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A 4.6 MeV/nucleon Kr beam has been used to Coulomb excite Kr in collisions with a thin
Pb target. The backscattered projectiles were measured in a position sensitive avalanche detector

centered around the beam axis. The gamma radiation was measured in four Ge{Li) detectors, in
coincidence with the particles. The gamma ray spectra, after event-by-event Doppler shift correc-
tion, revealed 16 transitions in Kr from the relative intensities of which a total of 22 electric quad-
rupole transition matrix elements have been deduced, by inserting the previously measured branch-
ing and mixing ratios. The level energies and E2 transition probabilities have been compared with
the predictions of the asymmetric rotor, interacting boson, and Gneuss-Greiner models and nuclear
field theory. On the basis of its energy and decay modes, the 1957 keV 2+3 state is interpreted as the
lowest state with lower 'F spin, F=F,„—1=2.

I. INTRODUCTION

Considerable experimental and theoretical effort has
been devoted in recent years to clarify the structure of the
even krypton isotopes. ' In particular for Kr two re-
cent studies of the P decays of Rb and Br (Ref. 6) and
the Se(a,2n) reaction have established the decay scheme
of states up to about 6 MeV excitation energy. In addi-
tion to the ground band, several bands based on aligned
two-quasip article excitations have been identified at
moderate spin, ' leading to a pronounced backbending in
the ground band at I =8+. The results have been inter-
preted in the frame of the cranked shell model, the in-
teracting boson (IBA-2) model, ' the approach of the nu-
clear field theory, ' and in terms of the model of Gneuss
and Greiner. " An interesting question emerging from
these studies is whether the two-quasiparticle excitations
can already influence the properties of the collective bands
for low spin values, so as to make doubtful a consistent
application of collective models, at least in their standard
forms. An answer to this question could be provided by a
detailed study of the transition rates between low spin
members of the bands. Indeed several transition rates in
82Kr have been already measured by Brussermann et al.
and by Kemnitz et al. by the recoil distance and the
Doppler shift attenuation method. These authors em-
ployed the Ge(' C,a2n) and Se(a,2n) reactions, respec-
tively, to populate the final nucleus. However, the accura-
cy of the lifetime measurements for the low spin states
has been severely limited by the presence of long lived

states which feed the lower ones. In particular, the long
lifetimes of the 3462 keV 8~+ and 3038 keV 6~ states
which collect large fractions of the gamma ray flux in the
heavy ion induced compound reaction have so far
prevented the determination of the lifetimes of the lowest
states of the ground and the gamma bands in Kr.

For stable nuclei multiple Coulomb excitation (MCE)
offers an important alternative for determining E2 transi-
tion rates between low lying levels. In favorable cases' '
MCE can also provide information on static quadrupole
moments of higher yrast states as demonstrated recently
by Stachel et al. ' for the transitional nucleus ' Ru. The
aim of the present work was to use this method to deter-
mine transitional and static E2 moments in Kr so as to
make possible a meaningful comparison with the predic-
tions of different models.

II. EXPERIMENT

A 3 particle nA beam of Kr ions at 4.6 MeV/nucleon
produced at the UNILAC accelerator at Gesellschaft fur
Schwerionenforschung (GSI) was used to bombard a 400
pg/cm Pb target. The Kr ions backscattered from
the target were detected in a position-sensitive avalanche
counter (PPAC) which is schematically shown in Fig. 1.
The counter was similar to the one described by Stelzer'"
and Gaukler et al. ' and was built in collaboration with
the detector laboratory at GSI.

The counter had axial symmetry and was centered in
the axis of the beam which reached the target through a
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FIG. 2. Effect of the Doppler correction on the gamma ray
lines in the 600—900 keV region: (a) raw spectrum; (b) Doppler
corrected spectrum.

FIG. 1. Schematic view of the experimental setup: (1) thin
208Pb target, (2) Al frame, (3) beam stop, (4) entrance foil, (5)
anode, (6) cathode of avalanche detector, (7) beam.

hole in the center. In this way, the counter covered the
full azimuthal range 0'&4&360'. The distance from the
target was such as to cover polar angles 8 in the range
110'&8&167'; these limits correspond to a solid angle of
3.8 sr in the center of mass system. The position sensitivi-
ty in 8 and 4 was achieved as follows: The cathode con-
sisted of a pattern of 50 concentric rings etched on a
printed circuit board. Each ring was 2.5 mm wide and
was separated from its neighbor by a 0.5 mm gap. The
cathode signal was read out by means of a LC delay line
giving a 3 ns delay between neighboring rings. In this
way the polar angle of backscattered Kr ions was directly
determined by the delay of the cathode pulse with respect
to the anode signal, which gave the prompt signal. The

anode consisted of a Mylar foil (30 cm in diameter, 1.5
pm thick) metalized on one side by a 50 p,g/cmz silver
layer deposited by vacuum evaporation. It was mounted
at a distance of 2.5 mm from the cathode and was divided
in 20 sectors each covering an azimuthal range of 18'.
The prompt signal of each segment was read out indepen-
dently to obtain the azimuth of the scattered ions. A volt-
age of +600 V was applied to each sector through 1 MQ
resistors. A second 1.5 pm Mylar foil served to separate
the detector volume, filled with 13 mbar isobutane, from
the scattering chamber. The foil was backed by a highly
transparent grid of 0.1 mm wires. The gas in the counter
which had a sensitive volume of =1300 cm was continu-
ously refreshed at a rate of =2 cm /s.

After passing the target, the beam was stopped in a 1

mm thick foil of natural lead. A 0.1 mm thick aluminum
diaphragm was placed 1.2 cm downstream of the target
and prevented Kr ions backscattered at the beam stopper
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tions are marked.

from reaching the PPAC. In addition, a 20 mm thick
conical tungsten shield was placed just behind the beam
stopper to avoid excessive loading of the 0' germanium
detector by x rays generated in the beam stop (see Fig. 1).

Gamma rays were recorded by four Ge detectors each
having about 30% photopeak efficiency relative to a 7.5
crn &7.5 cm NaI crystal. They were positioned at +63',
0', and 180' to the beam direction. The detectors at +63'
were located with the front ends of their crystals at a dis-
tance 11 cm from the target, thus each covering a solid
angle of 140 msr; the 0 and 180' detectors were at a dis-
tance of 7 cm from the target and covered a solid angle of
240 msr.

All germanium detectors were operated in coincidence
with backscattered Kr projectiles. The data were col-
lected event by event and stored on magnetic tape for sub-
sequent off-line analysis. Each event consisted of the
(8,@) position and the time information of the particle
and the time and energy information of each germanium
detector.

Because of the high recoil velocities of the ions after
scattering (0.041 & u/c &0.054) a large Doppler shift and
broadening was observed in the gamma ray spectra [see (a)
of Fig. 2). The spectra were corrmted event by event by
calculating the Doppler shift to second order of u/c for a
gamma ray recorded at the angle 8& in coincidence with a

Kr ion detected at angles (8,@). In making this correc-
tion the scattering process was assumed to be elastic. The
spectrum obtained after correction is shown in Fig. 2(b),
while the Doppler corrected full spectrum, summed over
all particle angles and y-ray detectors, is displayed in Fig.
3. The resulting energy resolution was 10 keV (FWHM)

TABLE I. Experimental gamma ray yield ratios Rl' I (0,8~).

(keV)
Gamma ray yield ratio' (10 )

8=164 8=152' 8=144 0=136'

8 =0'
606
698
711

1044
1081
1099
1180
1475
1650
1879
1957

34.3{59)
224(33)
96(12)

267(30)
21.2{39)
24.0(43)
70(12)
93(17)
23.5(46)
g7.8(42)
17.7{67)

36.5(59)
209(33)

87(14)
276(31)
27.9(47)
29.1(58)
54(9)
85(10)
25.4(48)
15.4(25)
8.6(20)

41.9(70)
201(32)

64(12)
277(31)
25.6(45)
31.0(59)
47(8)
85{12)
17.8(30)
13.6(24)
10.1(22)

51.4(83)
202(32)

52(9)
296(32)
26.3(52)
39.8(65)
43(6)
91(10)
19.5(33)
16.0{34)
8.3(18)

Oy
——63
606
698
711

1044
1081
1099
1180
1475
1650
1879
1957

24.6{77)
164(26)
88(10)

196(22}
22.2(29)
21.1(28)
59(8)

116(19)
21.8(33)
24.3(44)
24.9(45)

24.0(48)
153(24)
79(9)

214(23)
17.8(32)
23.5(39)
52(8)

103(17)
16.3(27)
22.7(30)
20.4(35)

21.1(37)
150(23)
73(12)

230(25 }
19.8(36}
22.9{40)
48(8)

100(15)
17.5{25)
14.8(22)
17.2(29)

21.9(38)
138{24)
58(11)

232(25 }
18.6(38)
26.6(46)
42(7)
83(10)
14.2(37)
13.2(24)
18.0(23)

'Normalized with respect to the intensity of the 777 keV transi-
tion.
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TABLE II. Measured and fitted integral gamma ray yield ratios at 8~=0' and 63', normalized with
respect to the integral yield of the 777 keV transition.

{keV)

606
698
711
952
975

1044
1081
1099
1180
1347
1395
1475
1650
1879
1957

R,',.(8,)'

37.8{61)
202(33)

75(12)
14.0(24)
16.2(34)

280(33)
26.1(43)
30.0(50)
51(8)
8.7(15)
4.2(9)

88(10)
20.2(26)
16.0(23)
8.7(14)

8 =0'
R' (8 )'

23.5
176
69
6.0
44

264
24.1

29.2
57
10.5
4.2

91
21.0
17.9
11.6

Rg" g(8 )'

21.3(37)
150(24)
74(12)

8.5(16)
4.7(12)

217(25)
18.9(34)
21.9(36)
49(8)

8.4(16)
4.6(10)

99(13)
16.0(20)
17.3(21)
20.0(32)

8y ——63'
Rg g (8y)'

24.2
162
72
5.0
4.6

219
19.9
24.2
43

8.6
4.4

87
17.0
14.9
14.8

'In units of 10 of yield of 777 keV transition.

at 777 keV (2i+~0i+ transition) and 17 keV at 2000 keV.
The main contribution to the energy resolution was due to
the finite angular resolution of the PPAC.

All observed gamma rays couM be attributed to Kr
according to the known level scheme; ' states up to 3167
keV and I =6 were observed (see Figs. 3 and 4). Table I
lists the measured intensity ratios of the observed transi-
tions relative to the 777 keV 2&+~0~+ transition:

~s r(8, 8r)
Rf g (8,8r) =

In order to accumulate more statistics we summed the
gamma ray yields within the following four polar
windows: 157.5' & 0 & 172.5', 147.1' & 0 & 157.5', 140.6'
&8&147.1', and 132.2'(0&140.6'. For all transitions
the yield was also integrated over the full 8 range covered

by the particle detector; these "integral" values are sum-
marized in Table II. The uncertainties given include the
statistical errors, those from the unfolding procedure, and
a 10% systematic error which is mostly due to the
response of the particle detector.

III. DETERMINATION OF THE E2
MATRIX ELEMENTS

A. Safe energy

The dominant process in MCE is the excitation of nu-
clear states connected by large E2 transitional moments.
If the nuclear force plays no role during the collision, it is
possible to calculate with high accuracy the excitation
cross section for each level starting from a given set of
transitional and static electromagnetic moments. The
conditions for neglecting the influence of the nuclear in-
teraction are satisfied in our experiment. In fact, at a
bombarding energy of 4.6 MeV/nucleon for Kr nuclei
on Pb, the distance of closest approach (a =15.7 fm at

8=172.5') exceeds the sum of the radii of the colliding
nuclei, Ri+Rz ——12.3 fm (ro ——1.2 fm), by 3.4 fm. Under
such conditions it has been estimated that the excitation
cross sections are not affected by more than 3%.' '5

B. Outline of the fitting procedure

The method used to determine the matrix elements con-
sists essentially of a linearized iterative P minimization
procedure whereby the experimental yields for deexciting
gamma rays are compared with those calculated by means
of a MCE computer code. A set of "starting values" for
the reduced E2 matrix elements ~k ——(IIk

~
~M(E2)

~
~I~k )

are required as input data for the code. At each iteration
step "corrections" j~k j are obtained as the solution of
linearized equations (see below) and the new set of matrix
elements [~k+5Mk ) is used as input for the next itera-
tion until convergence is reached.

Before performing the calculations, one has first to de-
cide, on the basis of the observed gamma rays and decay
scheme, which levels are likely to be excited and signifi-
cantly affect the gamma ray yields, trying at the same
time to keep their number at a minimum in order to save
computing time. The level scheme considered in our cal-
culations is based mostly on the work of Meyer et al. and
Kernnitz et a(. and is shown in Fig. 4.

To further limit the number of free parameters, i.e., the
numbers of independent matrix elements to be deter-
mined, we also used available experimental data on gam-
ma ray branching ratios, E2/M 1 mixing ratios, and ma-
trix elements known from previous experiments. These
known parameters are summarized in Table III. All gam-
ma ray yields have been normalized with respect to the
777 keV 2i+~0i+ transition (see Fig. 3). The 8 (E2) value
of this transition B(E2,2i+ —+0&+ ) =450(21) e fm" has
been obtained with good accuracy by Keinonen et al. in a
Coulomb excitation experiment of 1.4 MeV/nucleon Kr
ions on thick Al and Ge targets.
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TABLE III. E2 matrix elements M, branching ratios, and E2/Ml mixing ratios (Refs. 5—8) used as
input parameters in the fit of the y-ray intensities.

Ey
(keV)

1518
1206
1097
542

1435
1347
1099
1181
1879
2656
1168
736

1081
1779
975

1674
606
952

1650
697

1395
1180
1957
1044
711
698

1475
777

84+

8+
8+
8+
63+

6+
6+
24

4+

Q+

4+

Q+

23+

4+
Q+
2'

2]

6+
6+
6+
6+
4+
4+
4+
2+
21
0+
0~+

4+
22+

2+
22+

2$
4+
22'

21
22+

2(+

2$
0+
21'

2$

2$
Q+
0+

(e b)

0.80(20)
0.15(4)
0.64(7)
0.465(44)
0.51(11)

0.474( 10)

Branching
ratio
(%)

93(3)
32(2)
74(4)

100
78(3)
91(2)

100
18(7)
59(6)
15(3)
8(3)
8(1}

72(1)
14(1)
54(4)
46(4)
50(9)
15(5)
32(5}
12.7(4)
87.3(4)
70(1)
30(1)

100
100
63.0(4)
37.0(4)

100

Mixing
ratio

e b/p„

= 1.85'

—0.41(5)

= 1.4'

2.5(3)

Ref.

7
7
7
7,8
7
6,7

6,7

6,22

6
6,7,22

'Deduced in this experiment.

To perform the calculations we used a modified version
of the de Boer-Winter program. ' This program uses the
semiclassical approximation to calculate the excitation
cross section oI(8) for each state I as a function of the
c.m. scattering angle 8. The approximation is well justi-
fied in our case since the Sommerfeld parameter (g =216)
is much larger than the maximum spin considered
(I,„=8). The polarization correction due to the virtual
excitation of the giant resonance has been included in the
calculations according to the estimate given in the mono-
graph of Alder and Winther. ' As a result of this part of
the calculation one obtains the excitation cross section
oI(8) for each level I as well as its alignment described by
a set of statistical tensors. The program then computes
for each transition I~I' the yield Yz I (8,8~). At this
stage the program takes into account the different decay
paths which, by gamma or internal conversion electron
einission, lead from the excited state I to the state I', the
effect of unobserved transitions in between, and the
deorientation effects.

C. Deorientation effects

Hyperfine deorientation of highly charged ions recoil-
ing into vacuum can significantly alter the particle-

gamma correlation pattern, especially for long lived
states. ' ' ' At velocities of the order of a percent of the
velocity of light, the deorientation of the nuclear spin, ob-
served in a time integrated measurement, is rather well
described by the Abragam-Pound model. ' In this model
the time integrated attenuation coefficients are given by

Gk =1/(1+Akv), k =0,2, 4 . (2)

The parameter A,k is proportional to the magnetic hyper-
fine field, the g factor of the nuclear level, and the corre-
lation time r, . To get the value of A,k we fitted the
theoretical double ratio

RI I (8,8y O', I~k——I )
GI I (8)=

RI I (8,8y ——63', IMk J )
(3)

to the corresponding experimental ratio. This experirnen-
tal ratio is independent of the different absolute effici-
ences of the Ge(Li) detectors, but depends sensitively on
the y-ray angular correlation.

We now choose short lived nuclear states in Kr
(~(2. 1 ps) decaying by pure E2 transitions to first get the
attenuation coefficient of the 2i+ —+Oi+ normalizing transi-
tion. Assuming that the g factors of all nuclear levels ex-
cited in this experiment are the same as that of the 2i+
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Beam
state, we used this attenuation coefficient to calculate
those of the other long living nuclear states. An example
of such a fit is shown in Fig. 5, whereas Fig. 6 illustrates
the dependence of R4 2(8, 8&) on the y-ray angle 8r at
fixed particle angles 8" =115 and 154'. The double ra-
tios GI I (8) do not depend sensitively on the Z2 matrix
elements; we thus used a preliminary set and checked its
consistency at the end of the analysis.

FIG. 6. Gamma ray angular correlation of the 4&+ —+2&+ tran-
sition with deorientation (A.2 ——0. 1 ps ') and without deorienta-
tion (A,2

——0). The full lines and dots correspond to the particle
angle 8= 115', the dashed lines and circles to 8= 154'.

g = g [Rg'(8, 8r) —R (8,8r, f~k) )] W;(8,8r), (5)

where the weights 8"; are the squared errors of R given
in Table I.

D. Details of the fitting procedure

For a given set of matrix elements IMk I, the program
calculates the ratio

R (8,8r, I~k j)=Yj I (8,8r)/F„,~(8,8r), (4)

where we have explicitly indicated the dependence of R
on the matrix elements to be determined and the index i
refers to the transition I +I'. As the normalizin—g transi-
tion we have chosen the 777 keV 2~+ —+0~+ transition in all
cases. The quantities R' and R' are compared in the X
expression
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To perform the X minimization we used the linear an-
satz

R""'"'(88 Im„j+~, )

k I)+ Q
I

where the partial derivatives AI; are numerically calculat-
ed as

A(3 ——[R3'(8,8i„I~i+bMiI )—8 (8,8r, I~&I )]/AM(

and the h~~ are the parameter ranges in which the linear
ansatz is expected to be valid. The system of linear equa-

dX /d(5~i)=0] is then solved and the procedure is re-
eated, as explained above, until the set of matrix ele-

ments remains stationary. At the end of each iteration
step it was checked that [ 5~k

~
&

~
6~k

~

for every k
otherwise a new set Ai; was calculated. As it turns out, a
more useful quantity to be studied (and closely related to
Ak ) is the so-called "sensitivity matrix" defined as'2ki

I (8)(Mk )
(&)R' (8)h(m')

where b,RI I (8) is the difference between two yield ra-
tios for the transition I~I' at the particle angle 8 corre-

sponding to the reduced E2 matrix elements Mk and
~k+XWk. A few elements of the sensitivity matrix are
shown in Fig. 7. This figure clearly reveals the complexi-
ty of the minimization problem, since over the w o e
ran e of 8 values many different matrix elements contri-
bute significantly to the relative variation of a given yield.

Another important point in this procedure was the
choice of convenient starting values for the I~kI. We
were guided to some extent by the approximate knowledge
of the absolute values of some E2 matrix elements ( e-
duced from level lifetimes). However, as already stressed
in earner wor s,1' k ' ' the sign of the matrix elements is
also of importance in the MCE. For the initial choice o
these phases as well as for several matrix elements or
which no information was available (like quadrupole mo-

SA-2.9ments) we relied on the predictions of the I

IV EXPERIMENTAL RESULTS

As a result of the overall minimization procedure, its
to the experimental yield ratios as functions of the scattei-
ing angle 8 were obtained, which are shown in Fig. g.
Table II lists the experimental and fitted integral yield ra-
tios. The deduced matrix elements (ME) are given in
Table IV.

One may note the rather large uncertainties of these
matrix elements. Indeed the errors of the final set o pa-
rameters cannot be simply obtained in the standard way
by the inversion of the normal matrix, but must inc u e
several sources of uncertainties. Firstly, the statistical er-
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FIG. 8. Fits to the intensity ratios RI I (8,8~) for the transitions indicated. Dots and full lines denote the experimental points
respective fit at 8~=0', circles and dashed lines for 0~=63'.

rors given include the statistical errors of the data points
as well as the uncertainty resulting of the 2&+~0&+ nor-
malizing matrix element of the 777 keV transition. This
total statistical error is typically 5—15%. An even larger
systematic error which has been added linearly comes,
however, from the unknown relative phases of the matrix
elements. This error has to be taken into account whenev-
er a certain level can be excited by more than one excita-
tion path. In a transitional nucleus like Kr with collec-
tive and single-particle degrees of freedom coupled to each
other (see below), the situation is less favorable than in a
good rotational or vibrational nucleus where only the
ground and gamma band plays a role and the phases are
fixed with respect to each other. In the present analysis, 7
out of 11 levels observed are fed by more than one excita-
tion path. The variation of the relative phases is usually
done by considering the sign of the interference loop

P3(I)=sgn(~1 1»~1- IMI I ),
where the excitation path I'~I"—+I interferes with the
direct excitation I'—+I. As a starting point, we choose the
phases given by the IBA-2 parametrization. We then
first changed P3(2q+); on the basis of the resulting X,

P3(2q ) turned out to be positive. Previous determinations
of this quantity had resulted in P3(2q+) &0 in ' Pt and

Ru (Refs. 19 and 20) and Pz(2z+) &0 in ' Ru (Refs. 12
and 13). In the next step, P3(23+) was varied, but no sig-
nificant difference in X was observed; likewise, the data
did not allow us to fix P3(03+) nor P3(04+). The signs of
the static quadrupole moments of the 2~+ and 4&+ states of
the ground band turned out to be negative, although the
exact values could not be determined, due to the uncer-
tainties of the other matrix elements. The quadrupole
moment of the 2q+ state was assumed to have an opposite
sign as the 2~+ state, as predicted by any collective model
for the ground and gamma band.

Also given in Table IV are the B(E2) values of the
4&+~2~+ and 6~+~4&+ yrast transitions deduced from pre-
vious lifetime measurements. ' While the result of the

Se(a,2n) plunger experiment for 8(E2, 4+~2+) is in
agreement with the present study, the values of 8(E2,
6+~4+) determined in both plunder experiments ' do
not agree with the present measurement. This is probably
a consequence of the very long lifetime of the 8&+ yrast
state [v=124(12) ps] which dominates the decay function
of the 6&+~4&+ transition. The lifetime of the 2920 keV
6~+ state obtained from the present Coulomb excitation



32 MULTIPLE COULOMB EXCITATION OF THE TRANSITIONAL. . . 1529

TABLE IV. Deduced E2 matrix elements M and $(E2) values. The relative statistical and sys-
tematic errors

~

EMIM
~
„„and

~
hM/~ ~,„„arealso given. The last column summarizes the previ-

ously measured 8 (E2}values (Refs. 7 and 8).

8(E2) (e2fm4)

(14@V)

3167
2920

2656

2556

2450

2427

2172

1957

1821
1487
1475

777

62+

6+

4+

p+

Q+

23+

4+
Q+
2+

(keV)

1347
1099

1168
1181
1879
2656
736

1180
1780
97S

1673
606
952

1650
697

1395
1180
1957
1044
711
698

1475
777

(e b)

0.74—o.23

—0.302(54)
0.462( 83)
0.233(42)

—0.056(10)
0.368(51)
0.416(S8)

—0.053(7)
0.46(29)
0.11(7)
0.87(11)
0.41(5}
0..15(2)
0.1S(7)

—0.067( 33)
0.272(79)
0.061(18)
0 78+o.16

0.18(3)
0 28 —o.o6

+0.09

O OO8

0.474(10)'

+9—13
+8—16

+5—8

5
+11—8

stat

17
15

10

23

11
11
+20—14

syst

present

156 82

421(220}

182(65)
427(153)
109(39}

6.3(22)
150{42)
192(54)

3.1(8)
2] 10+351G

121+ o

840(210)
187{46)
25(7)

+258

7.4+ '
676+230

324{108)
155+68

2 5+1.5

previous

168(46)'
128+

85+43 b—34

47p+470 a

450(21)'

'Reference 7.
bReference 8.
'Reference matrix element, Ref. 5.

study, r=1.2+c 4 ps, thus needs further confirmation.
We finally mention a difficulty which arose in the

analysis of the decays of the 2656 keV 2&+ and 1488 keV
Oz+ states. The 2656 keV level has been observed in the p
decays of Br and Rbs and gamma ray ranching ratios
of this state have been derived in both decays. In the

Rbs decay, a 8(4)% branch of the 1168 keV 24+~02+
and a 59(4)% branch for the 1879 keV 24+ ~2i+ transition
have been reported. These numbers are, however, at vari-
ance with the branching ratios of 33(3)% and 37(2)% for
the same transitions obtained in the p decay of Br (Ref.
6). This discrepancy naturally affects the E2 strengths in
the excitation of the 2656 keV 24+ state itself, but also the
02+ —+2~+ E2 matrix element which decreases substantially
in the fit, if the observed intensity of the 711 keV 02+ —+2i+
line is merely due to the cascade decay of the 2656 keV
state rather than to the Coulomb excitation of the 1488
keV 02+ state itself. The upper limit of &18% of the
1168 keV 24+~0'+ branching ratio deduced from the
present data motivates us to adopt the reported branching
ratios of the Rbs decay in our analysis.

V. NUCLEAR MODEL INTERPRETATIONS

The nucleus Kr lies about halfway between the
N =50 shell closure and the domain of large quadrupole

deformation (P=0.38) in ' Kr. Indeed, several collec-
tive models have been applied in the past which describe
the shape transition in these neutron deficient Kr isotopes
(Refs. 9—11 and 21). The moderate quadrupole deforma-
tion in s Kr of p= 0.18 deduced from B(E2,
2i+~0i+)=450(21) e fm (Ref. 5) makes it a candidate
for a transitional nucleus with possibly vibrational-like
structure. As strong backbendings occur near the 8+
yrast and yrare states which have been associated with
g9/z neutron and proton (2qp) alignment, ' we restrict
the discussion to the states up to spin I =6 and 2.9 MeV
excitation energy for which the present experiment,

' to-
gether with the previously measured branching and
E2/Ml mixing ratios, ' ' has provided some 20 quadru-
pole transition probabilities (see Table IV).

A. Model parameters

The models considered are the Davydov triaxial rotor, '

the collective model by Gneuss and Greiner, " the in-
teracting boson model with proton and neutron bosons
(IBA-2), and the nuclear field theory (NFT). ' Without
giving a detailed description of these models, we shortly
recapitulate their essential parameters and then compare
the predicted band structures with the observed ones. Nu-
merical results are given in Table V.
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TABLE V. Comparison of the experimental B(E2) values with the model predictions discussed in
the text.

State

(keV)

3167
2920
2656

2556

2450

2427

2172

1957

1821
1475

777

Transition
Ey

(keV)

1347
1099
1181
1879
2656

736
1180
1779
975

1674
952

1650
697

1395
1180
1957
1044
698

1475
777

6~+

6+
2+

4+

Q+

4+

Q+

23+

4+
22'

2]

6(+
4+
2+
2]
Q+
4+
22+

2+
2+
2]
2+
2J
2+
2f
2J
0+
2]
2+
0+
Q+

Expt.

156+'„'
421(220)
427(153)
109(39)

6.3(2-2)
150(42)
192(54)

3.1(8)
21 10+3slo

121+203

187(46)
25(7)

225+258

148+74

676+270
155+'„'

450(21)'

779

121
216

9

216
9

621
558

4.5
450

739
147

4.5
0.3

275
360

2.4
325

10.5
360

2.4
338
338
169

8.4
678
556

20
450

g(E2) (e fm )

AR IBA-2 CM

780

372
22

372
22

678
590

10
450

NFT

671

270
48

270
48

338
169

617
584

8.5
450

The Davydou triaxial rotor model (AR) (Ref. 21) as-
sumes rigid rotation of a triaxial spheroid. The level ener-
gies and static and transitional E2 moments depend on
two parameters: the intrinsic quadrupole moment, chosen
here as eQO ——150 e fm, deduced from the 2+&~0~+ tran-
sition probability, and the triaxiality parameter y=27. 5'
obtained from the measured ratio of B (E2) values
B(E2, 22+~0(+)IB(E2,2)+ —+0)+)=0.005(3).

The collective model by Gneuss and Greiner (CM) (Ref.
11) is also restricted to nuclear deform ations of
quadrupole-type, but can describe any couplings between
rotational and vibrational excitation modes. The Hamil-
tonian is specified by six stiffness and two mass parame-
ters which have to be fitted to the experimental level
scheme. In the case of a transitional nucleus of small de-
formation and/or the occurrence of quasiparticle states,
the proper selection of the collective states can be rather
difficult. Therefore, the deduced potential energy surface
parameters defining the shape(s) of the nucleus depend on
the interpretation of the experimental level scheme. The
CM potential energy surface of Kr proposed by
Sedlmayr" has two pronounced minima, a prolate one at
p=0.20, y=O' and a triaxial one at p=0.35, y= —40',
where the Lund convention of the sign of y has been
adopted. The potential contains large anharmonic
terms. The parameters of the Hamiltonian are B2 ——19.44
10 MeV s, P3 ——15.22 10 MeV ' s, C2 ——174. 14
MeV, C3 ——2.04 10 MeV, C4 ———3.81 10 MeV,
C5 ———7.29 10 MeV, C6 ——1.61 10 MeV, and D6 ——9.03
10 MeV. Collective potential energy surfaces in Kr
have also been calculated with a number of other ap-
proaches: Nazarewicz et aL applied the Strutinsky-
Bogolyubov cranking approach which predicts a rather
flat energy surface with a minimum at p=0. 15, y=O' (if
pairing correlations are being included). Likewise,

Bengtsson et al. and Bucurescu et al. obtained flat po-
tential energy landscapes with a minimum near P=O. 10.

The interaction boson model (IBA-2) (Ref. 9) has been
successfully applied to the even krypton isotopes by Gel-
berg and Kaup. More recently, Hellmeister et al."' have
shown that the B(E2) values of the ground, gamma, and
octupole bands in ' ' Kr are also' well reproduced by
this model, with very few parameters adjusted individual-
ly in each isotope. The IBA-2 Hamiltonian requires the
following parameters in the description of the positive-
parity bands: the numbers N and N„of the proton and
neutron bosons, the boson energy e, the quadrupole cou-
pling constant a, g, and g„, the boson exchange term of
Majorana-type, and the effective charges q~ and q„of the
proton respective neutron bosons. In the calculation of
the E2 transition strengths in Kr, we adopted the previ-
ously proposed parameters: ' X =4, N„=2, @=1.15
MeV, ~= —0.19 MeV, 7 =0.925, g„=—1.127, a =0. 1

MeV, q~=8. 8 e fm, and q =4.4 e fm .
The nuclear field theory (NFT) (Ref. 10) as an alterna-

tive semimicroscopic approach to nuclear collective
motion has been applied by Maglione' to the low-lying
states of the Kr isotopes. The three force parameters of
the NFT pairing-plus-quadrupole Hamiltonian are the
correlation energy Z, (Z~) of a pair interacting by a
monopole (quadrupole) pairing interaction which have
been chosen as Z, =2. 1 MeV, Z~ ——0.25 MeV, and ~= 1.5
MeV.

B. Comparison of the measured transition strengths
with the model predictions

Ground band. While the experimental B(E2,4i+ —+2i+)
is we11 reproduced in a11 models considered, it is
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noteworthy that the 8(E2,6~+~4+, ) value falls below the
predicted values. This reduction is roost likely due to the
existence of three closely spaced 6+ states at 2920, 3167,
and 3256 keV which can mix with each other and share in
their decay the collective E2 strength. ' Indeed, the
summed E2 strengths of these three 6+ states exhausts
the rotational value. %'hile the natures of the two lowest
8+ states at 3462 and 4016 keV as aligned g9/2 neutron
respective proton (2qp) states can be inferred from a re-
cent g-factor measurement of the 8+ yrast state in the iso-
tone Sr, one may consider the partially aligned (2qp)
states as candidates for the 6&+ and 63+ states in Kr.

Gamma band. Kemnitz et al. interpreted the 1475
keV 22+-2094 keV 3+-2556 keV 43+-3186 keV 5+ sequence
as the gamma band. The fact that the 2556 keV state is
seen in Coulomb excitation and the E2 type of angular
correlation of the 1081 keV transition favors the I"=4+
assignment to the 2556 keV level made by these authors
over the I =3 assignment tentatively made by Meyer
er al.'.

In the AR model, the triaxiality parameter y can be
directly deduced from the level energies of the 2i+ and 22+

states. ' This ratio should be smaller than 0.5, as corn-
pared to 0.52 in Kr, 0.54 in Sr, and 0.53 in Zr. A
ratio larger than 0.50 can be understood if the assumed ri-
gidity of the rotor is relaxed and vibrations are taken into
account. As mentioned before the predicted potential en-

ergy surfaces (Refs. 11 and 23—25) imply strong anhar-
monic terms; the ISA-2 representation is close to the
SU(5) anharmonic vibrator limit. Another hint to the
softness of Kr is the odd-even clustering within the y
band. A rigid triaxial rotor would give rise to a (2+,3+),
(4+,5+), . . . clustering, while a y-unstable potential pro-
duces a (3+,4+), (5+,6+), . . . clustering. In Fig. 9 the

experimental level energies of the presumed y band are
compared with the model predictions: the slight (3+,4+)
clustering points to a y-soft nuclear shape.

Let us now discuss in more detail the structures of the
two closely spaced 2427 keV 42+ and 2556 keV 43+ states.
On the basis of the E2 branching ratios to the 2i+ and 2z+

states, Kemnitz er al. have favored the 4i+ state as a
member of the gamma band, while they suggested a
(nfsgznp3/2) (2qp) configuration for the 42+ level. Look-
ing at the absolute transition strengths determined in the
present experiment (see Table V), we find moderately
enhanced values of 8(E2,4+~22+)=190 e fm and very
small values of B(E2,4+—+2i+) =3 respectively 25 e fm
in the decay of both 4+ states. The model predictions are
8 (E2,4&~22+) =220—370 e fm and 8 (E2,4&~2i+ )
=2—50 e2fm4. It thus appears to us that the two 4+
states are again mixed and share the collective 4&+~2&+
E2 strength.

The 1488 ke V 02+ state. In many nuclei of this mass re-
gion, the low excitation energy of the 02+ state has been
found difficult to interpret. ' The IBA-2 and NFT con-
sidered here place the first excited collective (two-photon)
0+ state near 2 MeV and therefore close to the observed
03+ level at 2172 keV, while the CM interprets the Oz+

state as the band head of the P band. " A possible inter-
pretation of this low-lying 02 state as a pairing vibration
(with some admixture of the two-phonon 0+ state) has
been proposed by Takada and Tazaki. These authors
predict, however, the pairing vibration in Kr at 2170
IkeV. and a reduced monopole strength to the ground state
of p(E0, 02+ 0i+)=0.45. Experimentally, this quantity
can be deduced from the ratio

8(EO,O~+~Oi+)/8 (E2,02+ —+2i+) =0.0181(21)

measured by Zemel et ah. and the value

B(E2,0z+ —+2i+) =324(108)e fm

Ex
(vev)

(5.6 )

3+

I BA-2 NF T

2+

CM

6+

5+

AR

4+

measured in the present study. The deduced value
p(Oq+ —+Oi+ ) =0.089(15) disagrees, however, with the
above prediction, but it also disagrees with the vibrational
value

p(02+ ~Oi+ ) =3(—', )'i ZP /4n =0.176 .

The interpretation of the 02 state thus remains unclear.
The 1957 keV 23+ state. According to the ISA-2 classi-

fication of the Kr levels proposed by Meyer et al. , this
state has been interpreted as the lowest number of those
bands which do not have maximum I' spin
I'm, „=(%~+X„)/2=3. Recently, Hamilton et al. and
Otsuka and Ginocchio pointed out that the energy and
E2 decays of this 2+ state determine the force constant a
of the boson exchange term in the Hamiltonian and the
ratio of neutron and proton effective charges q /q„. In
the present Coulomb excitation experiment, the two decay
branches of the 1957 keV state have been observed (the
1180 and 1957 keV lines in Fig. 4) with transition proba-
bilities

FICx. 9. Comparison of the experimental energies of the gam-
ma band with the model predictions discussed in the text. and

8( E2,2+3~2 +i)=14 8e fm
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8(E2,23+~0i+) =7.4 e fin

For the ratio q /q„=2 adopted in this nucleus, the
respective IBA-2 predictions are 169 and 8.4 e fm in ex-
cellent agreement with the experiment. Assuming, how-
ever, equal effective charges q /q„= 1, one would obtain
145 and 0.3 e fm, where the latter value is in severe
disagreement with the data.

On the basis of the measured energy and E2 decay
probabilities, we thus conclude that the 1957 keV 2+ state
has indeed lower I' spin I' =I',„—1=2. This interpreta-
tion is further supported by the existence of a 1+ level at
2480 keV which usually is taken as a fingerprint of this
class of states. 7 Furthermore, as already suggested in an
earlier paper, the variation of the ratio q /q„along the
Kr isotope chain has been established. We remind that
equal boson charges q =q„are required to fit the E2
transition strengths in the strongly deformed 7 Kr nu-
cleus. The ratio q /q =2 found in Kr is close to 2.2
recently proposed for the vibrational nucleus ' Sm.

The states at 2I 72 keV (03+), 2450 ke V (Oz+), and 2656
keV (24 ). According to their excitation energies, these
levels have been tentatively attributed, within the IBA-2
and the anharmonic vibrational models, to excited bands.
As mentioned before, the 2172 keV 03+ state appears as a
member of the two-phonon triplet. The 2450 keV 04+ and
2656 keV 2q+ levels may therefore be members of the
three-phonon multiplet. This interpretation implies that
the selection rules for E2 transitions within the multipho-
non configurations should govern the decay modes of
these states, e.g., the forbidden 24+~0i+ and 24+~2&+
transitions should be very weak (b,n &1), while the al-
lowed An =1 03+~2&+, 04+~22+, and 24+~22+ E2 transi-
tions should have normal collective strengths. Looking at
Table V, we note that, within their fairly large uncertain-
ties, the experimental 8(E2) values follow this trend.

VI. CONCLUSIONS

We have demonstrated in this study that the multiple
Coulomb excitation process can be successfully applied to
a relatively light nucleus ( Z =. 36) of moderate quadrupole
deformation (P=0.18). States up to I =6+ and 3 MeV
excitation energy have been observed in the 82Kr+2osPb
collisions. Although in the population of high spin states
in this mass region, Coulomb excitation cannot compete
with heavy ion fusion evaporation reactions, the excitation
of many states with spins up to I=6 has been essential in
clarifying the structure of this transitional nucleus. On
the other hand, one should also note that the highly corre-
lated level scheme in a narrow spin window made the
analysis of the measured gamma ray yields very tedious

and introduced fairly large uncertainties in the resulting
8( E2) values.

From the present and previous investigations, Kr is
found to have a complicated structure which clearly ex-
hibits collective and single-particle degrees of freedom.
While the 2+ and 4+ levels of the ground band are collec-
tive, aligned (2qp) configurations mix with the collective
6i+ state and dominate the yrast spectrum for I &8. A
similar behavior seems to be present in the y band, espe-
cially for the strongly mixed 42+ and 43+ states. It thus ap-
pears that these (2qp) components should be explicitly
taken into account for the states above 2 MeV excitation.
On the other hand, it is the occurrence of these noncollec-
tive components, together with the limited precision of
the deduced transition moments, which prevents a more
rigorous test of the collective models discussed before.

While Meyer et al. have shown that the observed level
structure below 3 MeV lines up with an IBA-2 fit adjusted
to few low-lying states, the measured E2 transitional mo-
ments provide additional support for this interpretation
(although difficulties remain in the interpretation of E2
decays of the 22+ and Oi+ states). One of the essential re-
sults of the present study are the E2 transition strengths
of the multiphonon 03+, 04+, 23+, and 24+ states. In partic-
ular, the excitation energy and E2 decay strengths of the
1957 keV 23+ state are in excellent agreement with the pre-
dictions of the IBA-2 model and give conclusive evidence
for this state having lower F spin F=Fm„—1=2. All
other states observed seem to have maximum I' spin
F=F,„=3 and therefore fully symmetric wave func-
tions concerning proton and neutron bosons. The proper-
ties of this 2&+ state corroborate the IBA-2 parameters
chosen previously and fix the ratio q /q„=2 of the pro-
ton and neutron charges. An additional proof for the
Fm,„—1 character of this state and the 2480 keV 1+ state
would be a measurement of the 23+ ~2i+ and 1+~0i+ Ml
transition moments which are expected to be comparable
to the single-particle unit.
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