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The spins and parities of low-lying states in "*Br populated in the 8 decay of >Kr have been studied
via conversion electron spectroscopy. The measurements were carried out at ISOLDE using a miniorange
spectrometer with Si(Li) and HPGe detectors for electrons and y ray detection. Results of the conversion
coefficients corresponding to transitions deexciting 12 levels in "*Br are reported. The multipolarities of the
transitions are deduced and the spins and parities of the levels involved are discussed. From the multipolarities
of the most intense transitions to the ground state, the spin and parity of the ”Br ground state have been definitely
established as 11. The spin of the 101.2-keV isomeric state is determined to be 37. The level scheme is compared
with mean-field and shell-model calculations and oblate deformation for the ">Br ground state is deduced. No

EO transitions have been found in ?Br. EQ transitions in the neighboring isobaric nuclei, 7>Se and ">Ge, have

also been studied.
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I. INTRODUCTION

The structure and decay of 12Krss are of interest for a
number of reasons. First, the nuclei with N >~ Z in the A ~
70-80 region of the nuclear chart are of special interest as far
as nuclear deformation is concerned. Nuclei along the N = Z
line with masses between 40 and 100 are predicted to change
shape from spherical to oblate and prolate and back to spher-
ical. In particular, shape coexistence [1,2] and shape mixing
phenomena occur in this region. Second, the study of N = Z
nuclei can provide important information on np pairing as
both neutrons and protons occupy similar orbitals and effects
caused by np pairing are expected to show up in these systems
[3-5]. Third, from the nuclear astrophysics point of view, "?Kr
is a waiting point in the rp process of stellar nucleosynthesis
and plays a significant role in the understanding of x-ray bursts
emission curves [6-8].

The Br isotopes lie in the transition region between the
weakly deformed As and Se isotopes and highly deformed
Kr and Rb. This motivates their study and, at the same time,
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complicates the determination of their properties and the
understanding of their structure, especially for the odd-odd
isotopes such as "*Br.

Prior to the present work our knowledge of the level
scheme of }2Brs; was based on studies of the 7 /EC decay
of ?Kr [9-11] and fusion-evaporation reactions [12—16]. Two
bands with opposite parity were identified in Ref. [12] with
spins up to / = 9. The knowledge of these bands was extended
by Ulbig et al. [13] up to I = 15 and included the determina-
tion of half-lives for many of these excited states. The work
of Fotiades et al. [14] provided extra information on the pre-
viously determined positive-parity band extending the o« = 0
partner up to / = 18" and the @ = +1 up to I = 217. The
organization of the positive-parity band in this way shows the
expected staggering between signature partners of the bands
similar to that found in the neighboring isotopes ’+7%78Br. No
signature inversion at low spin was observed as expected from
theoretical models for nuclei with less than 39 protons and
neutrons [17].

Plettner et al. [15] using the *°Ca(*°Ca, a3pln) "*Br re-
action and the EUROBALL array for y-y coincidences
expanded the negative-parity band up to I = (267) and ob-
served the signature inversion at [ &~ 16. This observation
for negative-parity bands is unique among odd-odd bromine
isotopes. The cranked Nilsson Strutinsky (CNS) approach
[18,19] was used to reproduce the observed level spacing. In
this theoretical framework the near-oblate and near-prolate
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shapes compete at low and intermediate spins. Collective
near-oblate configurations were found to be lowest in energy
up to spins / = 10-12.

The most recently published fusion-evaporation study
by O’Leary et al. [16] performed using the “°Ca(*®Ar, 3p
1n) ”®Br reaction and the GAMMASPHERE detectors has
significantly modified and extended the previous level
scheme. Bands of positive and negative parity were identified
up to spins / = 29 and compared with the predictions of CNS
calculations. The band structure was reorganized to be more
in agreement with CNS expectations and left more low-energy
states outside the band structure. They emphasized that "*Br is
a very challenging case for nuclear structure models since the
CNS model works well for nuclei in this mass region, i.e., the
isotone *Kr and the isotope 7*Br, while has only moderate
success in the case of "*Br.

In spite of the very extensive studies of the "*Br structure,
spin and parity assignments are only tentative due to the
uncertain assignments of the spin and parity of the low-energy
levels including the ground state.

The most recent and, at the same time, the most complete
BT /EC-decay spectroscopy work performed by Piqueras et al.
[11] provides quite extensive information on the level scheme
of 7Br up to 2 MeV for low-spin states based on y-ray and
y-y coincidence measurements. Tentative spin-parities were
assigned to some states in ">Br based on f feeding and log f?
values.

The only experimental knowledge of transition multipo-
larities from conversion coefficients was obtained for the
101.2-keV transition connecting the isomeric state [Tj,; =
10.6(3) s] with the *Br ground state [T}, = 78.6(24) s] and
determined to be M2, see Refs [12,20]. All of these results are
included in the most recent nuclear data evaluation by Abriola
et al. [21]. One should notice that this M2 transition is one
of the most hindered in the chart of nuclides with a hindrance
factor with respect to the single-particle estimates larger than
60 000.

The spin-parity of the "*Br ground state is originally re-
ported from B-decay studies to be either J* = 3" [22] or
17 [9,11]. The 31 assignment is based on the study of the
2Br — 7Se decay. The authors of Ref. [22] reported strong
feeding from the 7?Br ground state to the two lowest 2+ states
[20(2)% to the 1316.7-keV and 23.2(28)% to the 862.0-keV
levels] and significant feeding to the lowest 4T state [5.0(9)%
to the 1639.6-keV level] in "?Se. On the contrary, the 17
assignment [9,11] is based on relative intensities of y-ray
transitions in the decay of >’Kr — 7?Br in comparison with
those belonging to the daughter decay Br — 72Se. The
J™ = (3%) assignment was retained in all fusion-evaporation
studies.

Due to the discrepancies encountered in the determination
of spin-parity values of the low-energy excited states in "*Br
we have decided to determine the conversion electrons of
the transitions from states populated in the 8+ /EC decay of
2Kr with the aim of obtaining information on the low-energy
excitation structure of "?Br. This is timely as the controversial
2Kr ground-state deformation has been determined to be
oblate from different probes: electric-monopole decay of the
0% isomer in 7>Kr [23], total absorption spectroscopy based on

the B(GT) distribution in ?Kr 8+ /EC decay [24], and B(E2)
values [25,26].

The paper is organized as follows. Section II describes
the experimental setup with emphasis on the calibrations as
we compare y-ray and electron singles spectra with different
miniorange configurations. In Sec. III, the analysis process
is presented while in Sec. IV the results for the conversion
coefficients and the resulting spin-parity assignments are dis-
cussed. Section V presents a comparison of our results with
theoretical calculations and Sec. VI presents the results ob-
tained in the search for EOQ transitions. To finish, Sec. VII
summarizes the paper and presents the main conclusions.

II. EXPERIMENTAL SETUP

The experiment was performed at the ISOLDE facility at
CERN, in Geneva (Switzerland). A 1.4-GeV proton beam de-
livered from the CERN PS-Booster impinged on a 26-g/cm?
Nb target connected to a plasma ion source by a cold line to
remove nonvolatile species. The reaction products were ac-
celerated by a 60-kV voltage toward the extraction electrode.
The ">Kr beam was separated in the high resolution mass sep-
arator and then conducted to the measurement station. There
the 7>Kr beam was collected and transported by means of a
magnetic tape to the measurement point in periodic cycles of
33.6 s (1 supercycle of 28 pulses spaced 1.2 s each other).
During the measurement, 14 of the total 28 proton pulses
which form the CERN PS-Booster supercycle were delivered
to the ISOLDE Nb target.

Surrounding the sample a high-purity germanium detec-
tor (HPGe) and an electron spectrometer were placed to
determine the intensity of y rays and conversion electrons,
respectively. The average *Kr yield was estimated for mea-
surements with a cycle of 33.6 s using the most intense
y-ray transitions in the decay of "?Kr and the known branch-
ing ratios, i.e., the 124.4-, 162.8-, 310.3-keV, the doublets
(414.7+415.5)-keV, and (576.24577.2)-keV lines. We deter-
mine a yield of 5400 7>Kr ions/s in the experimental setup
which translates into an approximate yield of 9000 ions/uC.

The observed isobaric chain from the decay of ">Kr stops
at the decay of "*Se (T, = 8.4 days) as we are using a
tape to remove the activity. However, from the observation of
relative intensities of transitions in ">Ge we have identified the
presence of "2As. We estimate the incoming "> As contaminant
to be roughly 3% of the "*Kr beam.

A. The miniorange spectrometer

The electron spectrometer consists of miniorange magnets
and a 300 mm?2, 4-mm-thick Si(Li) detector cooled down
to liquid nitrogen temperature. It follows the same principle
described in Ref. [27]. The miniorange magnet, as shown in
Fig. 1, has a central tungsten piece in order to avoid direct y
and x rays from the source reaching the Si(Li) detector. There
are several sets of magnets in order to optimize the transmis-
sion of the detector for different electron energy ranges. Each
configuration is identified using the label NT/d/D where N is
the number of magnets, T is the type of magnet, which could
be of two types A and B with the main difference being the
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4B/d/D mini-orange configuration

FIG. 1. Schematic view of the experimental setup including the miniorange spectrometer. The central tungsten piece prevents direct y and
x rays from the source reaching the Si(Li) detector. The magnets are used to focus (defocus) electrons (positrons) toward the Si(Li) detector.
Different sets of magnets and distances were used to optimize electron transmission in different energy ranges, as shown in Fig. 2. A HPGe

detector is installed at 180° to the miniorange for the detection of y rays.

size and, therefore, the magnetic field created, d (in mm) is
the source to miniorange distance and D is the source-Si(Li)
detector distance (in mm). Distances d and D are indicated in
Fig 1.

The Si(Li) detector includes a 260 wg/cm? polyethylene
window, aluminized on both faces and placed 4 mm in front of
the detector. The Si(Li) detector is cooled-down to liquid ni-
trogen temperature and showed an energy resolution of about
2.0 keV for electrons in the energy range from 25 to 1000 ke'V.
For a more complete description of the spectrometer see [28].

The efficiency curve for each miniorange configuration,
also known as the transmission curve, was determined us-
ing transitions with well-known conversion coefficients either
from an external 2”’Bi source or by internally produced
475,76k r sources.

The electron efficiency curves for the different settings
were obtained using Eq. (1),

I, (detected) _ A, /t,
L(emitted) o x A, /[€(E,)) xt,]’

T.(E)) = (1

where the measured electron and y-ray peak areas, A, and
A,, are divided by the respective live times of each de-
tection system, f, and f,, the HPGe detector efficiency,
€(E,) and the o conversion coefficients are taken from the
literature. The resulting transmission curves are shown in
Fig. 2. For the 4B/8/85 miniorange configuration the values
of conversion coefficients for transitions in ”Br and " Se were
taken from Refs. [29-31]. For the 6A /8/60 and 6A /8 /45 min-
iorange configurations, conversion coefficients for transitions
in 27Pb [32] and ">7*Se [33,34] were used. For the 3B/8/45
configuration, the transmission curve uses conversion coeffi-
cients for transitions in "°Br [35], shown in Fig. 2 in red, and
some transmission values taken from Ref. [29], in blue. As
shown in Fig. 2 the combined data has allowed us to obtain
a reliable transmission curve. A 20% uncertainty has been
assigned for all the transmission values.

B. Gamma-ray detector

A HPGe detector was used in the measurements to detect
y and x rays. The HPGe detector had 38 cm? frontal area
and a thickness of 2.55 cm and was located 2 cm away from
the measurement point, covering a solid angle of 25% of 4.
The 0.3-mm-thick Be window of the detector allowed the
detection of the Br x rays down to 13 keV, see Fig. 4. It
exhibited an energy resolution of 0.85 keV at 121-keV energy
and an effective energy range of 10-1250 keV.

A good absolute photopeak efficiency calibration is re-
quired in order to extract reliable absolute intensities for every
transition. To this end, a careful efficiency calibration, in-
cluding a GEANT4 simulation, was performed for the HPGe
detector. The resulting efficiency curve is shown in Fig. 3.
Standard calibration sources of >*! Am, '*3Ba, and °?Eu were
used for calibration. The experimental data were fitted using
two efficiency functions. One is optimised for low energies
and is shown in Eq. (2) [37]. The other is valid for higher
energies and is given in Eq. (3) [38]. The value of the energy at
which both functions are connected was determined to be 146
keV by imposing the condition of continuity and smoothness
of the resulting function.

e(E) = by - exp(by - E®)[1 — exp(bs - E™)], )
atan [6(04 +asx+agx® )]
Ine(E) =2 (a; + arx + asx?) - — 25,
T
(3)

where x = In(E) and a; and b; are constants to be obtained
from the fit to the experimental data. The transition energy E
is expressed in keV in both expressions. A 10% uncertainty is
considered for all the efficiency values of the HPGe detector.

III. ANALYSIS

The conversion coefficients (« = I,/I,) were determined
from the singles spectra taken with the Si(Li) detector for
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FIG. 2. Electron efficiency curves for the various configurations of magnets and distances used in the experiment in order to maximize the
transmission for different energy ranges.

conversion electrons and the HPGe detector for y rays.
Figure 4 shows part of the conversion electron and y-ray
spectra for the 4B/8/85 configuration of the miniorange
spectrometer as an example. The identification of electron
transitions in the Si(Li) detector was made by taking into
account the binding energies of electrons from the different

The expression used to obtain the conversion coefficients
is given in Eq. (4),

I_e _ Ae/(fe 'te)
L, A/ 1)

where A, and A, are the electron and y-ray peak areas, f,

“

atomic shells in Bromine, i.e., being 13.5 keV for the K shell,
being 1.8 keV for the L1 subshell and 1.6 keV for the L2 and
L3 subshells, and 0.3 keV and lower for the M shell. There-
fore, the energy differences between the L- and M-shell lines
are about 1.5 keV, which is smaller than the energy resolution
of the Si(Li) detector. As a consequence, these components
could not be resolved and we obtained a coefficient for those

electron shells together (L and M), which we call the “LM
shell” coefficient.

0.1

Efficiency
o
2

- \
X
— Expe imental data

o Simulations
Fit to exp. data

0.001 20 30 40 50

M| . .
100 200 300
Energy (keV)

1000

FIG. 3. The measured efficiency calibration curve for the HPGe
detector. The experimental data are represented with blue dots. The
plot shows two different curves: The red line is the fit to the combina-
tion of Egs. (2) and (3) to the experimental points and the green line

is the simulated efficiency of the detector carried out with GEANT4
[36].

and t,, are the live times for the electron and y-ray detection
systems, and 7, and g, the electron and y-ray detector effi-
ciencies at the energies under consideration. The areas of the
y-ray peaks were obtained by fitting to a Gaussian plus linear
background function. The electron peaks have a tail at lower
energies due to the losses in the aluminized-mylar window
of the Si(Li) detector and in the transport tape in order to
exit from the depth reached by the implanted >Kr ions. To
determine more accurately the shape of the electron peak and

with that its area we use a compound function taken from
Ref. [39] and given in Eq. (5),

F(x) =c e~ 20*
o T
_ xX— W o
+ ¢yl @)/ B+ /28] erfc( + >
2 NZNGT,
to erfc(x\/_iu ) (5)
o

Equation (5) includes a Gaussian term, a skewed Gaussian
term to take into account the energy losses of electrons, and a
third term modeling the background.

For a more detailed description of the methods used to
calibrate the detectors see Ref. [40].

IV. RESULTS

The experimental y-ray spectra were analyzed to
determine the relative transition intensities listed in Table I.
The adopted values of the intensities obtained in this work
were derived from the sum of the y-ray spectra obtained
from the four measurements made with different miniorange
configurations. The y-ray transition intensities are compared
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FIG. 4. Spectra taken with HPGe (top) and Si(Li) (bottom) detectors with the configuration 4B/8/85. The x rays from indium (In), lead
(Pb), tungsten (W), and samarium (Sm) are seen. The tungsten is present in the central piece and samarium in the blades of the miniorange
magnet. Their x rays are only seen in the HPGe detector as it is facing the activated side of the magnet. The indium and lead x rays come from
the activation of the lateral shielding pieces in the experimental chamber. They are seen in both detectors since they are not stopped by the
tungsten piece of the miniorange. An additional 145.2-keV line is present in the background as well but its origin is not yet identified. Note
that the binding energies for K-shell, L-shell, and M-shell electrons in bromine are 13.5, 1.6-1.8, and < 0.3 keV, respectively.

TABLE I. List of the most intense y rays measured in our study in comparison with those of Ref. [21]. The 310.3-keV line is used
for normalization. Intensities are given per 100 decays. Adopted values from this work are obtained from the summed y spectrum of the
four independent measurements done with different miniorange configurations. The errors are based on statistical uncertainties and fitting
approximations. *Obtained assuming a conversion coefficient of & = 20.7. "This intensity is apparent. NS indicates that the transition has not
been seen. ¥y -line contaminated by the 252.0-keV E1 transition in *Br. $Determined from the spectrum obtained by summing three of the
four measurements.

This work Adopted values in Ref. [21]

E, E; E; I, (%) L, (%) L, (%) I, (%) Adopted 1, E, E; E; I,
(keV) (keV) (keV)  4B/8/85 3B/8/45 6A/8/60  6A/8/45 (%) (keV) (keV) (keV) (%)
30.4(3) 131.7 101.2 0.89(1) 0.94(9) 0.96(3) 0.85(4) 0.91(1) 30.5(5) 131.7 101.1 0.17(3)*
38.4(2) 162.8 124.4 0.33(1) 0.35(6) 0.30(3) 0.34(3) 0.35(1) 38.8(2) 162.7 124.2 0.17(5)
101.2(2) 101.2 0 6.98(2)% 3.07(8)" 4.93(3)" 431(4)f 5.8(1)F 101.3(3) 101.1 0 2.403)
124.4(2) 1244 0 3.53(1) 3.2(1) 3.6(3) 3.47(5) 3.5(2) 124.4(2) 124.2 0 3.5(3)
147.52) 3103 162.8 0.62(2) 0.40(12) 0.56(4) 0.58(6) 0.59(2) 147.2(1) 309.9 162.7 0.53(5)

546.4 398.9 147.2(1) 545.6 398.4 0.09(4)
162.82) 162.8 0 8.91(2) 8.33(13) 8.90(4) 8.72(7) 8.83(2) 162.7(1) 162.7 0 9.4(8)
177.5(2) 576.2 398.9 0.11(2) NS NS NS 0.14(2) 177.2(5) 575.8 398.4 0.14(1)
178.6(2) 310.3 131.7 2.17(3) 2.26(17) 2.07(5) 2.25(9) 2.18(3) 178.5(5) 309.9 131.7 2.5(2)
230.5(2) 393.1 162.8 0.57(2) 0.36(18) 0.61(6) 0.50(8) 0.52(3) 230.1(3) 392.7 162.7 0.37(3)
235.8(2) 5464 310.3 0.46(2) 0.9(2) 0.45(6) 0.64(10) 0.52(3) 235.5(4) 545.6 309.9 0.51(4)
252.72) 4155 162.8 2.32(2) ¥ 2.46(5) 2.34(8) 2.35(2)% 252.4(2) 4152 162.7 2.40(10)
310.32) 3103 0 15.50(4) 15.5(2) 15.50(7) 15.50(11) 15.50(4) 309.9(1) 309.9 0 15.5(5)
393.1(2) 393.1 0 0.56(3) 0.56(5) 0.49(8) 0.53(3) 392.7(2) 392.7 0 0.59(3)
398.9(2) 398.9 0 0.59(3) 1.0(3) 0.64(7) 0.74(13) 0.64(4) 398.4(2) 398.4 0 0.57(3)
414.7(4) 5772 162.8 2.24(11) 1.9(3) 2.6(3) 3.6(6) 2.8(1) 414.5(5) 576.8 162.7 6.4(6)
415.5(4) 4155 0 17.05(15) 16.3(5) 16.7(4) 14.8(7) 16.2(2) 415.1(2) 4152 0 13.2(9)
576.2(4) 576.2 0 1.1(2) 2.3(2) 0.7(3) 0.7(5) 0.8(1) 575.8(4) 575.8 0 1.15(13)
577.2(4) 5772 0 6.1(3) 6.5(3) 6.5(4) 6.4(6) 6.4(1) 576.9(4) 576.8 0 6.3(3)
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TABLEII. Conversion coefficients for the K and LM shells of transitions in 7*Br. Experimental conversion coefficients are given in column
4. The theoretical predictions are listed in the following 6 columns. The dominant multipolarity for each transition is given in column 11. For
the transitions with mixed multipolarity the mixing ratio |§]| is listed in column 12. Previous results are given in the last column where the
multipolarity assignments are deduced from intensity balance arguments in Ref. [11] unless indicated. D147.5 corresponds to the doublet
with both y rays of 147.5(2) keV energy. D415 and D577 doublets are formed by the 414.7- and 415.5-keV transitions, and the 576.2- and

577.2-keV transitions, respectively.

a(th) [34]

Miniorange Electron Adopted Previous
Config. transition  «(exp) a(exp) E1 M1 E2 M2 E3 M3 Multip. 18] results
3B/8/45 30.4LM 5.1(13) 5.1(13) 0.32 0.39 21.3 19.9 1730 1042 MI1+4+E2 0.54(10) (M1+4+-E2)
3B/8/45 38.4K 10(3) 10(3) 1.2 1.5 21 37 285 628 MI1+E2 0.9(3) M1)
3B/8/45 101.2K 1.2(3) M2)[12]
4B/8/85 101.2K 1.0Q2) 1.05(12) 0.07 0.10 0.7 1.0 5.9 9.0 M?2 09 <a <2.5[12]
3B/8/45 101.2LM  0.14(7) ax=1.4(3) [20]
4B/8/85 1012LM  0.14(3) 0.14(2) 0.009 0.013 0.12 0.16 1.82 1.97 w=1.145(21) [21]
4B/8/85 124.4K  0.069(17) 0.069(17) 0.0393 0.0561 0.338 0.477 2414 3.71 Ml (E2)
4B/8/85 1244LM  0.010(3) 0.010(3) 0.0048 0.0072 0.052 0.072 0.613 0.74

4B/8/85 D147.5K 0.036(12) 0.036(12) 0.0237 0.0356 0.181 0.264 1.152 1.81 M1 M1)
4B/8/85 162.8K  0.053(12) 0.053(12) 0.0177 0.0274 0.126 0.188 0.751 1.20 MI+E2 0.59(20) (E2)
4B/8/85 162.8LM  0.008(2) 0.008(2) 0.0022 0.0035 0.018 0.027 0.156 0.21 0.67(26)

4B/8/85 178.6K  0.013(3) 0.013(3) 0.0135 0.0215 0.090 0.137 0.503 0.82 E1l (E1)
4B/8/85 235.8K 0.05(3)

6A/8/45 235.8K 0.07(4) 0.05(2) 0.0060 0.0106 0.033 0.055 0.15 0.27 (E2)

4B/8/85 252.7K  0.027(9)

6A/8/45 2527K  0.032(20) 0.029(6) 0.005 0.009 0.026 0.044 0.11 0.20 E2 M1)
6A/8/45 310.3K  0.0048(15) 0.0048(15) 0.0028 0.0053 0.013 0.023 0.049 0.09 M1 (E2)
6A/8/45 393.1K  0.018(7) 0.018(7) 0.0015 0.0030 0.006 0.011 0.019 0.04 M2(E3) 2.65%

6A/8/45 3989K <0.002(2) <0.002(2) 0.0014 0.0029 0.005 0.011 0.018 0.04 (M1)

6A/8/60 D415K 0.00%4(6)

6A/8/45 D41SK  0.0022(5) 0.0023(3) 0.0013 0.0026 0.0047 0.0095 0.0153 0.031 M1

6A/8/60 D577K  0.0014(5)

6A/8/45 D577K 0.0010(4) 0.0012(2) 0.0006 0.0012 0.0017 0.0037 0.0046 0.010 M1

with the adopted values given in the last nuclear data
evaluation [21].

In general terms, the intensities obtained in our study for all
the measurements performed with different miniorange con-
figurations agree among themselves and with the values from
Ref. [21]. For the normalization of all the y-ray intensities,
the 310.3-keV transition is taken as a reference.

The doublet at 147.5(2) keV is not resolved and the two
transitions are treated together. The 414.7- and 415.5-keV
transitions are only partially resolved in the y-ray spectra
and their relative intensities were determined by a fit to two
Gaussian functions. The same procedure was applied to the
576.2- and 577.2-keV transitions, which were also not fully
resolved.

There is a significant discrepancy of a factor of 5 in the
30.4-keV y-ray relative intensity between the value given
in Ref. [21] and our work, see Table I. However, the value
in Ref. [21] is obtained assuming an oo = 20.7 derived in
Ref. [11] from intensity balance considerations. Using the
conversion coefficient found in this work, see Table II, this
discrepancy reduces to a factor 1.5.

A. Conversion coefficients

The experimental values for the conversion coefficients are
shown in Table II. The experimental conversion coefficients

are based on the singles y-ray and electrons spectra. When
two transitions could not be resolved, a summed conversion
coefficient was determined. They are labeled in column 2
of Table II by placing a D before the transition energy and
atomic shell involved. In cases where the same transition
was obtained from measurements with different miniorange
configurations, for example for the cases of 101.2K or D415K,
the adopted values for the conversion coefficients are obtained
from the weighted average of the values measured for each
configuration. The uncertainties for each coefficient have been
determined by error propagation of the variables involved in
Eq. (4).

The conversion coefficient values are compared with theo-
retical calculations based on the Dirac-Fock calculations using
the “frozen orbital” approximation from Ref. [34] for the
different multipolarities and they are illustrated in Figs. 5 and
6. The results on conversion coefficients of low-energy tran-
sitions in 7>Br are summarized in Table II. They provide the
basis for the discussion of the multipolarities of the transitions
and our conclusions concerning the spins and parities of the
levels in "Br.

B. Spin-parity assignments

Many of the states discussed here have been observed
in both B*/EC decay and fusion-evaporation reactions.
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FIG. 5. Experimental conversion coefficients for K-shell (top)
and LM-shell (bottom) transitions of low energy measured with the
miniorange 4B/8/85 and 3B/8/45 configurations. The comparison
with the theoretical calculations from Ref. [34] is presented for the
different multipolarities. Labels indicate the transition energy in keV.

Nevertheless, most of these states are not considered part
of any rotational band and their spin-parities have not been
previously established. In what follows the spin and parity

N
w

Conversion Coefficient o,
e
N

TTTT Hl T T T / §

K
A
<

—x— 6A/8/60

T T T T
o)
a1
N

310.3 M3

\415.5 E3

3989 ¥ 5772 M2
‘ E2

M1
E1

s e b b b b b b b Ly
200 250 300 350 400 450 500 550 600 650
Energy (keV)

'y
S
(]

FIG. 6. Experimental conversion coefficients for K-shell transi-
tions obtained in the high energy range with the miniorange 6A/8/60
and 6A/8/45 configurations. The comparison with the theoretical
calculations from Ref. [34] is presented for the different multipo-
larities. Labels indicate the transition energy in keV.

assignments are based on the multipolarities determined from
the conversion coefficients measured in this work.

1. Ground state

The spin of the ">Br ground state was not firmly established
in previous works. The assignment of 11 was suggested in
Refs. [9-11] due to strong direct § feeding deduced from the
B+ /EC decay of ">Kr. Since the ">Kr ground state is 0%, the
strong direct feeding suggests the assignment of 17 for the
ground state of *Br populated by an allowed Gamow-Teller
transition.

In contrast, in Ref. [22] the 7*Br ground state was assigned
37 based on the direct 8 feeding of two 2" and one 47 states
in 7?Se. However, the log ft of the transition to the 4™ state
at 1639.6 keV was reported to be 7.01, which lies at the
upper limit for an allowed GT transition. This spin value was
retained for all the fusion-evaporation studies.

Three levels at 310, 415, and 577 keV were identified as the
most intensely fed in the B decay of "?Kr [9—11]. The latest
values for the feeding for these states are 16.42, 15.79, and
13.06% [11] corresponding to log ft values of 4.83, 4.79, and
4.78, respectively. The systematics of log ft values given in
Ref. [41] shows that forbidden transitions with log ft below
5.0 have not yet been found. Thus, it was assumed that these
three transitions following the decay of >Kr were allowed
0" — 17 transitions and these three levels had 17 spin-parity.

The conversion coefficients of the three transitions con-
necting these three 1% levels with the "?Br ground state have
been measured in this work indicating M1 character for the
three cases, see Table II and Fig. 6. Based on the multipolari-
ties of these transitions starting at 17 levels, the only possible
spins for the ground state are 0, 1%, or 2*. Therefore, the
previously proposed assignment of 3% is excluded.

The B decay 0% — 0T transition is forbidden for
even-even N = Z nuclei. However, previous B-decay studies
indicated direct feeding to the 7*Br ground state at the level of
54% [9], 9% [10], and 35(3)% [11]. Therefore, the 0" possi-
bility is discarded. Regarding the 2% option, the systematics
on log ft values for second forbidden transitions AJ = 2,
A7 = no transitions gives a minimum value of log fr = 10.6
providing a maximum B feeding of 4 x 10~*. Thus 2% can
be ruled out as well. Our results definitely support 17 as the
ground-state spin-parity. This value was already adopted in
the more recent nuclear data evaluation [21]. In addition, the
1" assignment, contrary to the previous 37, is compatible with
the low value of the ground-state magnetic moment measured
to be u = 0.55(21) py in Ref. [20] and © = 0.60(10) py in
Ref. [42].

The spin and parity of the ”’Br ground state has now been
experimentally established in an independent way. This fixes
the basis for the assignment of the spins and parities of the
excited states including the rotational bands which had been
built on top of the (31) assignment, see Refs. [12-16].

2. 101.2-keV isomeric state

The retarded 101.2-keV transition was assumed to connect
an isomeric state with the ground state [12]. The relative
position of the ground and isomeric state has been recently
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FIG. 7. Partial level scheme of *Br for the discussion of the
spin and parity of the isomeric at 101.2(2) keV [7;,,=10.6(3) s] and
131.7-keV states. The thickness of transition arrows follows the y
transition intensities given in Table 1.

measured using the Penning trap technique establishing an
excitation energy of 101.3(15) keV [43] in agreement with
our value deduced from the 101.2(2)-keV y-ray energy.

The 101.2-keV isomeric [T1,, = 10.6(3) s] state deexcites
by a single y-ray transition to the ground state as reported in
Refs. [11-13,20]. The spin-parity of this state was proposed
to be (17) in Ref. [12]. This value was deduced from an esti-
mate of the conversion coefficient, which was 0.9 < o < 2.5
as obtained from intensity balance, corresponding to an M2
multipolarity, and the assumed 3% spin-parity of the ground
state [22]. A measurement of the conversion coefficient was
mentioned by Griffiths et al. in Ref. [20] with a value of
ak(exp) = 1.4(3) corroborating the previous M2 multipolar-
ity assignment.

The 101.2-keV state was assumed to be the bandhead of a
negative-parity band [12,13]. However, the 101.2- and 131.7-
keV states were discarded as members of the negative-parity
band in recent fusion-evaporation studies [15,16].

The conversion coefficients obtained in this work for the
101.2-keV transition were measured using two miniorange
configurations, 3B/8/45 and 4B/8/85. The results can be
seen in Table II and graphically in Fig. 5. The adopted values
are ag(exp) = 1.05(12) and apm(exp) = 0.14(2) in agree-
ment with the theoretical values for an M2 transition of 0.987
and 0.1578, respectively. Therefore, we confirm the previous
assignment of M2 multipolarity to the 101.2-keV transition
and provide a precise experimental determination of the con-
version coefficient.

Considering the M2 multipolarity of the transition and the
established 17 character for the ground state, we assign a 3~
spin-parity for the isomeric 101.2-keV state. Figure 7 shows a
partial level scheme including the 101.2-keV state.

From the Weisskopf estimates, the half-life of a 101.2-keV
transition of M2 multipolarity should be 7;,,(W.u.) = 3.1 x
107 x E;° x A7 = 1.7 x 107* s [44]. Although it fulfills
the condition for M2 transitions of T1,2(exp)/T1,2(W.u.) > 1
[45] this transition presents a hindrance factor larger than
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FIG. 8. Levels and transitions involved in the discussion of
the spin-parity assignment of the 124.4-keV, 162.8-keV, 310-keV,
415.5-keV, and 577.2-keV states in "*Br. The thickness of transition
arrows follows the y transition intensities from this work given in
Table 1.

60 000 that is surprisingly high. In this region of the chart of
nuclides, the sudden changes of shapes facilitate the presence
of highly hindered M2 transitions. The more outstanding case
in this region is "°Cu with a 1+ isomeric state at 242.2 keV
with a half-life of 6.6 s with a §-decay branch of 93.2% and
deexciting via a retarded M?2 transition to a 3~ state at 101.3-
keV with a probability of 6.8%. The hindrance factor for
this transition is even larger than in our case, about 200 000.
Considering the large hindrance factor for the 101.2-keV M2
transition, similar to that in the "°Cu case, a B-decay branch
for the isomeric state cannot be discounted. Assuming that
the 3~ isomeric state has a non-negligible f-decay branch, a
B feeding of the order of 5 % to the 4% 1639.6-keV state in
728e, as reported in Refs. [22,46], is plausible.

Another case is "°Br, where an M2 transition of 57.1 keV
connects a (4)T state at 102.6 keV with a (2)~ state at 45.5
keV with a half-life of 1.31 s. The hindrance factor for this
case is only about 500.

A survey of M2 transitions was done in Ref. [47] in 1967
for low-lying nuclear states. The systematic study indicated
two main reasons for M2 transitions with hindrance factors
orders of magnitude larger than the single-particle estimates.
For highly deformed heavy nuclei the hindrance factor could
be explained by K-forbiddenness or by an asymptotic selec-
tion rule. While for light nuclei it was mainly due to isobaric
spin effects. In the middle mass region it was proposed that
both effects contribute.

3. 124.4-keV state

A partial level scheme including the 124.4-keV state and
the related transitions is given in Fig. 8. The spin-parity of
this state was proposed to be 17 due to direct 8 feeding of
4% and 8% found in Refs. [9,10], respectively. However, the
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position of this level was not clear and it was placed high in
excitation energy. High-spin studies placed the level directly
connected to the ground state with suggested spin values of
(2,3) in Refs. [12,13]. A more recent 81 /EC-decay work in
Ref. [11] corroborates the position of the 124.4-keV state but
they assign a spin value of 1 based on the direct 8 feeding of
0.93(44)%, leading to a log ft value of 6.12.

The measured values of the conversion coefficients
for the 124.4-keV transition are ag(exp) = 0.069(17) and
apm(exp) = 0.010(3) to be compared with the calculated val-
ues for E1/M1/E2 multipolarities being 0.039/0.056/0.34
for ag(th) and 0.00492/0.00727/0.053 for apm(th), respec-
tively. These values indicate a predominant M 1 character with
|6] = 0.2(2) for this transition as shown in Fig. 5 and Table II.

The M1 multipolarity for the 124.4-keV transition indi-
cates positive parity for this state with possible spin values of
(0,1,2). Considering that the y-ray transition intensities mea-
sured in our work are similar to those of Ref. [11], and taking
into account their log ft value for this state, 6.12, the 0 and 2
spin values are excluded. Using the same arguments discussed
previously for the ground state we adopt a 17 spin-parity for
this state.

4. 131.7-keV state

This state was observed both in fusion evaporation and in
B-decay studies. It was tentatively assigned spin-parity of (27)
in Ref. [12] as part of a negative-parity band based on the
17 101.2-keV state. This level was removed from the band
structure in the recent study reported in Ref. [16]. The (27)
assignment is consistent with the nonobservation of g feeding
to this level as deduced in Ref. [11]. A partial level scheme
with the transitions involved in this discussion is shown in
Fig. 7.

The only transition deexciting this level is the 30.4-keV
transition. In this work, the oy (exp) conversion coefficient
was determined to be 5.1(13), see Table II. The comparison
with theoretical values suggests M 14-E?2 character as they are
arm(th) = 0.397/21.47 for M1/E?2 multipolarities. Since this
transition connects the 131.7-keV state with the 3~ 101.2-keV
isomeric state, an 2~ is the most likely spin-parity for the
former, in agreement with the result of Refs. [11,12].

The 131.7-keV level is fed by the 178.6-keV transition
which deexcites the well-known 17 state at 310.3(2) keV
as shown in Fig. 8. Reference [11] indicated that there is
a y-ray transition of 177.2 keV with a factor 19 lower
in intensity. Thus, we assign the conversion electrons mea-
sured with the 4B/8/85 miniorange configuration only to the
178.6-keV transition. The resulting conversion coefficient is
ak(exp) = 0.013(3), to be compared with the calculated val-
ues for E1/M1/E2 of 0.01351/0.02158/0.08999. This very
low value of the ag(exp) justifies the assignment of E1 to
the 178.6-keV transition. This result confirms the spin-parity
assignment of 2~ for the 131.7-keV state.

It is interesting to indicate that the deexcitation scheme
of the 131.7-keV (27) — 101.2-keV (37) — 0 (1) with a
retarded M2 transition is similar but inverted with respect
to the one observed in the case of "°Br: 102.6-keV (4)t —
45.47-keV (2)~ — 0-keV (17) where a 57-keV transition of

M? character is found with a half-life of 1.31 s. However, the
101.2-keV transition in "?Br is clearly observed in 8 decay
while the 57.2-keV in "®Br is not.

5. 162.8-keV state

A 17" spin-parity was assigned to this state in the very first
B-decay study in Ref. [10] where 10% apparent § feeding was
estimated from the only six transitions assigned to ">Br from
the 8 decay of 7>Kr. This value was retained in the early high-
spin works [12,13]. However, a more recent 87 /EC study [11]
that includes more than 100 transitions proposed an upper
limit to the B feeding of 0.25% and a log ft value of 6.72,
thus leading the authors to exclude this assignment although
no alternative spin-parity was proposed.

The spin-parity of the 162.8-keV level has been studied by
two transitions of 162.8(2) and 38.4(2) keV deexciting the
state and three transitions feeding the state from the well-
known 17 states at 310.3(2), 415.5(4), and 577.2(4) keV. A
simplified level scheme involving these transitions is shown
in Fig. 8. The measured conversion coefficient for the 162.8-
keV transition indicates M 1+E?2 character with |§| ~ 0.6 as
indicated in Table II and shown graphically in Fig. 5.

The 38.4-keV transition deexciting the 162.8-keV state to
the 124.4-keV one has a conversion coefficient of ag(exp) =
10(3), between the theoretical values for M1 and E2 multi-
polarities of ax (th) = 1.479 and 20.48 with a |§| = 0.9703¢.
Therefore we propose an M 1+E?2 multipolarity for this tran-
sition.

These findings suggest that the parity of the 162.8-keV
state is positive. This assignment is corroborated by the M1
character found for the 147.5-keV transition feeding this state
from the 1% 310.3-keV state and for the 414.7-keV transition
from the 1% state at 577.2(4) keV and the E2 character of the
252.7-keV transition from the 17 state at 415.5(4) keV.

All these results consistently suggest that the most likely
spin-parity for the 162.8-keV level is either 0 or 2*. The
E2 component of the multipolarity of 38.4- and 162.8-keV
transitions excludes the 0" assignment. Thus this state is
conclusively proposed to have a spin-parity of 2.

6. 310.3-keV state

This state has been observed both in fusion-evaporation
and B-decay studies. Due to the strong B feeding, a 1T as-
signment has been given to this state since the earliest works
[9-13].

As mentioned, this level deexcites, among other transi-
tions, via the 310.3-keV transition to the ground state. The
conversion coefficient measured is ag(exp) = 0.0048(15) in
agreement with the predicted value for an M1 transition of
0.005351. The possible mixing with E2 multipolarity is at the
level of the error bar, giving a mixing ratio |§|=0%"23. This
suggests that the 310.3-keV transition is predominantly M 1.

This state deexcites via other five transitions [11], two of
them strong enough to study their conversion coefficients,
see Table II. The 178.6-keV transition connecting this state
with the 131.7-keV state was found to be E1, which is con-
sistent with the 27 assignment for the 131.7-keV state. The
310.3-keV level is connected to the 162.8-keV state by the
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M1 147.5-keV transition reinforcing the 2% assignment to the
162.8-keV level.

7. 393.1-keV state

This state has only been observed in the most recent
BT /EC-decay study of Piqueras et al. [11] and no spin assign-
ment was given. The B feeding was less than one per mille.
Only two transitions have been identified deexciting this state
to the 162.8-keV and to the ground state, with energies of
230.5(2) and 393.1(4) keV, respectively.

The conversion coefficient measured for the low-intensity
393.1-keV transition is ag(exp) = 0.018(7) to be compared
with the theoretical values of 0.011/0.019 for M2/E3 multi-
polarities, respectively. In a first instance we propose E3(M?2).
However, one should keep in mind that the Weisskopf estimate
for an E3 transition corresponds to a partial half-life of 1.7
ms while for an M2 is =120 ns. In the work of Ref. [11]
coincidence between the 393.1-keV and other y-ray lines
(time window of ~500 ns) from higher excited states were
observed limiting the half-life of this state to a maximum of
a few hundred ns. We propose the transition to be M2(E3)
compatible with our results within the error bars. This implies
a set of most likely spin-parity values of (3, 4)~ for this level.

Regarding the 230.5-keV transition, the y-ray line is weak
(0.57 per 100 decays) and the electron energy lies in a region
with very low electron transmission for both the 4B /8/85 and
6A/8/45 miniorange configurations. It is difficult to obtain a
reliable value for the conversion coefficient due to low number
of counts in the region of interest. Therefore we assign an E'1
multipolarity for this transition which corroborates the change
in parity between the 393.1- and the 162.8-keV levels.

Taking into account these findings, we are not able to
definitely fix the spin-parity of this state although we favor
3)".

8. 398.9-keV state

This level was first observed in high-spin studies using
the reaction *®Ni(°Q, np) "?Br [12] and was corroborated in
Ref. [13] as the (27) member of the positive-parity band. This
value was retained in later fusion-evaporation studies [14,15].
The Bt/EC-decay study of Piqueras et al. [11] indicated
no B feeding to this state, so their result was compatible
with the previous (2%) assignment. However, in the most
recent high-spin study [16], this level became the head of
the negative-parity band 4, following the CNS calculation as
formulated in Ref. [19] with three protons and four neutrons
in the go/» orbital. They proposed for this state J* = (27). The
parenthesis in the spin assignment was due to the uncertainty
in the spin-parity assignment for the ground state.

The 398.9-keV transition connecting with the 17 ground
state is seen with low intensity in our B decay of
2Kr as in previous one [11]. The conversion coefficient
has been measured giving an upper limit of ag(exp) <
0.002(2), to be compared with the theoretical values of
0.001424/0.00292/0.0054 for E1/M1/E2 multipolarities.
This result is not conclusive allowing for E1 and M1 multi-
polarities for this transition.

The half-life of the 398.9-keV state has been measured to
be 101(20) ps [13,21]. We can determine the single-particle
transition half lives to be 3.8e-3/0.21/1900 ps for E1/M1/E2
multipolarities, taking into account the recommended up-
per limits for T, (exp)/Ti,2(W.u.) [45] being 0.01/3/300
for E1/M1/E?2 multipolarities. In our case these ratios are
26000/0.002/19. Considering the limit on the conversion
coefficient and the upper limits for the 7j,, single-particle
estimates, our result favors an M1 multipolarity, although a
very retarded E'1 transition cannot be fully discarded. There-
fore, we suggest that this transition is (M1) precluding a firm
assignment of parity for the 398.9-keV state. Thus the spin-
parity of the 398.9-keV state is assigned to be 2.

9. 415.5-keV state

The transition deexciting the 415.5-keV state to the ground
state turns out to be a doublet according to Ref. [11]. The
414.7-keV transition connecting the state at 576.2(4) keV with
the one at 162.8(2) keV (see the partial level scheme in Fig. 8)
can be resolved neither in the HPGe spectrum nor in the Si(Li)
spectrum from the 415.5-keV transition deexciting the 415.5-
keV level. So we have to evaluate together the conversion
coefficient of the D415 transition.

The experimental conversion coefficient of ag(exp) =
0.0023(3) is obtained as the weighted average of the
values from two different miniorange configurations,
6A/8/45 and 6A/8/60. The theoretical values of the
conversion coefficients for £1/M1/E2 multipolarities are
0.00128/0.002649/0.004725. Our result is in good agreement
with the theoretical value for M1 multipolarity. This agrees
with previous works such as Refs. [9-11], where they found
that the 415.5-keV state is strongly fed in the g+ /EC decay
of 7Kr indicating that the most probable spin-parity is 17
confirming the M1 multipolarity for the 415.5-keV transition.

The 414.7-keV transition of the doublet connects the 1F
577.2-keV state with the 162.8-keV one. The M1 character
of this transition also corroborates the 2% assignment for the
162.8-keV state.

10. 546.4-keV state

This level has only been observed in the work of Piqueras
et al. [11] with a B feeding lower than 0.15% and no spin
assignment. Only two transitions of 147.5(2) and 235.8(2)
keV were established to deexcite this level to the 398.9- and
310.3-keV states, see Fig. 9.

The K-shell conversion electrons of the 235.8-keV
transition are at the very low efficiency limit of the
two miniorange configurations, 4B/8/85 and 6A/8/45.
The corresponding conversion coefficients are ag(exp) =
0.05(3) and 0.07(4). Being the weighted mean value
ak(exp) = 0.05(2). This value can be compared with the
theoretical values for E1/M1/E2/M2/E3 multipolarities
of 0.006085/0.01066/0.03324/0.0555/0.1548, respectively.
The conversion coefficient favors M2 multipolarity for this
transition although the option of E2 is possible within the
error bars. The single-particle estimates for E2 gives a half-
life for the state of 37 ns meanwhile for M2 provides 2.1
wus. Considering that this transition of 235.8-keV has been
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FIG. 9. Levels and transitions involved in the discussion of the
spin-parity assignment of the 398.9-keV state in "*Br.

seen in coincidence in previous works [11] we propose an
E?2 multipolarity for this transition but M2 cannot be fully
rejected.

Therefore, the most favorable spin-parity value for this
level is 3*). This result is consistent with the M1 147.5-keV
transition connecting this state with the 398.9-keV 2(*) state.

11. 576.2- and 577.2-keV states

Initially, these two states at 576.2(4) keV and 577.2(4) keV
were considered as one in Refs. [9,10]. However, in the higher
statistics and resolution study of Ref. [11] it was observed as
two independent levels with 8 feeding of 1.44 and 13.06%
giving log ft values of 5.74 and 4.78, respectively. These
strongly fed levels have not been observed in any of the
fusion-evaporation studies [12,13,15,16].

The partial level schemes including these states and the
transitions involved in the discussion are shown in Figs. 8 and
9. An apparent single y-ray line is found at 577.2-keV which
is broader than the rest so we force the fit to two Gaussian
components placed at energies of 576.2 and 577.2 keV. We
find a factor of 7.9(11) between the relative intensities of
the two transitions, not far from the value of 5.5(7) found
in the literature based on y-y coincidence analysis [11]. The
conversion electrons were measured using two miniorange
configurations, 6A/8/45 and 6A/8/60, giving consistent val-
ues of g (exp) = 0.0014(5) and 0.0010(4). The average value
of 0.0012(2) is in perfect agreement with the theoretical value
of M1 multipolarity as the expected values for E1/M1/E2
multipolarities are ak(th) = 0.000568,/0.001237,/0.001718.
This agreement indicates that both transitions in the doublet
should be M 1. This is in agreement with Ref. [11], where the
spin-parities of both states were assigned to be 17.

C. Level scheme of "*Br

The partial level scheme for all the low-lying levels studied
in the ’Br nucleus is shown in Fig. 10. The multipolarities of

15 transitions have been firmly determined with 4 being of
mixed character. The 235.8- and 398.9-keV transitions have
only been given tentative multipolarity assignments. As a
result, the spin-parities of 9 states in "*Br are now fixed while
the 398.9- and 546.4-keV states remain with fixed spin and
probable parity. The state at 393.1-keV has a fixed negative
parity with a probable spin of 3.

V. COMPARISON WITH THEORETICAL CALCULATIONS

A number of different theoretical approaches are available
to describe the properties of nuclei in the A =~ 70-80 region of
the chart of nuclides.

Calculations for the odd-odd 7*Br nucleus have been per-
formed within the framework of the two quasiparticle (2qp)
+ rotor model [48]. In this simple model, the 2qp intrinsic
states describe the valence proton and neutron configurations
and represent the bandheads of associated rotational bands.
They are obtained from axially deformed Hartree-Fock mean-
field calculations with the SLy4 Skyrme interaction [49] and
include pairing correlations in the BCS approximation.

Figure 11 shows the level scheme obtained in this work
in comparison with those obtained with different theoretical
approaches. On the left-hand side, the results from 2qp+-rotor
model are shown for both prolate (8, = 0.12) and oblate
(B> = —0.18) deformations that produce energy minima in
the HF+BCS(SLy4) calculation [50]. In the prolate case
the lowest energy corresponds to the 7[301]3/2 ® v[301]3/2
configuration that couple to form 0" and 3" states. The mag-
netic moment has been calculated using the formula of J. Kern
and G. L. Struble [51] with the parameters obtained for ’!Br
and *Kr. The magnetic moment obtained for this configu-
ration is 0.88 uy. According to the Gallagher-Moszkowski
rules [52] the ground-state bandhead is 3% and the excited
bandhead corresponds to 0T total angular momentum. As no
p-n residual interactions are included these two bandheads
appear to be degenerate in this calculation as shown in Fig. 11.
In the oblate case, the ground state involves the odd proton and
odd neutron deformed orbitals 7[310]1/2 ® v[310]1/2, that
couple to form 17 and 0" states. According to the Gallagher-
Moszkowski rules [52], the ground state becomes 17. The
calculated magnetic moment for this configuration is 0.57 py.

As can be seen in Fig. 11, the oblate calculation repro-
duces better the experimental level scheme. The calculated
excited 17 states at 101.3 and 108.9 keV energy in the oblate
case correspond to w[301]3/2 ® v[310]1/2 and 7[310]1/2 ®
v[301]3/2 configurations and correlate well with the mea-
sured excited state at 124 keV. The states at 322.6 and
532.8 keV correspond to rotational states built on top of the
2qp ground-state, 7[310]1/2 ® v[310]1/2 and 7[301]3/2 ®
v[301]3/2 configurations. The state at 889 keV is based on
the 2qp 7[321]1/2 ® v[310]1/2 configuration.

Checking the spin-parity of neighboring bromine isotopes,
"1Br is proposed to have a (5/2)~ ground state [53] while 7*Br
is firmly assigned 1/27 [54]. The structures of these states are
discussed in Ref. [20] to be both oblate. While the structure of
"IBr ground state is rather complex, a dominant single-particle
[310]1/2 orbital is assigned for the unpaired proton of "*Br
ground state. This is in line with the configuration proposed
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FIG. 10. Low-energy region of the level scheme of "*Br including the multipolarities and spin-parities of levels obtained through the
conversion coefficients measured in this work. The level and transition energies given are those obtained in this work. The parent half-life and
Qgc values are taken from Ref. [21]. The thickness of transition arrows follows the y transition intensities from this work given in Table I.

for the *Br ground state in our HF+-BCS(SLy4) calculations
for the oblate case as 7[310]1/2 ® v[310]1/2. The calculated
magnetic moment of 0.57 uy reproduces well the experimen-
tal value of 0.55(21) uy [20].

Concerning the isomeric state at 101.2-keV energy, *"Br,
the magnetic moment was determined to be 1.3%0% sy [55]

with a large background. Therefore, a lower limit for the

magnetic moment of © > 0.7 uy was determined and it is
this value which has passed to the literature [21]. A similar
magnetic moment was found for the 7#"Br state in Ref. [20]
to be u© =1.68(18) uy. This value of the magnetic moment
was compatible with both a single-particle configuration of
w[301]3/2 ® v[422]5/2 giving a 4~ spin and a magnetic
moment of u = 1.71 uy and the 7 [431]3/2 @ v[422]5/2

1" 625.0 1" 5772 N
T 1 609.2
7+ 578 3 1(+)§ /516.2
0* 5363 1+ 5328 3 546.4 1- 541
2" 431.5 + 1+
. P 430 A L3S 4485
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FIG. 11. Partial level scheme of "*Br. Comparison of the our experimental and theoretical results. Theoretical calculations were done
using the mean-field HF+BCS approach with the SLy4 Skyrme-type interaction and large-scale shell-model calculations using the jun45.lnps

interaction.
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FIG. 12. HPGe and Si(Li) spectra taken using the 6A/8/60 miniorange configuration. Two well-known E?2 transitions in the descendants
2Se and "*Ge are identified in the HPGe spectrum and electron transitions associated with two EO transitions in the same nuclei are seen in

the Si(Li) spectrum.

configuration corresponding to a 4% spin and an estimated
uw=177 uy.

In our case, we assume for the 3= 7>"Br state the same
single-particle orbital for the proton than in the ground
state, w[301]3/2, and for the neutron we propose the lower
[431]3/2 deformed orbital. In our mean-field calculations this
configuration is prolate and its calculated magnetic moment
amounts to 1.40 uy which reproduces well the experimental
value of 1.37% uy [55].

This drastic change in deformation in only 101 keV be-
tween the oblate "’Br ground state and the prolate ">"Br
isomeric state could explain the large hindrance factor of
>60 000 for the M?2 transition connecting both states.

Our experimental results are also compared with large-
scale shell-model calculations. They have been performed in
the valence space encompassing the orbits 1p32, 0fs 2, 1py)2,
0g9/2, and 1ds)» i.e., with a **Ni core. The effective interaction
is based in the JUN45 of Ref. [56], supplemented with the
matrix elements involving the 1ds,, taken from the LNPS in-
teraction, that we dub JUN45.Inps in Ref. [57]. The dimension
of the full space calculation is beyond reach, and we have
truncated it allowing up to 4p-4h jumps across N = Z = 40.
Full convergence is not guaranteed. The results of these cal-
culations are shown on the right-hand side of Fig. 11. They
produce a ground state which has a spin-parity 2 and the first
17 state appears at 290 keV, at difference of the experimental
results. However, this is not surprising because of the high
level density and the limitations of the calculation in an odd-
odd nucleus. On the positive side, one can notice the presence
of negative-parity states at low-excitation energies as observed
experimentally in contrast with the result of HF+BCS (SLy4)
calculations. On the middle right-hand side column the distri-

bution of 1% states for this calculation is given. Five 17 levels
up to 610 keV of excitation energy are predicted in agreement
with our experimental results. The sequence of negative-parity
states compare reasonably well with the scarce experimental
information.

From the comparison with HF+BCS (SLy4) calculations
an oblate deformation is suggested for the >Br ground state
with a 17 spin-parity. The relevant direct 8 feeding from
the ”?Kr 0T ground state to the "*Br ground state deduced
in several experiments [9-11] supports the 1" assignment
indicating a similar deformation for the parent and daughter
ground states. These two facts suggest oblate deformation for
both 7>Kr and "?Br ground states. This conclusion is supported
by different probes indicating an oblate character for the ">Kr
ground state [23-26].

VI. SEARCH FOR E0 TRANSITIONS

We searched for EO transitions in the decay of interest. No
such transitions were identified belonging to "?Br. However,
intense EQ transitions were found in our measurements with
miniorange configurations 6A/8/45 and 6A/8/60 belonging
to A = 72 isobars.

Figure 12 shows the y-ray and conversion electron spectra
in the energy range between 650 and 1000 keV measured with
the 6A/8/60 miniorange configuration. The EQ transitions
at 691 and 937 keV are clearly visible and assigned to the
lowest 0t — 0% transitions in >Ge and "*Se, respectively.
As expected, no corresponding y-ray transition is seen. Ad-
ditionally, the conversion electron lines from the 863-keV
E?2 transition in "*Se and the 835-keV E2 transition in *Ge
are also visible. In the y-ray spectrum, these lines dominate
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FIG. 13. Partial level scheme of *Se (left) and "*Ge (right) showing the deexcitation transitions relevant for our discussion and those
whose intensity is given in Tables IV and III. Values for levels and transition energies are obtained in this work and those missing are taken
from Ref. [21]. Spin-parities and transition mutipolarities are taken from Ref. [21].

this energy region. See the partial level schemes shown in
Fig. 13.

The intensity of the EQ 937-keV transition in 7*Se was
deduced from comparison of the relative intensities of the
1061.7- and 1136.7-keV transitions feeding the 937- and 863-
keV states (see Fig. 13) in singles and y-y coincidences gated
by the 862-keV transition [1]. The relative intensity of the £0
transition with respect to the 862-keV transition was deter-
mined to be 3.3(17)%. In addition, they deduced the ratio for
the two transitions deexciting the 937-keV state to be 0.37(23)
[1]. A more recent value of 0.41(8) have been obtained using
the same methodology in Ref. [46].

The EQ transition was directly measured in in-beam stud-
ies [58]. The feeding to the 862- and 937-keV states in the
Ge(a, 2n) "*Se reaction used in Ref. [58] is different from

the one obtained in the 7?Br B decay. Therefore, the relative
intensities cannot be directly compared.

The EO transition of 691 keV in ">Ge was directly mea-
sured by the same group from >Ga [59] and >As [60] decays
establishing a relative intensity with respect to the 834-keV
transition of 0.52(5) and 2.3(4)%, respectively. In spite of
using the same Si(Li) electron spectrometer, in the case of the
2 As decay the K component could not be resolved from the
LM one. The total intensities of the 691- and 834-keV transi-
tions were obtained from the electron spectrum assuming an
E?2 multipolarity for the 834-keV transition.

We followed the same analysis procedure that used in
Refs. [59,60] and deduced the y intensity for the E2 transi-
tions from their conversion electrons. This is done to avoid the
use of the y-ray transition intensities since the HPGe detector

TABLE III. Results for the y-ray and EO transition intensities compared with the most intense £2 transition in the excitation scheme of
"2Se. They belong to measurements performed using the 6A/8/60 miniorange configuration but with two different tape-moving cycles (7,.):
33.6 and 100.8 s. The upper part of the table shows the comparison of the relative y-ray transition intensities with tabulated values. The lower
part shows the relative intensity of the electron lines (K, LM and their sum) with respect to the most intense E2 transition in ">Se. When two
uncertainties are given, first component accounts for statistical plus systematic and the second for normalization.

1,

E,(keV) I E, (keV) I,

(this work) 336s 100.8 s Adopted [21] [21]

863.1(4) 100(10) 100(10) 100(10) 862.03(12) 100

455.1(4) 16.5(17)(16) 17.2(17)(17) 16.9(17) 454.7(1) 18.7(11)

775.0(4) 8.7(9)(9) 9.09)(9) 8.9(9) 774.73(17) 10.1(6)
[y +EC) I(y +EC) I(y +EC)

Transition 33.6s 100.8 s Adopted [21]

863.1 100(22) 100(24) 100(16) 100*

937K 4.5(9)(10) 4.8(10)(12) 4.7(10)

937LM 0.54(11)(12) 0.59(12)(14) 0.56(14)

937 5.0(14)(15) 5.4(16)(19) 5.2(16) 3.3(17)
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TABLE IV. Results for the y-ray and EO transition intensities compared with the most intense E2 transition in the excitation scheme of
"2Ge. They belong to two measurements performed using the 6A/8/60 miniorange configuration with different tape-moving cycles (7;.): 33.6
and 100.8 s. The upper part shows the comparison of the relative y-ray transition intensities with tabulated values from ?Ga and "?Ar decays.
The lower part shows the relative intensity of the electron lines (K, LM and their sum) with respect to the most intense E2 transition in "*Ge.

When two uncertainties are given, first component accounts for statistical plus systematic and the second for normalization.

E, (keV) L I, E, (keV) I, [21] I, [21]

(this work) 33.6s 100.8 s Adopted [21] from ’Ga decay from ?As decay

834.7(4) 100(10) 100(10) 100(7) 834.01(2) 100.00(5) 100

630.5(4) 6.0(6)(6) 7.1(7)(7) 6.5(6) 629.95(3) 27.38(4) 9.96(17)

895.0(4) 1.22(13)(12) 1.29(16)(13) 1.25(18) 894.26(4) 10.619(14) 0.975(15)
Iy +EC) I(y +EC) I(y +EC) [21] I(y +EC) [21]

Transition 33.6s 100.8 s Adopted from ">Ga decay from ?As decay

834.7 100(26) 100(49) 100(23) 100 100

691.2K 0.57(11)(15) 0.59(12)(29) 0.58(16)

691.2LM 0.069(14)(18) 0.063(14)(30) 0.066(18)

691.2 0.64(18)(23) 0.66(20)(45) 0.65(24) 0.52(5) 2.04)

could detect y rays from previous samples on the tape. The
detector was shielded with lead bricks but the system was too
compact and the half-life of the 7>Br and >As decays long.

Table IIT shows the results obtained for the 7>Se transitions.
The y-ray transition intensities are given in the upper part
on column 4, and they agree nicely with the tabulated values
given in column 5 within the error bars. Then, the lower part
shows the relative intensity of the 937-keV EOQ transition as
compared to the total intensity for the 863-keV E?2 transition.
The obtained relative intensity of 5.2(16) agrees with the tab-
ulated value of 3.3(17) [21] which was obtained indirectly via
comparison of y-ray singles and y-y coincidences by Hamil-
ton et al. [1]. The present value is the first direct measurement
of the relative intensity of this EQ transition with respect to
the 863-keV E?2 transition fed via 8 decay, and is compatible
with the one deduced from y-ray spectroscopy although it is
slightly higher and more precise. In the same line, we use
the conversion electron of the 75-keV transition to deduce
the ratio of intensities of the two transitions deexciting the
937-keV 0% state. The relative total intensities of the EO and
E?2 transitions deexciting the 937-keV state is 0.34(10). This
value obtained from conversion electrons agrees with those
obtained from y-y coincidences [1,46].

Table IV shows the results obtained for the ">Ge transi-
tions. The tabulated values in columns 5 and 6 are based on
the measurements done by Rester et al. [59,60]. The y-ray
transition intensities are given in the upper part of Table IV,
and they agree with the tabulated values for the >As decay
and they are far from those of ">Ga decay. The large difference
of vapor pressure of As and Ga in the ISOLDE hot target
%(plains why the main impurity of the incoming beam is of

As.

The lower part of Table IV shows the relative intensity of
the 691-keV EO transition as compared to the total intensity
for the 835-keV E2 transition. We are surprised that the rel-
ative intensity obtained for the "?As decay is similar to that
given in Ref. [21] for the 7>Ga decay. Our result is a factor of
3 smaller than found in Ref. [60].

It is surprising that our relative intensities do not agree with
the values provided in the data evaluation of Ref. [21] for the
2 As decay, however, they do agree with the relative values
for the *Ga decay. It is worth mentioning that although it is
claimed in Refs. [59,60] an energy resolution of 5.5 keV for
the electron spectrometer of both measurements, in the study
of 72 As decay [60] the electron spectrum shows a much poorer
resolution. Therefore, we propose for the 8 decay of ">As to
2Ge that the relative intensity of the 691-keV EO transition is
0.65(24)% with respect to the 835-keV E2 transition.

VII. SUMMARY AND CONCLUSION

The conversion electron spectroscopy study of the 8 /EC
decay of "?Kr has been performed using a Si(Li) detector cou-
pled to an electron spectrometer with 4 different miniorange
configurations, thus optimising the electron transmission in
different energy ranges up to 1 MeV. A HPGe detector has
been used to measure the y -ray intensities.

The deduced conversion coefficients have been used to
determine the multipolarities of 17 transitions. A discussion
of the spins and parities of the low-lying levels in "?Br is
presented.

The spin and parity of the ground state of "*Br is definitely
established as 11 from the M1 multipolarity of the three tran-
sitions connecting the well-known 1% states with the ground
state. This determination is relevant for the fusion-evaporation
studies to firmly assign the spin-parities of the states in the
rotational bands. One should notice that all these studies as-
sumed that the ground state was (37). Therefore, the various
interpretations of the bands should be revisited.

The spin of the isomeric state is established to be 3~ and
the M2 transition connecting with the ground state has the
largest hindrance factor known for a radiative M2 transition.
The possible existence of a f-decay branch from this state, as
occurs in a similar case in "°Cu, could contribute to explain
the 5% feeding to the 4 state in >Se which motivated the 3+
assignment to the "?Br ground state in the past.
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The low-energy level scheme proposed in this work is
compared with the truncated shell model using a *°Ni core
and 4p-4h excitations and mean-field calculations using the
SLy4 Skyrme force in BCS approximation. The comparison
with the shell model case indicates the same number of 17
states in the level scheme up to 600-keV excitation energy.
However, the energy spacing does not follow the experimental
energy distribution. Our level scheme shows similarities with
the mean-field calculation for the oblate case proposing the
w[310]1/2 ® v[310]1/2 configuration for the ground state.
The calculated magnetic moment for this configuration is 0.57
uy in good agreement with the previously measured experi-
mental value.

The 7[301]3/2 ® v[431]3/2 configuration is proposed for
the 3= 7?"Br state based on the configuration of the 7" Br that
have a similar value for the magnetic moment. This configu-
ration corresponds within the HF4+BCS (SLy4) framework to
prolate deformed structure with a magnetic moment of 1.40
uy which is in agreement with the previously measured ex-
perimental value. This change of deformation from the ground
state to the isomeric state in a small energy interval of only
101.2 keV could explain the largely retarded M2 transition. A
possible B-decay branch from the 101.2-keV state cannot be
discarded.

Profiting from the electron spectrum we have determined
that no EO transitions were observed in 7*Br. However, we

have measured the intensity of EQ transitions in the isobaric
partners >Ge and "*Se. For the *Ge case, we get a relative
intensity of the 691-keV EO transition in the ?As — "*Ge
decay that is a factor of 3 lower than previously measured
and similar to the one obtained for >Ga — ">Ge decay. For
the 7?Se case, this is the first direct measurement of the EQ
transition intensity studied in the 7>Br g decay. We have also
determined the relative branching of the £2 and EQ transitions
deexciting the 937-keV 0" state. The results on the intensity
of the EO transition and the EQ/E2 ratio of intensities ob-
tained in this work by conversion electron spectroscopy agree
with previous ones obtained by y -y coincidences.
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