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Shape of 80Kr at high spin
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Lifetimes of eight high spin states were measured in the yrast band of even-even nucleus80Kr by Doppler
shift attenuation method. High spin states were populated by the heavy ion fusion evaporation reaction
65Cu(19F,2p2n)80Kr. The transition quadrupole moments, extracted from the lifetimes of the states, show a
decreasing tendency after the band crossing indicating a change in shape of80Kr at high spin. The total
Routhian surface calculations, using Woods-Saxon mean field potential and BCS pairing with Strutinsky shell
correction procedure, predict a change from a near oblate to near prolate shape with small deformation along
the yrast band at high spin in80Kr. The present experimentalQt values and the second alignment in the yrast
band of 80Kr support the predicted change in shape.
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I. INTRODUCTION

The ground states of krypton isotopes exhibit a wide
riety of shapes as a function of neutron number. The m
sured lifetimes of the low-lying excited states indicate th
the light krypton isotope74Kr is highly deformed (b2

'0.37) @1,2# while heavier isotope82Kr @3# is weakly de-
formed (b2'0.15). Moreover, recent experimental as w
as theoretical calculations indicate that the shape cha
from near prolate in lighter krypton isotopes to near oblate
heavier isotope80Kr @1–8#. Due to this variation in ground
state shapes, the high spin properties such as particle a
ments and shape evolution of these nuclei as a functio
spin also become very interesting.

Recent data on76,78Kr @4–7# provide some interesting
observations at high spin. Both nuclei exhibit shape coex
ence at low spins because of the competition between
proton and neutron deformed magic gaps in single part
energy diagram. The simultaneous alignments of proton
neutron pairs in76Kr could be explained@5# by assuming a
prolate shape that changes over to a triaxial shape with p
tive g due to the first proton alignment—thereby reduci
the neutron alignment frequency. The change in shape
experimentally confirmed from the lifetime measurements
high spin states in this nucleus. In78Kr, the ambiguity of the
nature of the first band crossing was removed by theg-factor
measurement@9#. This measurement indicated that the fi
crossing in78Kr is due to a neutron pair alignment unlike
76Kr. The cranked shell model~CSM! calculations showed
that both the band crossings observed in78Kr can be under-
stood by assuming oblate deformation withb2'0.38 @7#.
The lifetime measurements showed that the deformatio
78Kr reduces considerably after the second band crossing@7#.
Thus, in view of these differences in high spin behavior
krypton isotopes, it becomes interesting to study high s
states in the neighboring isotope80Kr that is reported to have
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oblate ground state deformation@8#.
The shape coexistence phenomenon is not observed in

ground state of80Kr unlike its lighter mass isotopes. Thi
indicates that the shape driving competition of protons a
neutrons does not occur for80Kr. This is because there is n
large shell gap found for neutron number 44. The band str
ture of 80Kr has been studied recently by Do¨ring et al. @8#.
The level scheme shows that the ground state positive pa
band is crossed by a two-quasiproton~2qp! band at a rota-
tional frequency\v;0.5 MeV and becomes yrast abov
the 81 state. The 2qp band has been extended up to1

whereas the ground band was extended upto 161. The life-
time measurements of some of the states in yrast band w
reported by Friederichset al. @10# and Funkeet al. @11# by
recoil distance method~RDM! and Doppler shift attenuation
methods~DSAM! methods. These studies indicate a quad
pole deformation withb2;0.25 for low lying states of80Kr.
Total Routhian surface~TRS! calculations@8# also suggest an
oblate shape with similarb2 in this nucleus. CSM calcula
tions performed for an oblate shape withb2;0.25 predict
@8# the two-quasineutron alignment at\v'0.50 MeV and
two-quasiproton alignment at\v'0.72 MeV. On the other
hand, the observed gain in aligned angular momentum;6\
at \v'0.5 MeV indicates simultaneous alignment of tw
quasineutrons and two quasiprotons. Moreover, the lifetim
of the high spin states beyond the first band crossing are
known in 80Kr. In order to understand, the particle alignme
and shape of80Kr at high spins, the lifetimes of the high spi
states in the yrast band of80Kr have been measured in th
present work.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The lifetimes of the high spin states of80Kr were mea-
sured by DSAM. Levels of80Kr were populated by heavy
ion fusion evaporation reaction65Cu(19F,2p2n)80Kr using
74-MeV 19F beam from the 14UD Pelletron at Tata Institu
of Fundamental Research, Mumbai. A thin natural Cu~31%
65Cu) target with thickness;850 mg/cm2 and rolled onto
an 8-mg/cm2 thick Ta backing was used for the experimen
The thickness of backing was enough to stop the recoils.
maximum recoil velocity was;2.04% of velocity of light.
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g-g coincidence data were taken in the list mode using th
clovers and one HPGe detector with anti-Compton shield
all of them. The detectors were kept at 30°, 50°, 90°, a
110° angles with respect to the beam direction. A multipl
ity filter consisting of 14-element NaI~Tl! detectors was also
used in the experiment. The multiplicity conditionM>2 was
set in the hardware electronics.

In the offline data analysis, data from all the detect
were gain matched to 0.5 keV/channel. A sum gated sp
trum is shown in Fig. 1, which includes data from all th
detectors. Data from detector at 50° were used for
DSAM analysis. For this, a 4K34K g-g coincidence matrix
was constructed with the spectrum from the 50° detec
along one axis of the matrix and the spectra from rest of
detectors along the other axis.

All the transitions reported@8# for the yrast band of80Kr
have been observed in the present experiment. Coincid
spectra gated by 617-keV, 820-keV, 956-keV, and 968-k
yrast transitions~see Fig. 2! were used for line-shape analy
sis. Gated spectra were compressed to 1.0 keV/channe
the analysis to improve counts/channel.

Analysis of the DSAM data were done with the help
the computer programLINESHAPE @12# ~and references
therein!. The Monte Carlo simulation technique has be
used in the program. It was initially applied by Baceleret al.
@13,14# for the velocity and directional history of a series
recoiling nuclei. Shell corrected Northcliffe and Schillin
@15# electronic stopping powers have been used in this p
gram. The lifetime analysis program does ax2 minimization
of the fit for ~a! Qt , the transition quadrupole moment fo
the transition of interest,~b! Qt ~SF!, the transition quadru-
pole moment for the modeled side feeding~SF! transition,
~c! a normalizing factor to normalize the intensity of th
fitted transition,~d! the intercept and slope of a linear bac
ground, and~e! the intensities of contaminant peaks near
peak of interest. We have used rotational cascade side f
ing model that consists of a five-state rotational band w
fixed moment of inertia of;20\2 MeV21. The effect of the
variation of Qt~SF! on the result ofQt near the minimum
was very small and remain within the error bar.

FIG. 1. Sum gated spectrum with data from all the detect
showing theg-ray transitions of80Kr.
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The lifetimes of eight high-spin states upto the high
observed state at 20\ in the yrast band of80Kr were deter-
mined in the present work. The highest level was fitted fi
for effective lifetime without the side feeding correction an
then the successive levels were fitted taking the top feed
and the side feeding into account. The experimental and
ted line shapes for the 956-, 1060-, 1244-, 1407-, 1603-,
1793-keVg rays are shown in Fig. 3. The final fits of the lin
shapes are represented by continuous curve, the dot-da
curves are the line shape fit without taking into account
effect of contaminant peaks. The accompanied contamin
peaks near the peak of interests as simulated by the prog
are shown by the dashed curves.

III. RESULTS

The lifetimes (t) measured in the present work and tho
reported by Funkeet al. @11# are listed in Table I. The re-
duced transition strengthB(E2) and transition quadrupole
momentQt were obtained from the lifetimes using the fo
mulas

B~E2!5
8.20310210

Eg
5 t

e2 fm4, ~1!

s

FIG. 2. Partial level scheme of80Kr.
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FIG. 3. The lineshape fits for six transitions in80Kr. The final fits of the lineshapes are shown by the continuous curve, the dashe
curve is the lineshape fit for the transition without taking into account the effect of contaminant peaks. The accompanied contamin
near the peak of interests as simulated by the program along with the backgrounds are shown by the dashed lines.
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where,t is the lifetime ~in sec! of the state andEg is the
transition energy in MeV, and

B~E2,I→I 22!5
5

16p
Qt

2^I2K0uI 22K&2, ~2!

whereB(E2) is in e2b2 and quadrupole momentQt is in eb
and the term in bracket is a Clebsch-Gordon coefficient.K is
the projection of total angular momentum on the symme
axis.

The lifetimes of the 21 and 41 levels, shown in the table
were measured earlier by RDM technique@11#. The earlier
measurement by Funkeet al. @11# were confined upto the
121 level. In the present work, the lifetime measureme
have been extended upto the 201 state—the highest leve
03431
y

s

observed in the yrast band. It can be seen from Table I
more precise values have been obtained for lower spin st
in the present work.

The quadrupole momentsQt in the yrast band are found
to decrease by about 51% from an average value
;2.36 eb before the 121 state to a value of;1.15 eb at
higher spins. This indicates a change in shape following
particle alignment at high spins for the yrast band of80Kr.
Similar decrease inQt is observed for other krypton isotope
also @5,7#. This has been discussed in detail in the next s
tion.

IV. DISCUSSION

The recent report on80Kr @8# suggests that a 2qp ban
crosses the positive parity ground band at a frequency\v
6-3
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TABLE I. Measured lifetimes (t) in ps, transition strength@BE~2!# in Weisskopf unit~W.u.!, transition
quadrupole moments (Qt) in eb, and the sidefeeding quadrupole moments (QSF) in eb for the yrast band in
80Kr.

Transition Eg t ~ps! BE(2) Qt QSF

(I i
p→I f

p)\ ~keV! Previousa Present ~W.u.!b ~eb! eb

21→01 617 12~1! 37~3! 1.95~8!

41→21 820 2.3~5! 478
13 1.84.17

.24 2.10~24!

61→41 956 1.0~4! 0.490.12
0.18 10127

32 2.570.36
0.40 1.95~20!

81→61 1018 0.40.2
0.4 0.430.07

0.09 8414
16 2.300.20

0.22 3.51~45!

101→81 968 1.00.4
0.6 0.580.10

0.12 8113
16 2.220.20

0.21 1.86~26!

121→101 1060 0.35~20! 0.330.06
0.05 9112

20 2.340.17
0.22 2.50~32!

141→121 1244 ,1.0 0.260.07
0.08 5011

18 1.720.20
0.29 2.97~28!

161→141 1407 0.300.12
0.11 236

15 1.180.17
0.35 2.18~28!

181→161 1602 0.180.07
0.07 216

14 1.120.19
0.30 1.65~26!

201→181 1793 ,0.15 .14 .0.90

aValues taken from Funkeet al. @11#.
b1 W.u.520.5e2 fm4.
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'0.50 MeV. This was initially interpreted as a proton alig
ments in Refs.@11,16# but later it was argued by Do¨ring
et al. @8# that the first crossing is due to the alignment o
pair of neutrons. The cranking calculations reproduce
crossing frequency for neutron at\v'0.5 MeV for an ob-
late shape withb2'0.25. The lifetime measurements al
indicate similar deformation for the yrast band before
first crossing.J(2) values of 80Kr along the yrast band hav
been plotted in Fig. 4. This shows a second peak at\v
'0.52 MeV after the first crossing at\v'0.50 MeV. In
76Kr @4#, the kink in theJ(2) after the first crossing and th
large gain in alignment were interpreted as almost simu
neous alignment of protons and neutrons. The experime
alignment (i x) values are plotted in Fig. 5 for76Kr and 80Kr.
It can be seen that the gain in alignment for80Kr is about 6\
that is similar to that observed for76Kr. This indicates nearly
simultaneous alignment of two quasineutrons and two q
siprotons in80Kr also. However, the simultaneous alignme
could not be explained as proton pair alignment followed
neutron pairs in the CSM calculations in Ref.@8# where an

FIG. 4. Dynamic moments of inertiaJ(2) plotted as a function of
rotational frequency\v for the positive parity yrast band of80Kr.
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oblate shape was assumed to persist beyond the first
crossing. Infact it gives a much larger value'0.72 MeV for
the two-quasiproton band crossing.

In 76Kr, the early second crossing and thus the simu
neous alignment was explained as arising due to a chang
shape after the first proton alignment@4#. Later the lifetime
measurements@5# confirmed the shape change towards po
tive g in accordance with the cranked shell model calcu
tions. In 74Kr also, the lifetime measurements show a cle
shape change induced by particle alignment@17#. The life-
time measurements of the high spin states in the pre
work indicate a decrease in the quadrupole momentQt ~see
Fig. 6! after the first crossing in the yrast band of80Kr. This
indicates a less deformed shape after the first neutron a
ment. The CSM calculations show that the proton alignm
frequency for80Kr comes down to a value\v50.52 MeV
in agreement with the experimental value for a less deform
prolate shape as discussed in the next section.

V. CRANKED SHELL MODEL CALCULATIONS

The Hartree-Fock-Bogoliubov cranking model calcu
tions with Woods-Saxon potential and monopole pairi
@18,19# have been performed in the present work to hav
better understanding of the shape and particle alignmen
the yrast band of80Kr at high spin. In these calculations, th
pairing term was calculated by solving the BCS gap equa
at rotational frequencyv50 using the interaction strengthG
obtained from the systematics. The pairing gapD was al-
lowed to vary smoothly as a function ofv for higher fre-
quencies in such a way that the value ofD drops toDs/2
~whereDs is the gap parameter atv50) at a frequencyvc .
The values ofvc for protons and neutrons were taken
vc

p51.15 MeV andvc
n50.95 MeV, respectively. The TRS

were calculated in ab2-g mesh for the yrast band of80Kr
within this model including the Strutinsky shell correctio
These were calculated at various values of rotational
quency\v and at each value of (b2 ,g) the total energy was
6-4
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SHAPE OF80Kr AT HIGH SPIN PHYSICAL REVIEW C 64 034316
minimized with respect to the hexadecouple deformationb4.
The total Routhian surfaces for the yrast band of80Kr are

shown in Fig. 7 and calculated for two values of rotation
frequencies—one at\v50.30 MeV corresponds to the situ
ation before the band crossing and the other at\v
50.60 MeV corresponding to the situation after the ba
crossing. It can be seen that the TRS at\v50.30 MeV
indicates an oblate shape withb2'0.26, g'255°, andb4

FIG. 5. Aligned angular momentumi x plotted as a function of
rotational frequency\v for the positive parity yrast band of76Kr
and 80Kr. The Harris parametersI s53.5\ and I 1521\ MeV21

were used for reference configuration.

FIG. 6. The quadrupole momentQt for the positive parity yrast
band of 80Kr as a function of rotational frequency\v. The filled
circles correspond to the experimental data from the present w
while the open circles correspond to the data from Ref.@11#. The
theoretical values are shown by the solid curve corresponding to
minimum value of the TRS and the dashed curve corresponds to
second minimum in the TRS after the first band crossing.
03431
l
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'20.016 that is similar to the one reported in Ref.@8#. The
situation after the band crossing changes quite drasticall
can be seen from the TRS at\v50.60 MeV. Two minima
appear in this case that are within 250 keV in energy. T
first one has a near prolate shape with small deforma
b2'0.18,g'14.6°, andb4'20.01 while the other one ha
a near oblate shape similar to that before the band cross

The theoretical values of quadrupole moments were
tained by calculating theQth from the (b2 ,g) values corre-
sponding to the minimum energy of the TRS using the f
mula @20#

Qth5
6Zr2

15p
b2~110.36b!cos~g130°!. ~3!

The quadrupole momentQth thus obtained for various value
of rotational frequency\v are compared with the exper
mental values in Fig. 6. The filled circles in Fig. 6 corr
spond to theQt as obtained in the present experiment wh
the open circles correspond to the experimental values f

rk

he
he

FIG. 7. Total Routhian surface plots in theb2-g plane for the
yrast band of80Kr. These are shown for two rotational frequenci
\v50.30 MeV and 0.60 MeV corresponding to frequencies bef
and after the band crossing, respectively. The energy separ
between the contours is 250 keV.
6-5
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Ref. @11#. The solid line corresponds to the theoretical valu
Qth for the lower minimum in the TRS while the dashed lin
corresponds to theQth calculated for the second minimum i
the TRS.

It can be seen from Fig. 6 that the experimental quad
pole moments match quite well with the theoretical valu
before the band crossing.Qth values calculated for the firs
~prolate! minimum after the first band crossing also mat
quite well with the experimental values. This indicates
change in shape from near oblate to near prolate along
yrast band of80Kr at high spin. The level scheme of80Kr @8#
shows that the ground band (g band in Fig. 2! continues
through the nonyrast levels after the band crossing upto 11.

FIG. 8. Calculated single particle Routhians for protons in80Kr
as a function of rotational frequency\v. The calculations are per
formed for deformationb250.18, g54.6°, andb4520.01. The
crossing point is shown by the arrow.
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This band might correspond to the second minimum in
TRS. However, lifetime of levels in this band could not b
obtained from the present work. It would be very interesti
to measure the lifetimes in this band and compare with
calculated values of quadrupole moments.

The single particle Routhians for protons in80Kr were
calculated for a near prolate shape withb250.18,g54.6°,
andb4520.01 corresponding to the shape of the yrast ba
at higher rotational frequency and are plotted in Fig. 8. T
figure shows a band crossing~identified by an arrow!, corre-
sponding to two-quasiproton alignment at a frequency\v
'0.52 MeV, a value close to the quasineutron alignm
frequency and thus provides extra support to the propo
simultaneous alignment.

VI. CONCLUSIONS

Lifetimes of the high spin states have been measured u
the highest observed state at 20\ in the yrast band of80Kr.
The transition quadrupole moments extracted from the l
times indicate a change in shape at high spin for this ba
TRS calculations suggest that the change in quadrupole
ment is due to change in shape in80Kr from near oblate to
near prolate with lower deformation at high spin. The lar
gain in aligned angular momentum demanded almost sim
taneous alignment of neutron and proton pairs. The dyna
moments of inertiaJ(2) also suggested a second band cro
ing very near to the first one for the yrast band of80Kr. The
cranking calculations show that the change from oblate
near prolate shape with lower deformation brings down
frequency of the two-quasiproton band crossing to a va
close to the two quasineutron band crossing frequency w
prolate shape.
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