rb
to 78Kr was studied with mass-separated samples at 2¢
the UNISOR facility. The 7®Rb was produced in the
reaction MatNi (20Ne, xn) at 112 MeV. Mass sepa-
rated samples were collected and then transported
via a tape transport system to a position between w7
two Ge(Li) detectors for y-y coincidence studies.
As one sample was being counted, the next was being
collected.

78Kr + 2 MeV

7oKr + 1 MeV

74,(’

(o] T T T T
0 2x3 4x5 6x7 8x9 (1+1)

Fig. 3. Analysis of the energies of the yrast le-

From the 76Kr in-beam and the 7®Rb decay stu-
dies, a 05 state at 770 keV and a 2% state at 1688
keV that feeds only the 0; level were established
in 7®Kr (see Fig. 2). Thus, the energies of the OE

vels in the even-mass Kr isotopes. The dashed
lines show the Harris extrapolation of high spin
levels. The frequency and the moment of inertia
are defined in Ref. 10 as hw = EY/Z and

levels continue to drop sharply as one goes from F/M = (I+1)/w. The Harriszextrapolation is given
80Kkr to 7®Kr. The even-parity yrast cascades in by 7= Fo + w?#, where Jo/0* = 12.5, 10.8, 7.3 Mev~!
74Ky and 78Kr were established to 10" and 12%, re- and }é/hz = 12.3, 15.0, 29.0 Mev™3 for 7%Kr, 7®Kr
spectively, in the first studies. The moments of and 78Kr, respectively. The dashed lines in the
inertia for the low-spin members of the even-parity lower figure for the yrast levels are obtained by
;rast bands_in 7%:76Kr (present work) and using the parameters J, and #;, and fitting the
8,80ky 6-8) Fig. 3, become larger when going from energies of the 6% level in 7%:78Kr and the 4% le-
N = 44 to N = 38, except for ’“Kr, where the point vel in 78Kr, as in Ref. 10.
corresponding to the 2 » 0 energy in ’“Kr strongly
deviates. This tendency can already be seen in

76Ky to a lesser degree. In 72:7%Ge 1,4) 4

in 184-188yg 9) strong forward bends iA the mo-
(137) ments of inertia above the 2} states were inter-

6223 (127) preted in a shape coexistence picture, with bands
. Nn71(<1) 5886 built on the ground and excited 0% states with
027 =75 - 1081(<1) quite different deformations. The forward bend of
(H—LGE“ 10-) 7 occurs!>%»9) when the deformed band crosses
. 1278(4) 52 2805 the sequence of states built on the nearly spheri-
iad o79(<1) 906 (< cal minimum. Because of the larger proton number
4403 10* 9 06 (=2) in the Kr isotopes, deformed shapes may have a
1071(<1) 3570(7.8%) 4068 073 (87) 3859 slightly lower energg thanthe spherical ones. The
(74 2.8 1188(9) ;psu) 725(5) observation that in /®Kr the OE level is low but
3332 808(2) 3588 (67) the 25 leve}, which feeds it, is 918 keV above it
880(3) 2763 8" v SQOSH) 3174 while the 2] state is only 425 keV above the ground
5+ 6+ 1712(<1) |2880 722(5) state supports this. Thus we suggest that it is
2 2684/ PP . +
2452 806(2) 1020(18) the ground state which is more deformed and the 0
9 + 1429(4) . . : . 2
331(4) 1958} 4 B 1648(7) . level which is associated with a near-spherical
1733 923(7) 1860 1688 2 shage in 76Kr, in contrast to the reverse situations
1417(4) 2+ 835(50) in 72:7%Se and 18“‘188Hg. A similar situation
1309(10) \ 4 918(<1) should be occurring in “*Kr.
\ 1222(3) \ 1533(2) élll(85) 7035 770 o*
\ 79%6)\\ 2 346(1) The relative large 2 + 0 energies in 7*’7®Kr
424(100) o* (which make these look less deformed than they

really are) would arise from an interaction between
76Kr the OI deformed and 05 near-spherical states to
push ~down the 0} energy. Since the 2% spherical
state is quite high in energy, there will be little

Fig. 2. Energy levels in 7®Kr observed via in-beam . . 0
18 &y mixing of the 2% and higher spin states, since the

spectroscopy.
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energies for the near-spherical structure grow much
faster with I than in the deformed band. In
72,7%5¢ there also is considerable mixing of the
deformed and spherical configurations near the band
crossing at I = 2-4 observedl) .

Calculations described below indicate that for
N = 38, the deformed structure is generated from
the spherical one by promoting two pairs of neu-
trons from the fg/2 into the 89/2 shell. Correla-
tions of the pairing type contain the multiple
scattering of pairs from the fg5/7 to the g89/2 shell
(and vice-versa) and may be an important source for
the coupling of the two structures.

In order to quantify the band mixing sugges-
tion, we analyzed the Kr-yrast bands in terms of a
two-level model. For I 3 6 h one expects that the
yrast levels are purely deformed. In Fig. 3 this
region corresponds to the nearly linear part of 7
The up bends are rel§ted to the alignment of a
89/2- proton pair’>8). The position of the unper-
turbed deformed levels were determined by extrapo-
lating the linear part of #(w?) down to w = 0. As
discussed in Ref. 10 this corresponds to a Harris
or VMI-parameterization of the deformed g-bands.
The relation between the level energy E(I) and the
Harris parameters }0, 21 given in Fig. 3 may be
found in Ref. 10. Figure 3 compares the extrapo-
lated with the measured levels. The deviation is
much larger in 76Ky than in 78Kr in accordance with
the higher position of the known OE level in the
latter.

The shifts SE = E8+ - Eg+ can be found in
1 1

Table 1. The difference between the unperturbed

Table 1. Properties of the 0" states in Kr-isotopes.

. BE2 (2-0)
Nuclide SE E .+ AE A
02 0 BEZ(Z»O)ROT
74Ky 0.256 0.681* 0.169* 0.330* 0.62
76Ky 0.187 0.770 0.396 0.330 0.74
78Ky 0.102 1.017 0.813 0.305 0.88

*The value V is assumed and EO* and AEO calculated
2

by using this value. The energies are in MeV.

levels AE, = Egz - E%I is equal EOE-EOI-ZGE. The
interaction V is equal to (1/2)VAEZ - AE2 , where
AE = E0+ - E0+. These quantities are also in-

2 1
cluded in Table 1. The close values of V for 7®Kr
and 78Kr indicate that the smaller energy perturba-
tions in 78Kr are related to the higher position of
the (unperturbed) spherical state. One may suggest
that the interaction V in 7“Kr has a value similar
to that of 7®Kr. Adopting this value of 0.33 MeV,
one may use SE to predict the E0+-leve1 at 0.68

2

MeV. The extracted, unperturbed 2 + 0 energies in
the deformed ground bands are 200 and 237 keV in
74,76Kr, respectively. By scaling the unperturbed
2 > 0 energy by A°/°, one may compare the deforma-
tion of 7“Kr to that of 238y, The 200 keV transi-
tion in 7*Kr would correspond to 29 keV in 238y
compared to the actual value of 45 keV. This is an
unusually large ground state deformation, slightly
larger than the 'super deformation' recently re-
ported!l) for 100sr,

As further support for the importance of de-
formation effects, the lifetimes of several levels
were measured by Doppler shift line shape analysis.
The B(E2) strengths for the transitions between the

yrast states in ’®Kr are given in Table 2.

Table 2. Measured mean lives and extracted B(E2)
values for transitions in ’®Kr,

B(E2)
Elevel Ey Ii-)If Tmean(Ps) B(E2)
(keV)  (keV) SP
424 424 2¥ 5 0+ 53(7) + 59(7)+
1035 611 4* > 2t 5.0(20) 76(23)++
1860 825 6" » 4v  1.25(12) 89(8)
2880 1020 8t > 6%  0.30(3) 129(13)
4068 1188  10* > 8%  0.14(2) 129(19)
5346 1278 (12%)»10%  0.24(5)* 52(11)*

*Composite lifetime and composite B(E2) compared
to single particle values.

tNolte, et al. (Ref. 12).

t+Based on an average (t = 6.6 * 1.5) of the pre-
sent data and that of Nolte et al. (t = 8.2 = 2.3)
(Ref, 12).

These values are highly collective; the most col-
lective known for any nucleus in the A = 70 region.
For comparison B(EZ)exp/B(EZ)S are 10(4) and
12(3) for the 2 > 0 and 4 » 2 gransitions respec-
tively, in ©8Ge and 20(2) and 45(6) for 72Se where
mixing presumably occurs, however. From the 2* to
the 10* state, the B(E2) values generally follow
the gradual increase expected for a rotational nu-
cleus in sharp contrast to the rapid increase in
B(E2) values in a vibrational model.

In the two-level model, one also may calculate
the square of the amplitude, Cf, of the deformed
state in the gerturbed ground state which is equal
to (1 + 6E2/v2)~1, Assuming that the E2 matrix
elements between the bands is much smaller than the
matrix element within the deformed band, the B(E2:
22+ 0) value will be reduced by C2(I = 0) x
C7(I = 2). This reduction factor is also included
in Table 1. It represents an upper limit of the
reduction, since one expects a finite matrix ele-
ment between the bands. The data in Table 2 are
consistent with the predicted reduction of
B(E2: 2 » 0).

In summary, these data extend our understand-
ing of the coexistence of different nuclear shapes
first proposed in 72Se. However, apparently in
7%,76Kr the role of the near-spherical and deformed
minima are reversed with the ground states strongly
deformed and the excited 05 states associated with
a near-spherical minima. This interpretation for
the N = 38, 40 Kr nuclei supports the expectation
that at these neutron numbers as the proton number
approaches the middle between the N = 28 and 50
closed shells, the protons can drive a nucleus with
a pair of gg,/) neutrons toward deformation. It is
not certain whether these deformed states are pro-
late or perhaps triaxial. The low level density on
the oblate side (§ = -0.25) of Fig. 1 for N % 38
indicates that the deformation energy could weakly
depend on the y-degree of freedom. The importance
of the triaxial deformations in these nuclei is re-
flected by the observation of the y-band at low
energy.

The odd spin negative parity band seen to 13~
in 78Kr has been interpreted in the interacting
Boson approximation as arising from the coupling of
octupole and quadrupole Bosons! To further test
our interpretation of this band in 78Kr and in 76Kr
as arising from two quasiparticles with one in the
g9/ orbital, we carried out 2-quasiparticle-plus-
rotor calculations for 76,78,80Ky in the Flaum-
Cline approachl" For the negative parity states,
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8 basic states close to the Fermi level were in-
cluded. The assignment of even spin and odd parity

to the experimental levels in 76Kr, as shown in Fig.

4, is based essentially on the close agreement of
their energies with those from the calculations.
All of the calculations are strongly supportive of
the importance of the 2-quasiparticle structures in
both the negative parity bands beginning at 5~ and
the positive parity bands beginning at 8*.

76y,
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Fig. 4. Two-quasiproton levels in 7®:78kr. The
experimental levels associated with the
theoretical 6-, 87, levels in 76Kr have
been assigned tentatively.

3. Double backbending of the moment of inertia

The structure of nuclei and how a nucleus most
efficiently carries angular momentum at higher and
higher rotational frequencies is of current major
interest. In the course of developing the neutron
multiplicity-y coincidence technique (m,n,y), (n,y,
y) to study weak reaction channels, new surprises
were found in “Kr. This technique is described in
more detail elsewhere in these proceedings, Roth
et al.5) These 7"Kr studies show the power and
promise of this technique. In a second experiment
that included (n,Y,y) and (n,y-plunger) studies,

the yrast 1ev$15 in 7%Kr were extended from 10% to
a proposed 20  level and other side bands observed
as shown in Fig. 5. This is the highest spin state

(meV)[
(20%)
Nk
1995
10+
(18*)
9_
1616
8 (16%)
1 1335
(14*)
6.
1290
(12%) + 10+
st (10*,12%)
125 (8+10%) 558
. (10" -1
ak (0%
1145
a3l 6 77) g
(57) 392
967.6 N lays
1485.9 570 (4% 1375
2+ AN 39 12%%)
962.7 299|797.7
4’768.8 (24
| -
558.4 723.4
2+
04563
oL 9y
74K
r
36 38

Fig. 5. Energy levels in 7“Kr observed in (n,Yy,Y)
studies (see Ref. 5).

reported in this region and is remarkably high for
such a light nucleus. Spin assignments were made
by (n,Yy) and (n,n,y) coincidence yield functions
between 58 and 68 MeV and y-angular distribution
measurements .

As shown in Fig. 6, the plot of the angular
momentum I(w) as a function of w, where
hw = Ey[(I + 1) > (I - D]/2, clearly shows two
distinct breaks -- double backbending in the moment
of inertia! Coupled with the interaction of the
deformed and near-spherical o* states, one has a
record three crossings of the ground band! Only in
158Er and 160yp 15:16) have double backbends been
obierved in yrast cascades. The break above the
10" state is undoubtedly from a crossing of a
(g9/2)2 configuration. The observed 85 and 105
states are assigned as the low spin members of this
band which carries about 3 units of angular momen-
tum. Calculﬁtions in the approach of Bengtsson and
Frauendorfl?) indicate that the proton and neutron
(g9/2)2 configurations are close in energy so the
character of these levels is not established yet.
The next (83) and (10;) states may be the aligned
states of the other configuration. Magnetic mo-
ment measurements could help identify the character
of these levels. Note I(w) for the 8% and 10% levels
are in line with those of the 12* and 14% levels.
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Fig. 6. A plot of the angular momentum I as a
function of w = Ey[(I + 1) > (I - 1)]/2A
for 74Kr.

The second break above the 14% state has an a-
ligned angular momentum compared to the ground state
about double that of the first band to cross the
ground state. Note in %8Ge where both proton and
neutron (gg/2)2 2 quasiparticle bands are reported
to cross the ground band, each band has about the
same 6 units of aligned angular momentum!”), This
larger alignment compared to the ground state sug-
gests that this new band which crosses at 16" is a
four-particle, aligned configuration which is most
probably composed of two (ggéz)z quasiprotons and
two (gg/z)2 quasineutrons. uch an interpretation
is in line with the double backbends in 1°8Er and
160yh where first two i3/ neutrons align and then
two hy;/, protons. Here éoth particles are _in the
same oréital. Note the high spin data for 78Kr do
not show a second break in I at the tentatively pro-
posed 16* level. If the first crossing is for two
quasiprotons and the second for the addition of two
quasineutrons to the 2qp configuration in 7“Kr,
then this second crossing could be blocked by the
presence of the four extra neutrons in ’8Kr.
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DISCUSSION

W. Andrejtscheff: 1 would like to mention here some
preliminary thoughts on some delayed ground-state
cascades in Se and Kr isotopes which we got as a
by-product from lifetime measurements. The experi-
ments were performed on the Rutgers tandem with the
generalized centroid shift method (delayed coinci-
dences). The first slide demonstrates a typical cen-

troid diagram. Average delays are presented on the
second figure. De]axed feeding of several hundreds
of picoseconds in 7**7%Se and maybe 7“Kr indicate

possible isomeric levels at high excitations.

J.H. Hamilton: We also observed long feeding time
in 7%Se and ®°Kr. In ®%Kr produced by o particle
long feeding times were not observed. Then there
seem to be more high spin isomers in this region.

H. Morinaga: 1) Sometimes odd nuclei like 77K show
simpler rotational structure, free from complication
due to co-existence. 2) As for anomaly in rotati-
onal structure, one should Took at it comparing not
only with the situation in heavy nuclei but also
with Tight nuclei Tike 2°Ne.

A. Gelberg: How do the B(E2)'s in 7®Kr compare
with the leading-order theoretical values from the
rotational model?

J.H. Hamilton: One expects a reduction in B(EZ2,
2*+0%) because of mixing of the two 0% states. How-
ever, the high-spin data follow rotor predictions.
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