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High-spin study of rotational structures in "?Br
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High-spin states irigBrw were studied using th&Ca(3Ar, 3pn) reaction. The existing level scheme has
been significantly modified and extended. Evidence has been found for a spin reassignmehttofthd
previously observed negative-parity band, which carries implications for the interpretation of a signature
inversion in this structure. One signature of the previously assigned positive-parity band is interpreted as
negative parity and has been extended %e(22") and its signature partner has been observed ulf to
=(19") for the first time. The remaining positive-parity band has been extend&@=t@9*). A sequence of
states observed t#G=(22") may be the signature partner of this structure. Configurations have been assigned
to each of these three structures through comparisons to cranked Nilsson-Strutinsky calculations.
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I. INTRODUCTION ration andn is the number oy, neutrong In the present
. . study, we find evidence that all the states in both signatures
The A~70 mass region h.as revgaled_ a conS|derabI%f this structure should be lowered by one unit of spin. We
amount of nuclear structure information in recent yearsy,ye also extended the structurel fe=(297). The reduction
Much_of_the experimental work in thls region has_ focused on, spin has the effect of inverting the signature splitting,
nuclei lying at or close to th&l=Z line, with particular at- thereby causing a discrepancy with the work of Pleteteal.
tention being paid to searches for signatures of neutronmy
proton pairing and investigations of shape coexistence, shape Two other previously observed bands were assumed to be
mixing, and band 'term|nat|on. The Br isotopes have pIayeQL,ignature partners, and observed ug #418) and (21) [6].
an important role in understanding the phenomena that havehese were tentatively assignedla 3) positive-parity con-
been observed in this region. For example,/%8r [1] evi-  figuration by Plettneet al. [2]. However, our study suggests
dence has been found which indicates that®r@ neutron-  that the even-spin band of this pair has negative rather than
proton pairing strength is weak in comparison to el  positive parity. This band has now been extended up™to
strength at low excitation energy. While {fBr [2] the pres-  =(22"). In addition, we have observed a new band up™o
ence of unpaired band crossings and nuclear triaxiality have (197), which is believed to be the odd spin signature part-
been reported, idBr [3] smoothly terminating bands have ner to this re-assigned negative parity band. The odd-spin
been observed at high spin. These results show that the Bignature of the structure assignét as(1,3) has been ex-
isotopes provide an important testing ground for nucleatended tol"=(29") in the present work. Furthermore, in the
structure models. The present work focuses on the detaileﬁigh-spin rangel > 21) we believe that this structure has a
spectroscopy of ‘Br and reveals some conflicts with previ- (33 configuration. A second new band has been observed

ous findings. o _up to17=(22%), which is tentatively assigned as the even-
The high-spin structure d?Br has been studied in previ- spin partner of thé1,3) configuration.

ous works[2,4-8. A signature-split negative-parity structure The data obtained in the present work are compared with

had been establishgd] up to17=(26") and was assigned a the results of CNS calculations. These are found to have only

2,3 conﬂggranon. [I_n th? cranked Nllsson—Strutlnsky moderate success in explaining the observed structures and
(CNS) formalism, configurations are labeled by the notationair properties.

(p,n), wherep is the number ofyy, protons in the configu-
Il. EXPERIMENTAL DETAILS AND DATA ANALYSIS

States in?Br were populated via th&Ca(*®Ar, 3pn)"2Br
*Electronic address: christopher.oleary@physics.org reaction at the Argonne National Laboratory. At\r beam
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of energy 145 MeV from the ATLAS facility was incident lish the positions ofy rays within, and between, the various
upon a 390ug/cn? thick “°Ca target sandwiched between bands.
two strips of gold of 113ug/cn? (front) and 97ug/cn? A two-dimensional2D) array was also built using events
(reap thickness. in coincidence with three protons and one neutron. Events
v rays were detected using the AKBVMASPHERE [7] from detectors situated at angles70° and>110° were in-
germanium-detector array. Light charged-particle evaporatesremented on the axis, while those from 70& §<110°
were detected in the MROBALL [8] device surrounding the were incremented on thg axis. Intensities of peaks in pro-
target, and neutrons were detected in the neutron $8Ell jected spectra from each axis were measured and expressed
mounted at forward angles-ray events detected in prompt as a directional correlation from oriented statB€O) ratio
coincidence with three protons and one neutron were used 3.0], Roco=INty gate/ INtx gatg- SPECtra were generated from
build a three-dimensional arracube. The trigger condi- these 2D arrays by requiring coincidences with the lower
tions used in the experiment were four suppresgedys in  part of each band structure. For bands 1 and 2 the 660, 763,
prompt coincidence or two suppressgdays in coincidence 996, 867, and 1036 keV transitions were used, while for
with an event in the neutron countdthe event threshold on bands 3, 4, and 5 the 270, 353, 730, 841, and 1049 keV
the neutron counters being set equal to)orféhese data, transitions were used. Using this information it was possible
along with the relative peak intensities, were used to estalto distinguish betweem—|-2 (stretched quadrupoleand
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FIG. 2. y-ray spectra for bands 1 and 2 1fBr. (a) Band 1: A FIG. 3. y-ray spectra for bands 3 and 4 ifBr. Band 3: A sum

sum of double gates from the cube on every combination of thef double gates between the 398, 323, and 353 keV transitions and
763, 996, 1156, 1239, 1404, 1563, 1769, 2083, 2517, and 3069 kethe 645, 1037, 1300, and 1190 keV transitions. Band 4: A sum of
transitions.(b) Band 2: A sum of double gates from the cube on double gates between the 398, 323, and 353 keV transitions and the
every combination of the 867, 1036, 1202, 1385, 1433, 1598, 19611143, 1670, 1833, and 2057 keV transitions.
2442, and 2991 keV transitions.

spin and parity angl to the populated state spin and parity.
| —1-1 (stretched dipolg transitions. Known stretched In both cases the subscriptefers to the order of occurrence
quadrupole transitions were found to have DCO value®f that spin/parity combination. Data for states which are not
around 1.1, while stretched dipoles have a value of 0.7. Peagrouped into bands are presented in Table IV.
intensities were also measured in the full projection of each The level scheme of Fig. 1 represents a significant modi-
axis of the matrix and their ratio expressed in the fokmn  fication to previous work and the reasons for our changes are
=Inty prop/ INt(y prop- Here, stretched quadrupole transitionsd_iscussed below. Note thatl state_s have tentative_spin as-
were found to have ratios of 0.9, while stretched dipolesSignments as the ground-state spin has not been firmly estab-
have a value of 1.2. lished[4]. With this in mind, spin assignments have prima-
rily been based on the experimentally measured DCO ratios
given in Tables |-V and on the assumption that the ground-
state spin ha$™=3".

The level scheme derived from the current analysis is The DCO ratios indicate a multipolarity change from pre-
shown in Fig. 1. States have been grouped into six bandgous work for several transitions. For example, the
(labeled 1-6 Bands 1,2 and 3,4 are believed to be202 keM3;— 2)) transition, which was previously assigned
signature-split rotational structures. We have also tentativelas anE2 vy ray [2], is how assigned abl1, since it has an
assigned bands 5 and 6 as signature partners, though tRgco of 0.86. Similarly, the 654 ke\W(8,— 77) is found to
evidence for this is much weaker than in the other two caseshave a DCO value of 0.64, which again is inconsistent with

y-ray spectra obtained from double coincidence gates othe previousE2 assignment.
the Jon-gated cube are shown in Fig. 2 for bands 1 and 2, Comparisons betweegpray intensities for bands 1 and 2
Fig. 3 for bands 3 and 4, and Fig. 4 for bands 5 and 6.  in Table | and those for band 5 in Table Ill show that at low

Data for transitions and energy levels shown in Fig. 1 arespins band 5 is populated more readily than either bands 1 or
presented in Tables I-IV. Table | shows data for states ir2, and is the yrast structure te- 17. This would be surpris-
bands 1 and 2, Table Il for those in bands 3 and 4, andhg if the level scheme from previous wofR] were correct
information on states in bands 5 and 6 is presented in Tablas it shows bands 1 and 2 to be lower in energy than band 5.
1. In all these tables the notatiqff; refers to the initial state In that work noy-ray intensity information is reported, so a

IIl. RESULTS
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seen in Figs. 1 and 2 of Mdllest al. [16]. In these figures,

the energies of nuclear ground states are compared, but one
might similarly compare the energies at some fixed spin
value. This quantity is also expected to vary smootfay
least for collective rotation One difficulty for nuclear
ground states is that a pairing energy must be added so that
even, odd, and odd-odd nuclei are treated on a somewhat
different footing. This often leads to a “zigzag” behavior in
1500 2000 2500 plots of the experimental shell energy, but with increasing
spin, pairing becomes less important and should be negli-
gible at very high-spin values. Therefore, when comparing
the total energy of very high-spin states, the total energy of
even, odd, and odd-odd nuclei is expected to vary smoothly
if the pairing energy is not included in the macroscopic en-
ergy. This was exemplified for dysprosium and erbium iso-
topes in Ref.[17] and will be studied in more detail in a
forthcoming publicatior{18].

A comparison along these lines has been carried out for
0Se, 2Br, and "Kr in Fig. 6. These three nuclei havwe
-Z=2(T=1) and so they should have similar values of the
Wigner energy(the [N-Z| dependent term in macroscopic
mass mode)ls As we are mainly interested in high-spin
states, no pairing has been included in the macroscopic mass
formula which corresponds to the finite-range droplet model
(FRDM) of Mdller et al.[16]. The ground states of the even

0 200 400 600 800 1000 nuclei are then plotted at their experimental shell energies
Energy (keV) while the ground state of the odd-odd nucleus is lifted by the
pairing terms of the FRDM model relative to the standard

FIG. 4. y-ray spectra for bands 5 and 6 {fBr. Band 5: Asum definition for the experimental shell energy, i.e., By+A,
of double gates on every combination of the 1049, 1131, 1256, 5np using the notation in Ref16]. This energy amounts to
1378, 1612, 1942, 2027, 2092, 2294, and 2576 keV transition52_52 MeV for 72Br. The energy of the higher-spin states are
Band 6: A sum of double gates on every combination of the 1449,y yiotted relative to this even-mass FRDM reference. We
1451, 1649, 1790, and 1991 keV transitions added 1o & sum Qe that already thé=12 state is built at a similar total

double gates between those transitions and the 660, 793, 996, ag ergy for the everf®Se and”Kr nuclei and the odd-odd

1126 keV transitions. "?Br nucleus which thus shows that they have similar pairing
direct comparison is not possible. It should be noted thagnergies and suggests that the pairing energy is more or less
there is a potential problem in extracting the relative inten-negligible at this spin value. We also expect that for higher-
sities of bands 1,2 and band 5 since they are not linked. Ispin values, the energy should vary continuously frif®e
the present work the intensities of each of the bands werto "?Br to "“Rb. Since the transition energies become quite
measured from double coincidence data, using all possiblerge relative to the unevenness, it should become possible to
combinatorialy pairs in each band. Since there are a similarfix the spin values in one nucleus if the spin values of its
number of coincident transitions in the bands, and bearing imeighbors are known. Noting that in Fig. 6 the energy varies
mind the trigger and sorting conditions discussed above, onemoothly only for the full-drawn linegcorresponding to the
might expect the measurement method to have little effect otower-spin values of our new interpretation for bands 1 and 2
the relative intensities of the bands. in "?Br), we suggest that the level scheme shown in Fig. 1
In order to provide further support for our assignments wehas the correct spin values for bands 1 and Z@r, and that
have made a comparative study between excited states the values presented in earlier wdi{ are % too high.
?Br and other odd-odd, even-mass isotopes of bromine. The spins of bands 4 and 5 remain the same as assigned in
These are shown in Fig. 5, where it can be seen that oysrevious work. We note that band 4 is the yrast structure for
interpretation(i.e., lowering the spins of bands 1 and 2 by | <10, which seems to more readily agree with ouri+#&-
1%) appears to fit the systematics more readily. assignment to bands 1 and 2. There are several transitions
A more complex comparison has been made to nucletonnecting bands 3 and 4, and bands 4 and 5 at low spins. It
with the same isospiiT=1). The difference between the had previously been assumed that band 4 was the positive-
experimental mass of a nucleus and the mass calculated inparity signature partner to band 5, but the similarity in
liguid drop or droplet model is referred to as the “micro- energy-level systematics, coupled with the cross-talk be-
scopic energy” or the “experimental shell energy.” This dif- tween bands 3 and 4, leads to the suggestion that they are
ference generally varies in the approximate range —10 Me\signature partners.
to 5 MeV, with the large negative values found around dou- The spin assignment of band 6 is somewhat tentative. It
bly magic nuclei. Away from closed shells, this shell energyfeeds into the 13 state of band 1 through a transition of
varies smoothly as a function of neutron or proton number a§449 keV. This band is populated very weakly, and so it is
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TABLE |. Spins, y-ray and level energies, intensities pfrays with initial state energy, and spin and
populated state spin for bands 1 and 2. The energies are given in keV.

il Ew E, * I, * i Roco + Ar *

(3%) 333 201.8 0.1 28.8 34 (29 0.86 0.06 1.01 0.09
115.1 0.1 12.5 1.4 (31 0.76 0.04 1.30 0.05

(5) 659 1922 01 22 01 (5)
325.8 0.1 26.2 1.1 (3) 1.14 0.06 0.93 0.07

(70 958 490.6 0.1 10.1 05 (5) 1.03 0.04 0.96 0.02

(7 1319 570.3 0.1 6.3 03 (55 1.33 0.07 0.88 0.03
659.8 0.1 18.1 0.7 (5) 1.92 0.08 0.90 0.02

(83) 1611 653.6 0.1 13.2 05 (77) 0.64 0.03 1.25 0.02
895.7 0.1 9.9 0.4 (67) 1.30 0.03 0.89 0.02

(97) 2082 763.2 0.1 21.4 0.8 (7,) 1.25 0.03 0.55 0.02
894.0 0.1 21.9 0.7 (73) 1.05 0.21 0.89 0.02

(10;) 2479 867.3 0.1 27.8 09 (8) 1.23 0.05 0.97 0.03

(1) 3077 995.8 0.1 40.4 1.3 (9) 0.83 0.09 0.91 0.02

(12) 3515 1036.4 0.1 27.7 1.0 (10) 1.07 0.03 0.98 0.02

(13) 4203 1126.0 0.1 31.1 1.1 (11)

(14;) 4717 1202.3 0.1 19.2 0.7 (12) 1.30 0.03 0.80 0.01

(15) 5324 1120.3 0.1 16.5 0.7 (13)

(16;) 5991 1273.3 0.1 10.4 04 (14) 1.40 0.07

a7 6562 1201.3 0.1 6.5 0.3 ('73) 0.80 0.01
1238.9 0.1 12.5 05 (15) 0.69 0.03

(18)) 7376 1384.7 0.1 9.9 0.4 (16))

(19) 7966 1404.1 0.1 17.9 0.6 (17) 1.03 0.04 1.24 0.03

(20)) 8808 14325 01 89 04 (18)

(21)) 9529 1563.0 0.1 10.1 04 (19) 0.99 0.04 0.96 0.02

(22)) 10406 1597.7 0.1 7.6 0.3 (20) 1.11 0.03

(23) 11298 1769.0 0.1 6.2 0.3 (21) 0.95 0.02 0.95 0.02

(24)) 12367 1961.2 0.2 2.5 0.2 (22) 1.05 0.03

(25,) 13382 20834 02 35 02 (23)

(265) 14809 24417 05 11 01 (24) 117 0.04

(27) 15899 2516.9 0.8 0.9 0.1 (25) 1.08 0.04

(28) 17800 2991.0 1.3 0.1 0.0 (26)

(29) 18967 3068.6 1.8 0.3 0.0 (27)

unlikely that the 5652 keV sta_te hés 14 as it woulq make _ (V) _ Epack— Etront
band 6 compete favorably with band 5. The assignment of F.= o - 2E,cogg) Ve (1)

band 6 as the signature partner to band 5 is largely due to the
CNS calculationgdiscussed below

The residual Doppler shift attenuation methi@l] was  whered is the mean angle of the detector rings agds the
used to plot curves oF . versusy-ray energy. Two spectra initial velocity of the recoiling’?Br nucleus(assumed to be
were created using thep8 particle gate and gated on the 0.04%&).
lowest few transitions of each of bands 1 and 2 in detectors ExperimentalF_ values were calculated using standard
in rings at(a) 70° and 79%forward anglesand(b) 110° and  stopping power$22] for variousQ; values for bands 1 and 2.
101° (backward anglesto the beam direction. The relative A Q, of about 2.2e b (which corresponds to a quadrupole
Doppler shifts((v)) of transitions deexciting high-spin levels deformation ofe,=0.30 if y=0° is assumedis found for
in these bands at these angles were measured by determinisigites in the 17 to 214 region in band 1see Fig. {@)].
the energy of peak centroids in these specfg, and There is, however, some evidence that a slightly lo@er
Erormard)- If Ep is the energy of the centroid measured in thevalue may apply to the highest spins observed in this struc-
total projection(including detectors at all anglewith Dop-  ture. The curve for band 2 clearly falls away from te
pler shift correctiorv.,,=0.039% applied, therF_is given  =2.2 curve above spin Z3ee Fig. {b)]. This again suggests
by that this band has a decreasing quadrupole momehiras
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TABLE II. Spins, y-ray and level energies, intensities pfrays with initial state energy, and spin and
populated state spin for bands 3 and 4. The energies are given in keV.

il Eu E, * I, + i Roco + Ar *
(23) 398 397.9 0.1 325 25 (3{) 0.88 0.03 1.06 0.03
179.0 0.1 4.5 04 (3) 0.75 0.04 1.21 0.04
274.2 1.0 10.4 0.8 (2{) 0.90 0.03
(43) 668 124.0 0.1 7.1 0.3 (5{)

201.1 0.1 7.9 04 (5) 0.87 0.33 1.57 0.28
269.8 0.1 49.8 1.7 (2) 1.00 0.01 1.00 0.01
378.5 0.1 21.0 07 (3) 0.64 0.03 1.15 0.02
438.2 0.1 8.7 04 (47 1.00 0.04 1.16 0.05

(6,) 991 323.1 0.1 1000 2.8 (4, 1.06 0.03 1.06 0.11
274.2 0.2 1.6 02 (6))

(73) 1259 269.0 0.1 13.3 0.8 (6 1.00 0.01

(87) 1344 353.1 0.1 89.2 28 (6 1.16 0.03 093 0.03

(9 1988 644.6 0.1 12.3 0.6 (8) 0.72 003 064 0.19
729.7 0.2 4.5 03 (73 1.33 0.12

(10)) 2185 841.4 0.1 48.5 1.7 (8) 1.34 004 039 0.01
738.1 0.2 4.3 03 (9 0.68 0.06 1.15  0.03

(11) 3026 1037.2 0.2 12.7 0.7 (9 0.81 0.11 098  0.02
840.1 1.0 3.6 04 (10)

(12) 3328 1143.1 0.1 24.1 0.9 (10y)

(13) 4326 1300.0 0.3 10.2 0.5 (11) 0.91 0.04 078 0.01

(147) 4714 1386.1 0.1 16.4 0.7 (12)

(15;) 5515 1189.5 0.8 8.1 04 (13) 1.05 0.01

(16,) 6240 1526.7 0.1 13.7 0.6 (14) 0.81 023 098 0.02

(17;) 7048 1532.4 1.0 35 0.3 (15) 2.26 1.42

(18) 7911 1670.2 0.2 6.9 0.3 (16) 1.12 0.05 1.10  0.03

(19) 8803 1755.0 1.0 2.0 02 (17)

(207 9744 1833.1 0.6 1.5 0.2 (18)

(22) 11800 2056.7 1.0 0.7 01 (20)

creases. Unfortunately, it was not possible to extract reliabléands in"?Br through a comparison of experimental energies
F, curves for any of the other bands. minus a rigid rotor reference energ®.025941(1+1)]) as a
function of spin[Fig. §a)], with the equivalent information
from CNS calculations, see Fig(l8. For bands 1 and 2 the
previous[2] (2,3) configuration is retained, while ¢3,4)

In the present work, we have compared the experimentatonfiguration seems most plausible for bands 3 and 4. Band
rotational bands with the results of cranked Nilsson-5 appears to evolve from(@,3) configuration at low spin to
Strutinsky (CNS) calculations using the modified oscillator a (3,3) configuration at high spin. Band 6 is tentatively as-
potential. The theoretical formalism is reviewed in R&B]  signed as the signature partner of band 5. These assignments
and we have used thhe=80 parameters of Galeret al.[24].  provide a reasonable level of agreement between experiment
These calculations are carried out with no pairing whichand theory insofar as the relative positions of the configura-
means that they should not be used for detailed comparisoni®ns are reproduced. A more detailed discussion of the as-
with experiment at very low-spin values. Indeed, the calcusignments and the ability of the CNS calculations to repro-
lated equilibrium configurations are oblate or near-oblate aguce the observed data is presented below.
low and intermediate spin. We will however concentrate on
spin values higher thah~ 12, where collective configura-
tions with near-prolate equilibrium shapes are calculated to
be lowest in energy. These configurations evolve towards The Q values calculated as a function of spin within the
noncollective oblate shapes when they approach their maxeNS model are shown in Fig(@). These predict that both
mum spin values, ~ 30. the =0 anda=1 signature partners of tH@,3) configura-

Configuration assignments have been made to the sition should show a decreasing trend @ as the spin in-

IV. DISCUSSION

A. Bands 1 and 2
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TABLE Ill. Spins, y-ray, and level energies, intensities ¢frays with initial state energy, spin and
populated state spin for bands 5 and 6. The energies are given in keV.

il Ew E, * I, * i Roco + Ar *

(99 1447 103.7 01 307 12 (8) 0.51 0.02 125 0.04

(11)) 2496 311.1 01 194 0.7 (10) 0.81 003 128 0.03
10494 01 341 12 (9) 1.26 003 074  0.03

(13 3628 299.2 0.1 7.9 0.3 (12) 133  0.05
11314 01 458 15 (1)

(14;) 5652 1449.0 06 2.6 0.2 (13)

(15) 4884 171.4 0.1 3.2 01 (14) 1.23 0.04
12562 01 299 1.0 (13) 1.22 005 111  0.03

(167) 7103 1451.0 0.8 1.2 0.2 (14)

7y 6262 13780 01 260 09 (15)

(18) 8752 1649.1 1.0 0.9 0.1 (167)

(19) 7874 16117 01 118 05 (17 1.17 0.04 1.00 0.03

(207) 10542  1769.0 0.4 0.4 0.1 (18)

(217) 9816 19423 0.2 5.8 0.3 (19) 1.05 0.06 1.23  0.03

(22) 12534 19914 1.6 0.6 0.1 (20 1.07  0.04

(23} 11843  2027.0 0.3 35 0.1 (217) 129  0.03

(25;) 13936  2092.4 0.4 25 0.2 (22) 0.85  0.02

(27 16230 22940 0.8 0.9 0.1 (25) 122  0.04

(29 18806 25758 2.4 0.2 01 (27)

creases and that the=0 structure should have a lower ab- one might expect that they fail to describe the detailed fea-
solute value than its signature partner. The experimentalres at low to intermediate spins. On the other hand, one
results for bands 1 and 2, including the magnitude of thecould reasonably expect better agreement between experi-
experimentally deduceq, aroundl ~ 20, are consistent with  ment and calculations fdr=15-25. Thus, under the assump-

the calculations. tion that the present spin assignments are correct, further

~ In nuclei, it is common that one signature of a configura-york is clearly needed to see if other theoretical approaches
tion is “favored,” or lower in energy, with respect to the

other. The scaled energy difference between one signature of TABLE IV. Spins, y-ray and level energies, intensities pfays

a given configuration with respect to the other is plotted agvith initial state energy, and spin and populated state spin for non-
(Eqy—Eq-1)/2l in Fig. &c) as a function of. Normally this ~ grouped states. The energies are given in keV.

quantity increases with spin due to the action of the Coriolis -
force, but in Fig. &) we can see that for bands 1 and 2 thereiln Ew E 1, * 7 Roco = Ag 2
is a “signature crossing” or “signature inversion” &t (27) 131

— ; ; ; 1

_.(15‘). In cases where h|gj1-part|cles are myolvgd such (?D 124 1240 10 114 1.1(3) 141 0.03
signature splittings have variously been described in terms 0(3_) 218 867 01 13.7 1.1(1) 182 0.07
triaxial deformationg25] or the residual interaction between ™1 : ' I : :
high particles[26,27. In the case of?Br, the parity is (G0 0

negative which means that only ogg, particle is involved. (41 229 228.6 0.1 9.1 1.1(3;) 0.80 0.5 1.29 0.09
The signature crossing/inversion was observed in previougt) 403 1844 0.1 19 0.6(3) 111 0.04
work [2] and was reproduced by CNS calculations in which(3}) 289 289.0 0.1 24.3 1.1(3]) 0.79 0.05 1.00 0.02

(3
(3
(3
a self-consistent deformation was calculated independenfcl(ggi) 467 249.2 0.1 26.7 0.9(3) 1.06 0.02
for each_ st_ate. These deformatlor_ls sugg_ested an evolution 1359 0.3 32 0.1(3;) 084 0.04
frpm at(laxuillly deiformed shape W|t_h rotation about the me—(SD 544 2544 01 86 05(3) 098 0.04 1.25 0.07
dium axis(y=-10°to— 159 at low spin to rotation about the ~~* <
small axis(y=+15°to+209 at high spins. It was noted that (5) 748 3460 0.2 24 0'1(4}) 0.86 0.06 0.74 0.02
this shape evolution was a requirement for the CNS calcula- 4162 03 22 01(3) 0.70 0.02
tions to reproduce the observed signature inversion. (6) 716 248.0 0.1 13.4 1.4(5) 1.06 0.02
Our -14 reassignment to bands 1 and 2 means that at low7;) 1187 4711 0.1 14.4 0.4(6;) 0.73 0.14 0.92 0.03
spins thea=1 signature is now higher in energy than the 528.8 0.1 7.5 0.2(5) 0.60 0.03
a=0 and vice versa at higher spins. This is opposite to the?;) 5361 1156.0 0.2 9.8 0.513)
results obtained in the CNS calculations. However, we notg;?) gogg 1847.3 0.2 3.0 0.416))
that since the calculations were performed without pairing—
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FIG. 5. Comparisons between states in bands 1 and’ZBofto 0.95

equivalent states if*Br [11,12 and "®Br [13-15. Solid lines rep-

resent the energy of each state and dotted lines connect states of the

same spin in each isotope. The dashed lines indicate the positions of

states in"?Br under assignments made in previous wfZk 0.90

can describe this phenomenon. It is interesting to note that in 1.2 Ee M ‘2\'/0 2.4
very recent worK28] it is suggested that the signature inver- nergy (MeV)
sion in the positive-parity yrast band &Rb may be under- T 7T T T T 1
stood if the quadrupole deformation is assumed to be prolate | (©)
below the inversion point, triaxial at the inversion, and oblate
above it.

The large signature splitting at high spins in bands 1 and
2 [Fig. 8@ abovel™=247] is not reproduced by the CNS 2

0 <23>0=1| 4
00 <2,3> =0

calculations. However, they do correctly predict that the —.20F ]
=1 signature should be the lowest at the highest spins. 5 .
24 151 .
| —... 1=28 - .

l=26 ___ " qjob——t 111

8 12 16 20 24 28 32

FIG. 7. H7) curve for bands in?Br. Experimental points are
symbols only. Representative curves fremmMe [22] are shown as
lines with correspondind); indicated in the legend. Points are
marked with the spin and parity of the state, the appropratay
deexcites. Fo(a) band 1,(b) band 2.(c) CNS predictions foQ; as
a function of spin for both bands.

Figure 9 shows th&™ moment of inertia for all three
structures as a function of the rotational frequency squared,

Excitation energy relative to ground state mass [MeV]

| = w®. The agreement between experiment and theory is clearly
—:fg _ excellent for bands 1 and 2 at high rotational frequencies.
44 |1=4 —
=2 — B. Bands 3 and 4

The A possible assignment for bands 3 and 4 i8a4) con-
0 figuration as suggested in Fig. 8. In a recent conference pub-

lication [29] the existence of twg3,4) configurations in

T . )
of parity) in 7?Br, %Se[19], andKr [20]. States i'°Se. 7Br, and O IS discussed. The first has a lower deformatien
Kr have been adjusted by 1.330 MeV, 4.687 MeV, and~0'28) and is the_conflguratlon_shown In F'g_(tﬁ' The
2.111 MeV, respectively, so that they are all plotted relative to the>6cONd has a similar configuration, but also involves two
even-nucleus energy at the spherical shape of the FRIBM Solid ~ Proton and one neutron hole in the strongly up-slopiag a
lines represent the energy of each state and dotted lines conné(&nCt'Qn of quadrupole deformat@rfm orbital. This con-
states of the same spin in each nucleus. The dashed lines indicdiguration has a brokefNi core and a larger deformation
the positions of states if?Br under assignments made in previous (¢2~0.38. This is referred to as th¢3,4)* configuration
work [2]. [29]. The disappearance of the signature splitting near

FIG. 6. Comparisons between even-spin, yrast stasgmrdless

034316-8



HIGH-SPIN STUDY OF ROTATIONAL STRUCTURES IN2Br PHYSICAL REVIEW C 69, 034316(2004)

32 T T T T 7 T T T
-] i (a) . ©—@ Band 1
e, O—O Band 2
281 - ", -— <23>a=1 _]
24| —
= _
©
= ] 201 o
7
—_— L 1 N 1 2 1 L | L
= %0 0.5 1.0 15 2.0 25
> 1 = —_————
Lo %, 281-(b) =W Band3
o = O—0 Band 4
- o~ TN - <345 a=1
L?'J - < K o <B4>a=0 ]
® <2,3> o= 224 7]
0 <2,3> a=0 LI.J Rl 2
2 m <3,4> o=1 Y = = "u...-‘.‘
0O <3,4> a=0 |.\\|.|/
A <3,3> a=1 — | ]
A <3,3> =0 i 20
0 — — o . . .
(c) 0.0 05 1.0 1.5
< 28 T T T T T
> \
o 30 - (c) \ A—4 Band5
:z/ - 2 £&—A Band 6
—_ i \\ N e <1,3>0=1
Q XN ,’ Sa - = <33>0=1
=201 ? 7 24| o W S e 88000 ]
< * @@ Band 1 et N ~
L OO Band 2 :
' Bl Band 3
w- 10 00 Band4 |
~ - <23>a=1
- <2,3>0=0 20
0 1 1 | 1 | 1
0 5 10 15 20 25 30 .
| 0.5 51.0 515 2.0
. . . - o (MeV/h)
FIG. 8. Level energies relative to a rotational liquid drop refer-
ence energy fo(a) e.xperimentall dgta(b) Re§ults from CNS calcu- FIG. 9. (a) Plot of 3=(21-1)/(E)-E-») vs angular fre-
Iathns.(c) Plot of signature-splitting Vs spin for bands 1, 2, 3, and quencyw=(E,~E_p)/2 squared for bands 1 and(®) For bands
4 with a comparison to CNS calculations for bands 1 and 2. 3 and 4.(c) For bands 5 and 6. Experimental data are symbols and

solid lines, results from CNS calculations are shown as dotted,
=(16) may indicate that bands 3 and 4 evolve fron3a4) dashed, and dot-dashed lines.
configuration at low spin to thé3,4)* configuration at
higher spins, where the zero signature splitting is determinetetween the different subshells at high rotational frequencies.
by the f;;, neutron orbital. We note, however, that at low However, thel=27,29 states of thél,3) configuration are
spins thea=1 signature of thg3,4) configuration is pre- calculated to reside so high in excitation energy that we be-
dicted to be lowest in energy from the CNS calculations lieve that band 5 cannot have this configuration for these
while experimentally it is thex=0 signature that is the low- spin values. Instead, a comparison between the data and the
est and hence there is some discrepancy between the CNGNS calculationg(see Fig. 8 suggests that band 5 has a
calculations and experiment at low spins. It would clearly be&(3,3) configuration at high spin. The change in slope in the
useful to have lifetime data for these states in order to be ablgalculations for this configuration near spir(21) in the
to check the tentative assignments above. If the interpretatiop=1 band corresponds to a change in triaxial deformation
is correct one would expect a significant enhancement in thfom -15° to +15°. The experimental data clearly show a
deformation for both bands above(16). Figure 9b) shows  similar behavior at around the same spin, suggesting that the
a modest level of agreement between the shape of the expefiredicted shape change for this configuration may be ob-
mental and theoretical™ moments of inertia for bands 3 served experimentally. However, it is more likely that the

and 4 at high rotational frequencies. observed change in slope in Figayis due to a configura-
tion change from(1,3) (at low sping to (3,3 (at high
C. Bands 5 and 6 sping. This latter proposal gains further support from the

. . behavior of theJ¥ values shown in Fig. @).

From the present work we believe that the previous as- The CNS calculations in Fig.(B) provide tentative evi-
signment of &1, 3) configuration to band 5 cannot be correct gence in support of assigning band 6 to be the signature
at high spin because t&,3) configuration has a maximum partner of band 5. This is based on the fact that the energy
spinlma=27. In the present work this structure is not calcu-splitting between the two bands is comparable in both the
lated to terminate at=27 because of the strong coupling calculations and the experimental data. However, the fact
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that band 6 prefers to decay to a negative-parity structurposed in a previous work—most significantly with the pre-
(band ) clearly detracts from this argument somewhat. viously observed2,3) structure, which we suggest is one
unit of spin lower than hitherto thought. The new assignment
has far better agreement with the expected systematics. This
mandates further investigation into the description of the sig-
In summary, we have investigated high-spin stateSam. nature inversion observed in this structure. Additional work,
A total of six rotational bands have been observed. Theysing a range of theoretical approaches, is desirable in order
have been grouped into three signature partner split band9 try and understand the properties of the observed bands
with configuration assignments ¢2,3) for bands 1 and 2, and to confirm their configurations. This nucleus would ap-
(3,4 for bands 3 and 4, andlL,3) for band 5 at low spin, Pear to provide a challenging testing ground for state-of-the-
evolving to a(3,3) configuration at high spin. A sixth band is &'t nuclear structure models.
tentatively assigned as the signature partner of band 5. We
note that while the CNS model appears to have some success
in explaining the observed bands and their properties, it also This work has been partially supported by the UK
has some problems. This is particularly intriguing as theEPSRC, the NSERC of Canada, the Swedish Research
model has worked well for other nuclei in this regiegg.,  Council, and the U.S. DOE under Contract Nos. DE-FG02-

the isotone’Kr [30] and isotope”Br [3]). We have found 95ER-40934, DE-AC02-76SF-00098, DE-FG02-88ER-
several differences between our level scheme and that pra0406, and W-31-109-ENG38.

V. SUMMARY
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