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Gamma-ray and conversion electron measurements have been performed in the reactions
SNi(*Mg,2ap)’Br at 110 MeV and **Ca(**Ar,3p)"*Br at 130 MeV, respectively. From yy coin-
cidence data the previously known level scheme was confirmed and extended up to probable spin

=4

2. In the conversion electron spectra, the decay of the previously postulated 27 keV state was

observed for the first time. From the measurement of internal conversion coefficients, multipolari-
ties of seven transitions in the bandhead region of "*Br were determined and allowed spin-parity as-
signments to be established. High spin properties and quasiparticle alignment effects are discussed

in comparison with °Br.

I. INTRODUCTION

The neutron deficient Se, Br, and Kr isotopes display a
variety of structural effects. The experimental level
schemes of "%72Se reflect the coexistence of prolate and
oblate deformed shapes at low spins while near-rigid rota-
tional motion occurs after the g,,, proton and neutron
alignments.! ™ In contrast, the neighboring odd-Z Br
isotopes "> "°Br already show large prolate deformation in
the 1gp bands and nearly unperturbed rotational
bands.’~® There are many indications that the coupling
of the odd proton to the shape-coexistent core stabilizes
the prolate minimum in the total energy surface.

In a previous study on "*Br,” we reported on the mea-
surement of level energies, lifetimes, y-ray angular distri-
bution coefficients, and g factors. Spin and parity assign-
ments were based on measured y-ray angular distribu-
tions, branching ratios, and level lifetimes. However, we
were not able to unambiguously fix those assignments due
to the complex level structure in the bandhead region and
the unknown ground state spin. The main motivation of
this work was, therefore, to measure internal conversion
coefficients (ICC) of transitions in the 7*Br bandhead re-
gion to obtain more detailed information about their mul-
tipolarities.

In addition, a study of high spin states was performed
to highlight the rotational structure and band crossing
effects. This part of the present work was triggered by
the observation of a successive alignment of g4,, proton
and neutron pairs in the negative-parity yrast bands in
Br,? leading up to (5gp) states. This required an exten-
sion of the yrast band up to 0.8-1.0 MeV rotational fre-
quency, i.e., above the spin 3 established in the previous
experiment.’

II. EXPERIMENTAL TECHNIQUES AND RESULTS
A. Y7y coincidence measurements

High spin states in °Br were studied with the reaction
8Ni(**Mg,2ap ) at 110 MeV. The Mg beam was provided
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by the NSF tandem accelerator of the Daresbury Labora-
tory. A stack of two 0.5 mg/cm? self-supporting, rolled
38N foils, enriched to 99.9%, was used. The thin target
allowed the evaporation residues to recoil out of the tar-
get and decay in flight. The y radiation was detected in
15 BGO-Compton suppressed Ge detectors mounted in
the back angles of the ESSA 30 frame. yy coincidence
events were stored in a 2K X 2K matrix from which the
individual gates were projected. Further experimental
details can be obtained from Ref. 9.

Figure 1 shows spectra in coincidence with known
transitions in 7°Br. Seven new yrast transitions were
found and the y-ray energies for six known transitions
above spin Z were measured with higher precision. In
this manner, the high spin transitions in 3Br, Br,? 7%sr,?
and "7®Kr,!° which were all produced in the **Ni+ Mg
reaction, now are based on a common energy calibration.
The proposed new level scheme of "*Br is shown in Fig. 2.
No band based on the 27 keV state has been observed.
Three weak transitions 526, 593, and 812 keV were ob-
served in coincidence with the 178 and 188 keV gates but
could not be placed in the level scheme.

B. Internal conversion electron measurements

Internal conversion electrons (ICE) and y rays were
measured in the reaction “°Ca(**Ar,3p)°Br at 130 MeV.
The experiment was performed at the VICKSI accelera-
tor of the Hahn-Meitner Institut, Berlin, using the super-
conducting electron spectrometer described in detail in
Ref. 11. The experimental setup is sketched in Fig. 3.
The axis of the superconducting solenoid was perpendic-
ular to the beam which was focused onto a thin target al-
lowing the recoiling nuclei to decay in flight. y rays were
detected in an intrinsic Ge detector of about 25% relative
efficiency. The sensitive path length from which elec-
trons were focused onto the 300 mm? Si(Li) detector was
20 mm starting at 5 mm downstream from the target.
Both detectors were operated in the homogeneous mag-
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FIG. 1. Coincidence spectra corresponding to the three

bands in *Br measured in the reaction **Ni(**Mg,2ap)"*Br.
Known contaminants are marked as shown in the inset.

netic field of 1 T. In addition, a Ge(Li) detector of about
28% relative efficiency was placed at 150° to the beam
outside the solenoid.

The target consisted of a 650 ug/cm? Ca layer of natu-
ral composition sandwiched between a 1.1 mg/cm? '®!Ta
foil and a 4.9 mg/cm? 2*°Bi degrader. The Ca and Bi lay-
ers had been evaporated on the Ta substrate foil. '*'Ta
and 2®Bi were chosen in order to avoid long-lived and
highly converted transitions from Coulomb excitation
producing contaminant conversion electrons. One-third
of the recoiling nuclei were stopped in the Bi degrader;
the remaining 67% were slowed down to v /c=0.84(5)%
corresponding to an average recoil velocity v=0.25
cm/ns. Due to the shielding of the baffle, only electrons
from decays of excited states with lifetimes in the
nanosecond range could be detected in the electron detec-
tor. The calibration of energies and efficiencies of the 90°
gamma and electron detectors was performed in situ
with a '>2Eu source. The relative Y intensities, K and L
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conversion coefficients, and the K fluorescence yield were
taken from Refs. 12-15.

Figure 4 displays a spectrum of the 90° Ge detector
gated with electrons. All strong lines originate from y
decays in *Br and 7*Br,'®!” and from x-ray emission in
81T and 2Bi. Figure 5 shows an electron singles spec-
trum recorded in 9 h. All visible lines are K-conversion
lines of 7*Br and "*Br transitions. The peak at E, =13.3
keV is the K-conversion peak arising from the decay of
the 27 keV state which is directly observed for the first
time in the present work. The broad peaks in the spec-
trum result from kinematic broadening due to the large
solid angle Q=27 covered by the electron detector in a
homogeneous magnetic field. The electron peak at
E,=15.3 keV is the K-conversion line of the "*Br 30.4
keV transition. However, internal conversion coefficients
(ICO) of the "?Br transitions could not be determined due
to the unknown lifetimes of the states of interest.

ICC were determined from the y-ray and K-conversion
electron yields at 90°. The angular distributions of y rays
were taken into account using the measured a, and a,
coefficients,” but neglected for electrons due to the large
coverage of the solid angle. Since the observed y rays
and conversion electrons arise from decays in flight,
long-lived states decay in the insensitive part of the spec-
trometer; therefore, the detection efficiency for long-lived
states is reduced. The seven electron lines can be
grouped according to their lifetimes and in each group
the same efficiency correction factor was used. The tran-
sitions of 188, 259, 108, and 46 keV have a lifetime of
7=1.6(3) ns and the 214 and 63 keV transitions of
7=50(2) ns. The 178 keV state decays with 7=0.69(10)
ns but is fed via the long-lived 63 and 108 keV transi-
tions.” Its correction factor can be calculated from the
286-240 keV cascade. As the absolute detection
efficiency could not be determined, the 188 keV line was
inferred to be a pure E2 transition for reasons discussed
below.

The resulting ICC values are listed in Table I and com-
pared in Fig. 6 with the tabulated ICC for dipole and
quadrupole transitions.'*> The ICC of the 27 keV line
could not be determined due to its unknown lifetime.
However, an estimate of the lifetime on the basis of the
intensity balance and proposed E2 nature (see Sec. III A)
yields 1.4 us <7=9.1 us, i.e., only a small fraction of this
totally converted line is emitted in the sensitive volume.
The error bars of the ICC of the 46 and 63 keV transi-
tions did not allow us to distinguish between M1 and E1,
which differ by only about 20%. Since the E1 nature of
the 108 keV transition leads to a parity change between
the 286 and 178 keV states, one of the cascade transitions
must be E1 and the other M1. The efficiency correction
factors for the 63 and 214 keV line are only in agreement
if one assumes that they are M1 and E2 transitions, re-
spectively, leaving an E1 character for the 46 keV transi-
tion.

III. DISCUSSION

A. Spin and parity assignments

A recent nuclear orientation measurement of the >Br
ground state spin yielded I =+ ,'%in contrast to the previ-
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FIG. 2. The newly proposed level scheme of "*Br including the results of Ref. 7.

ously suggested value =2. The negative parity of the
ground state has been deduced from B-decay work."
Since the multipolarity of the 27 keV ground state transi-
tion could not be directly measured in the IC experiment,
another argument was needed to assign the spins and par-
ities in the "°Br level scheme. Following our previous ar-
guments’ and the systematics of the energies of the %*
states in the odd- 4 Rb, Br, and As isotopes, the previous
assignment 17(286 keV)=3" was kept. The measured
angular distribution coefficients and lifetimes’ support
the stretched E2 nature of the 187, 583, 995, 1165, 1320,
and 1470 keV in-band transitions and thus the spins and
parities in the decoupled g, ,, band.

The assignment I"=21" for the 178 keV state is
uniquely established since the E2/M 1 178 keV transition
from this state terminates at a -~ state. The E1 108 keV
transition is consistent with a spin parity of ¥ for the
286 keV state. The stretched E2 nature of the 503 keV
transition which is supported by the measured a, and a,
coefficients and the lifetime of the 681 keV state’ then
yields I7(681 keV)=1". The allowed spin differences of

the transitions 654 keV (M1/E2), 259 keV (E1), 151 keV
(M1/E2),” and 214 keV (E2) leave only I”=§’ for the 27
keV state. Now the stretched E2 nature of the 916 keV
transition determines /7(943 keV)=2" and the multipo-
larities of the transitions 46, 63, and 214 keV leave

Si(Li)
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RECOILING

NUCLEUS
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FIG. 3. Sketch of the experimental setup of the conversion
electron measurement.
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FIG. 4. Spectrum in the 90° Ge detector gated with electrons. The origin of the e ~y coincidences is indicated.

I™=(3,3)" for the 240 keV state. The spin of the 481
keV state could not be determined since the small intensi-
ties of the 462, 303, and 455 keV transitions and their ex-
pected small ICC values of ayx <1073 did not allow us to
measure IC or angular distribution coefficients. Howev-
er, since the lifetime and the branching ratios of the 943
keV state’ suggest a stretched E2 character of the 462

keV line, the assignment 77(481 keV)=%_ is most likely.

The spins and parities in the negative-parity bands above
681 keV are determined from the stretched E2 nature of
the in-band transitions which again follows from the an-
gular distributions and level lifetimes reported in Ref. 7.

B. Shape coexistence and triaxiality
in the bandhead region

The measured "*Br ground state spin I =1 (Ref. 18) de-
viates from the systematics of the odd-A Br isotopes
75.77.79Br, which all have I™=2317. The negative parity of
the "*Br ground state follows from the allowed 3 decay to
the 26 keV 1~ state in "*Se.!” The large deformation
B,=0.38, as deduced from the in-band E2 transition
strengths,’ suggests that one would also expect a ground
state based on [312]2 ™ Nilsson orbital in "’Br.

The energies of the 1gp states have been calculated in
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Br as a function of deformation in an axially deformed
Woods-Saxon potential using the Strutinsky-Bogolyubov
cranking model without pairing.> The experimental level
order of yrast (1gp) bands was reproduced by these calcu-
lations. Since *Br has only two neutrons less than °Br,
one may expect that the calculations used to describe
Br would require only slight modifications for 7’Br,
especially if one assumes that most low spin properties
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are based on the common unpaired proton. This is cer-
tainly true for the development of the rotational bands in
the two isotopes which are very close in energies and E2
transition strengths as pointed out previously.” However,
the more complex low spin structure of °Br calls for
some caution. A 17 state was predicted to be lowest in
energy for oblate deformations —0.05>f3,> —0.18. The
experimental level order of the three lowest >Br states
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FIG. 5. Singles spectra of conversion electrons recorded in the reaction “*Ca+ **Ar at 130 MeV and 90° to the beam.
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TABLE I. Relative y and electron intensities and K-conversion coefficients.

Transition Electron
energy energy 1? 1,(90°)°
(keV) (keV) (%) (%) I,/1,(90°)° ag Multipolarity
27 13.3 42(13) E2¢
46 32.1 410(29) 36.7(20) 6.3(6) 0.84(8) E1¢
63 49.0 23.7(17) 13.4(15) 1.00(15) 0.36(6) M1
108 94.7 5.3(4) 6.9(6) 0.382(48) 0.058(7) E1l
178 164.3 8.7(6) 53(1) 0.0881(76) 0.031(5) M1/E?¢
188 174.0 100(2) 100(7) 0.635(46) 0.075(6) E2
214 200.1 4.4(3) 17.6(4) 0.138(12) 0.050(7) E2
259 245.7 1.1(1) 16.5(3) 0.041(3) 0.0050(4) El

“Normalized to the 174 keV line.
®Normalized to 188 keV line.
‘From absolute intensities.

dSee text.
e|S(E2/M1)|=0.39(12).

(17-37-17) could not be reproduced by the theory for
any deformation parameter. This different level ordering
seems difficult to explain in an axially symmetric model
without considering shape coexistence.

Many authors pointed out that the transition from pro-
late to oblate shapes in this mass region rather occurs by
a variation of the triaxiality parameter y. The calcula-
tions by Stone er al.'® suggest for a triaxial shape with
y~=—30" a 1~ ground state with a mixed [301]3"-
[321]1 " structure and a second low-lying negative-parity
state. At large prolate deformation, the 178 keV band-
head can most likely be identified with the [312]37
Nilsson orbital. More detailed calculations involving
triaxiality have to be carried out to understand the struc-

ture of the 7*Br bandhead region.

10 T T T

C. Rotational structure and alignment effects

In a recent study of high spin states in °Br,® the rota-
tional structure was established up to probable spin
£ 4. Band crossings were observed and related to g, P
proton and neutron alignments using blocking arguments
and systematics of band crossing frequencies.!® In the
negative-parity yrast bands, the g,,, protons were found
to align at a rotational frequency #iw =~0.38 MeV, whereas
the g4, neutron alignment takes place at #iw=0.63-0.65
MeV in both positive- and negative-parity bands. In our
previous "*Br study, only one band crossing was observed
at fiw=0.43 MeV in the favored negative-parity band
(m=—,a=+1); it was related to go,, proton align-
ment.” In the present study, the extension of the level
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scheme and the comparison with 7Br enabled us to look
for neutron alignment effects.

Figure 7 shows the dynamic moments of inertia J'?' as
a function of the rotational frequency #iw for the positive-
and negative-parity bands in *Br and "*Br. The J*' mo-
ments were calculated using a projection Q=3 of the
single-particle angular momentum on the symmetry axis
for both parities. We note the following features: (1) The
variations of J'¥' in "*Br are much weaker than in 7°Br;
the maxima of J'? are barely visible. (2) The g9/, Neu-
tron alignment in the positive-parity band is found in the
same frequency interval #iw =0.6-0.7 MeV in both iso-
topes. (3) In the negative-parity states, the g,,, protons
in the = +1 band and the g,,, neutrons in the a=—1
band seem to align simultaneously in 7*Br and "°Br at
#iw =0.42 MeV and #fio =0.60 MeV, respectively. (4) The

neutron alignment in the (m=—,a=+1) band appears
as a broad peak at iw=0.65-0.80 MeV. (5) The proton
alignment in the (7= —,a= —1) band, which is also ex-

pected to take place at #iw=0.40 MeV, can barely be
seen.
The damping of the J ¥ peaks in *Br compared to "*Br

T T T T T T T

- O) T[:o,u,:01/2

30

T

T

T

\
N T
\
A\

J(z)/hz b) m=-,Q= +1/2 A

(Mev™) 60

T

T

L0

30+

20

T

.

T\
R
N\

50 c)
L0+ .
30+ 1
b 4
L &
1 n " n 1 " i " 1
0.0 0% 10

hw (MeV)

FIG. 7. Dynamic moments of inertia J'*’ as a function of the
rotational frequency #iw for the bands in 7*Br and "’Br (Ref. 8).
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FIG. 8. Experimental negative-parity Routhians in "Br.

suggests that the interaction between the 1(3)gp and
3(5)gp bands increases when going from N=40 to N=38.
The weak alignment effects can be related to the gap in
the single-particle energies for Z, N=38 at large prolate
deformations. Nazarewicz and Werner®® showed that the
occupation of orbitals right below the gap leads to a
reduction of the gap parameter A and thus near-rigid ro-
tation, as discussed in more detail for "’Rb (Ref. 21) and
767K r.1% The previously reported reductions of the tran-
sitional quadrupole moments in the bands of "*7°Br
(Refs. 5 and 7) starting at #iw = 0.4 MeV may be related
to the g4 ,, neutron crossing.

Effects of triaxiality in the higher members of the
bands have not been discussed so far. Experimental evi-
dence for triaxial shapes can be obtained from the signa-
ture dependence of the E2 or M1 strengths of the AI=1

a=+1—a=—1 transitions or from the signature inver-
sion of the Routhians.?? However, since no
(m=+,a= —%) band and no AI=1 transitions in the

negative-parity bands have been observed, only little ex-
perimental information about triaxiality is available. One
hint for triaxial shapes in the negative-parity states is
presented in Fig. 8, which shows the experimental
negative-parity Routhians. The Harris parameters are
inserted and have been chosen similar to °Br.’ In the
frequency range #w=0.30-0.65 MeV, the a=—1
Routhian is below the @ =+ 1 Routhian. This signature
inversion may, similar to "°Br, be related to a change in
deformation from y <0 to ¥y > 0.

D. The "*Kr ground state

The new spin-parity assignments in "*Br allow us to
deduce the so far unknown spin and parity of the *Kr
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TABLE II. Newly calculated log(ft) values for the 8 decay of *Kr assuming either a 10% branch
(A) or a 50% branch (B) of the B-decay intensity feeding the 27 keV and ground state.

Level A B

energy Ig.* Iz.°

(keV) Spin 1 (%) log(f1) (%) log(f1)
681 - 8.3 6.1 4.6 6.4
481 (37) 13.5 5.9 7.5 6.1
473 74 6.1 4.1 6.4
392 4.8 6.3 2.7 6.6
329 3.0 6.5 1.7 6.8
241 (3,3)” 17.8 5.8 9.9 6.0
178 - 35.2 5.5 19.6 5.7

27 5-
. 10.0° 6.0 50.0° 5.3
0 7

*Normalized recalculated intensities based on the average intensities from Davids and Goosman (Ref.

24) and Roeckl et al. (Ref. 25).
®Assumed branch.

ground state that has an adopted half-life of 27.0(12) s.2?
A recent compilation of 4=73 data®’ showed that the
log(ft) values for the decay of the "’Kr ground state to
the 681 keV 2~ and the 178 keV 2~ state in "*Br are al-
lowed transitions with log(f7)=5.9 and log(ft)=35.8, re-
spectively. In the previous B-decay studies of *Kr,?* 26
only y-ray energies and intensities were measured. How-
ever, since in the previous work the 654 keV line and the
27 keV converted transition were not observed and the
transitions of 151, 214, and 303 keV were not placed
correctly in the "Br level scheme, we recalculated the
log(ft) values with the new levels and branching ratios.
Table II lists the log(ft) values assuming either a total
10% branch (A) or a 50% branch (B) of the total S-decay
intensity to feed the 27 keV and the ground state. The
log( ft) values for the decays to the 681, 481, 241, and 178
keV states are in all cases within the limits for allowed
transitions, leaving a "*Kr ground state spin and parity of
I"=3". Davids and Goosman®* had ruled out a strong
nonobserved branch to the "*Br ground state on the basis
of Br buildup and decay. A missing intensity of
10-20% (to the ground and 27 keV states) is possible
within their errors and would be compatible with an al-
lowed decay to the 27 keV £~ level. Therefore, the 3”
spin-parity assignment to the ">Kr ground state is not in
conflict with any experimental data. In a test experi-
ment, a recoil catcher was inserted in the electron spec-
trometer and low energy conversion electrons were
looked for off beam. However, the low "*Kr population
cross section and the small electron energy did not allow
us to observe this branch.

IV. CONCLUSIONS

In the present study, conversion coefficients of seven
low energy transitions in the bandhead region of *Br
have been measured. These, together with the newly
determined ground state spin parity of %',18 have al-
lowed us to establish new spin-parity assignments. The
level order of the low-lying states suggests shape coex-
istence effects as found in the neighboring light Se iso-
topes 69-72Ge, However, the occurrence of several %_
and 3§~ states below 500 keV excitation energy is not yet
completely explained. Triaxial shapes in the observed
bands cannot be ruled out. In all bands, broad peaks in
the dynamic moments of inertia versus angular frequency
plots are observed at rotational frequencies #iw=0.6-0.8
MeV. In analogy with similar effects in "*Br, these peaks
are associated with go,, neutron alignment. The weak
alignment effects in *Br as compared to "°Br imply that
the band interactions in "*Br are larger than in "°Br.
From the allowed log(ft) values for the decays to the
Br 17 and " states, the ’Kr ground state is suggested
to have I"=3".
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