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B decay of theT=0 isomer in the N=Z proton drip-line nucleus "°Br
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We have investigated thg decay of theT=0, T,,~2.2 s, isomeric level in the self-conjugate odd-odd
nucleus’®Br. The observe@-delayedy rays in the daughter nucled®Se and the deduced decay properties of
the isomeric level allow, in conjunction with results from the deformed shell model, a spin and parity assign-
ment of J”=9" and suggest a structure pi{404]9/2" v[404]9/27}9". The allowed unhindereg decay of
the isomer, possibly oblate deformed, proceeds to four-quasiparticle stafiSein

PACS numbe(s): 21.10.Hw, 23.20.Lv, 27.58-e, 29.30.A]

We report the first spectroscopic study of felelayedy  thick “°Ca target was sandwiched between two gold layers of
(By) decay of theT =0 isomeric level in the odd-odd, self- 42 5 ug/cn? (exit) and 425ug/cn? (entrance By gradually
conjugate nucleu$Br, which is the lightest particle-stable increasing the beam intensity on target, we were able to op-
isotope of broming1]. The study of nucleaBy decay pro-  erate at beam currents as high as 36 pnA at the end of the 21
vides nuclear structure information on the decaying level ang, beam-on-target time. The cross section for the production
on the final states in the daughter nucleus. In the case of the: 705, in the 40ca@?s,pn) reaction was calculated to be
7omBr. qecay, both are Qf interest: the Nilsson d?agram 09,54 mb at the midtarget beam energy of 95 MeV by using
nuclei in the fpg shell is characterized by rapid shape the fusion-evaporation codevAp [6] with the experimental

changes as a function of proton and neutron number. Thgnd extrapolated nuclear masses giver{7h Experimen-
dependence of nuclear deformation on the nucleon number 5

especially dramatic for self-conjugate nuclei, where the pro—a"y’ a I_ower limit in th_e order of 7_Q¢b was derived for the
ton and neutron shell gaps reinforce each other. Here, th roduction of theT =0 isomer. We investigated the decay of

dependence of the shape of the nucleus as a whole on thae T=0 isomer at the recoil mass spectromeMS) [8],

shell-model orbitals of the unpaired proton and neutron may'hich was tuned in a charge-state diverging mode to trans-
be studied. The determination of the microscopic structure i€0't MassA=70 nuclei in the charge sta@=15" to its
a necessary step towards this goal. The decay daudfger, final focus. There, the activity was implanted into the trans-
is located in a region where shape coexistence was first efort tape of the moving tape collecttiTC) [9], which was
tablished in the realm of medium-heavy nudj. However, operated with 4-s cycle time to maximize the collection and
the exact nature of the coexisting structures is still unknowrcounting efficiency for the 2(2)-s [3] isomer. The short-
after almost three decades of research. Thisdecay study lived T=1, T,,=78.54 ms’°Br activity decayed during the
clarifies the microscopic composition of tH8Se daughter transport time of approximately 0.5 s. The tape carried the
levels and provides nuclear structure information exceedingsomeric component to a detection station consisting of four
that previously obtained by in-beam studies. segmented clover germanium detectors in a close, crosslike
An isomeric level in"®Br was first reported by Vosicki geometry with ay-photopeak detection efficiency between
et al. [3]. They used a halogenide-selective ion source ir6.9% at 100 keV and 2.8% at 1300 keV. Coincidences be-
conjunction with a mass separator in order to identify prodtween signals of two different clover detectors were inter-
ucts of proton-induced spallation reactions. They observed preted as true coincidences and recorded as welsisgles
B spectrum related to an activity with a half-life df;,, events, at a reduced rate, for the purpose of background de-
=2.2(2) s[3] in the massA= 70 isobars and attributed it to termination.
the decay of an isomeric state iPBr. Based on the system-  Analysis of the3*/EC decay of the =0 isomer in’%Br
atics of the odd-odd, self-conjugate nuclides heavier thais based on the-y coincidence and-singles data obtained
8Cu, the isomer was assigned as the lowestO level in  in this experiment as well as on the in-beam level scheme of
"9Br. TheT=1 ground state of®Br hasJ”=0" and under-  '°Se(Ty;,=41.1m[10]), which has been repeatedly investi-
goes superallowed@ decay with a half-life of T,, gated[11-15. The level scheme of°Se adopted in this
=78.54(59) mg4]. No additional information was available paper(see Fig. 1 was obtained in thé°Cal®Ar, a2p) reac-
about the isomeric state or excited levels'tBr [5]. tion by using the OSIRIS spectrometer in a thick-target ex-
Bromine-70 and’®"Br were produced in reactions in- periment[15]. It comprises all transitions so far observed in
duced by a 110-Me\??S beam, delivered by the 25-MV °Se except the deexcitation of a tentative Rvel at 2012
tandem accelerator of the Holifield Radioactive lon BeamkeV by a 1067-keVy ray [13,14]. This level was neither
Facility at Oak Ridge National Laboratory. A 1.19-mgfm confirmed nor rejected in the present work. Figufe) 2lis-
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plays part of the total projection of thgy coincidence ma- lishing g-decay intensities ;. Upper y-ray intensity limits
trix [TP(yy)] obtained in the present experiment. Fiye were determined, which are compatible with zero intensity
rays can be identified as depopulating level$%e, namely for all four transitions. The upper limit for the 348.0 keV
those at 911.7, 944.6, 963.7, 1033.6, and 1093.3 keV.yThe transition is relatively high due to the intense background of
line at 1039.25 keV originates from th@y decay of the’®Br ~ the 511-keV annihilation radiation Compton events,
grand-daughtef®As (T,,=53m) and they line at 1016.04 1,(348.0)<10, therefore alsd ,(1062.0x<5 has been in-
keV stems most probably from th@y decay of the charge-

state contaminanf®As, which is produced in the strong 800 @
40Ca?s,a) channel. The background line at 1120.3 keV is o0 Ton  70e
populated by thé*’Bi By decay in the*®*®U natural decay 8117 || 10833

70ge

1016.04 1033.6 1039.25 '0Se
68Ge  70ge 70ge

chain. They rays in "°Se do not originate from an isomeric
state with a half-life sufficiently long to survive the time of
flight through the RMS of 2.7%s. Such an isomer had been
observed in the thick-target in-beam experimt], where
ungated y-y coincidences and beam-gatedsingles data
were recorded. Furthermore, the decay behavior of 4&ey 300

lines as a function of the time elapsed since tape transport is o0 50 1000 1050 1100

" | 1120.3

Counts / keV

400+

compatible with a half-life ofT{,~2 s. Observation of the

seleniumy rays in theA=70 nuclides confirms the existence Energy [keV]

of the isomeric level and places it through the observed char- 20

acteristicy rays firmly in “Br. The partial-decay scheme (b)  70se 569.0

of the T=0 isomer, derived in this experiment, is shown in ! 70se 690.2

Fig. 3. Gamma-ray and level energies were adopted from
[15]. Gamma-ray intensities, relative to the intensity of the
2, —0; transition, and their combined statistical and domi-
nating systematic uncertainties were determined from
TP(yvy) and are displayed in Fig. 3. The observation of the
yrays of 569.0 and 690.2 keV, which are obscured by back-
ground activity inTP(yvy), was confirmed by gating simul- . . . .
taneously on the four lowest transitions of the yrast band and 530 580 630 680 730
subtracting the background. The resulting spectrum, dis-

played in Fig. 2b), shows thosey rays in coincidence with Energy [keV]

the yrast transitions. Their intensity agrees very well withthe g5 5 (@) Part of a total projection of the-y coincidence
expected number of photopeak events based on the dec@rix. Transitions in"°Se from the™™Br decay as well as from
scheme of Fig. 3 and the experimentafay detection effi-  packground activity are indicatedh) Background subtracted pro-

ciencies. The relative intensitids, of the four y rays of jection of they-y coincidence matrix, gated on the four lowest yrast
348.0, 1062.0, 1168.8, and 1656.2 keV, which are locategtansitions. The previously known 569.0- and 690.2-keV transitions

above the $ , 7., and (8,9) levels are crucial for estab- in "°Se can be recognized in addition to other, unidentified lines.

Counts / keV
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S I 2xns  Urx spectra. Furthermore, the 1063.66 ke\fay (I, =84.18%)

o T-1 75ms 0 from the 2°Bi decay which accompanies the 569.7 keV

L 0By ray (I,=8.79%) is not visible inTP(yy). Likewise, the

S 911.7 keVy ray (I,=100%) from the??®Ac decay should
R be observed together with a 968.97 key ray (I,

=60.8%), which is also absent ihP(yy). Therefore, we

(10%) 56914 im B*/EC g
T Loy s Lusn=075"%  conclude that they rays of 569.0 and 911.7 keV indeed
do s MRS T iseede log(ft) = 4.53) originate from the’®"Br decay. Note that all singly or mul-
s < P ’;W—z'(m tiply gated spectra contaip rays which could not be placed
¥ =2 ¥ w2 in the decay scheme. Th&MBr source strength was not
oy gy MY measured in the present experiment. Instead, it was deter-
pon— mined from the number of 2—0; 1y transitions, since the
¢ 2379 intensity by-passing the;2—0; transition is small, approxi-
10933 9611) Qsc (8:5.) = 10350(420) mately(5—10 % [14]. Hence, the relative-ray intensities of

Al | 944.6 . . . om
p— Fig. 3 correspond to absoluteray intensities per 106°"Br

oV 4Llmin 0 decays. From thesg-ray intensities, g3-decay intensityl
ALmSe_ =0.75(+18 —33) per "™"Br decay to the (8,9) level gt
4604.1 keV was deduced. The uncertainties were obtained
FIG. 3. Partial3-decay scheme of th&=0 isomer in"®8r, by adding the errors off (569.0) and! ,(690.2) in quadra-
derived in this experiment. Observedrays are indicated by full ture and allowing for a possible feeding of the 4604.1 keV
arrows, their energy and their relative intensity. Dotted arrows inlevel through higher lying states of up to 0.15 units. The
dicate weak transitions whose intensity is compatible with zeyo. remainings-decay feeding proceeds most probably through
denotes the absolue-branching ratio relative to on€™Br decay  unidentified levels into the ;7 state at 3913.2 keV, which is
andx is the excitation energy of the isomer. The |‘ﬁg (Jalue of yrast, and channels awayray flux from the ground_state
4.53) assumes ;=0.75(+ 18-33), 0.5 Me\<x<1.0 MeV and  hand, see Ref12]. Note that there is n@-decay feeding to
takes into account the uncertaintiesTin,=2.2(2) s[3] andQec  |evels of the yrast band and thevibrational states on the
=10350(420) keV[7]. The dashed arrows indicate a tentative de-|aft-hand side of the in-beam level scheme. Due to the high
cay path through the,7 level. multipolarity of a possible internal transition deexciting the
isomer, which will be shown to hav@™=9", into the "%Br
cluded in Fig. 3. In order to investigate if the lines at 569.0ground state, no useful upper limit for its excitation energy
and 911.7 keV are caused by background radiation at 569.qould be established based on the experimental half-life of
keV (?°Bi B~ decay) and 911.7 ke\V’®Ac B~ decay), we  2.2(2) s[3]. Instead, the excitation energy of the isomer was
generated gated, background subtragtedy spectra by pro- estimated from the energy systematics of other lowest
jecting a gate—identical to that used in generating the spec=0 levels in the odd-odd, self-conjugate nuclides, which is
trum of Fig. 2b)—at various places in thg-y coincidence summarized in Fig. 4. In the nearly spherical nuéf@a and
matrix. We did not find evidence that background activities®®As, thoseT=0 levels are found at 571 keM™=(1")]
contaminate the background subtracted gated coincidend@6] and at 837.1 or 394.2 keYJ™=(1")] [17]. In the

EfkeV] 4 o
@ 1006

1000 —

FIG. 4. The known lowesT
=1 andT=0 states in the self-
conjugate, odd-odd nuclei of the
fpg shell. For theT=0 levels,
severallJ” assignments are uncer-
tain as indicated by parentheses.

: The placement of the lowest
D 50500 =0 level in%As at 837 keV is not

y unambiguous[17]. For 78y, the
//% T=0 hatched area indicates the possible

excitation energy of the 5 iso-
mer as deduced by it@-decay
properties [19]. For "°Br, the
Cor 1 o w3l hatched area indicates the pre-
—— —i sumed excitation energy of the' 9
E " isomer as used in the text.
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=1,AA=0, An,=0, An=0. See, e.g.[26] for a compila-
tion of data on allowed unhindered transitions from the rare-

earth region. For example, the"/EC decay of***Ho (J”
=5%) to the J™=4", 1694.37 keV level in'®*Dy has a

moderately deformed'Rb the lowesfT=0 level is at 1006
keV [J™=(3")] [18], and it is located below 500 ke\dT
=57") in the strongly deformed®y [19]. The data in Fig. 4
suggest a placement of th&r isomer between 800 keV and
1 MeV. However, theJ™=9" multiplet may be spread in log(ft) value of 4.7. It is interpreted as a spin-flip transition
energy considerably more than its"()land (3") neighbors 7 7/2 [523]v3/2 [521]— v 5/2 [523] »3/2 [521]. The

in ®°As and"“Rb and we assume therefore that the isomer islecay of the 9 isomer does not proceed via the transforma-
located between 0.5 and 1.0 MeV. Tl value of the tijon of the “valence” proton w9/2 [404]— v7/27[404],
isomeric decay was not measured in tf;oe present eXperimergi.nce the expected |arge Sp||tt|ng between %Q and 72
Instead, theQgc (g.s.) value for the™Br ground state gpin-orbit partners together with the pairing gap in the even-
/3_+“_5C decay was taken as 10 3820 keV from the com-  ayen daughter is incompatible with the location of the (8,9)
pilation of experimental and extrapolated madS@sAdding  state at 4604.1 keV. Instead, the experimentalftogalue

the estimated excitation energy of the isomeQig: (9.S.),  can be explained by assuming a spin-isospin flip decay of the
and combining the result with; and Ty, [3], one obtains  esge  (ore 73/27[301]—v1/27[301], and a four-

log (ft)=4.5(3) for the transition to the 4604.1 keV level. quasiparticle (4-qp  configuration ’[{77713/27[301],

The uncertainty of the Idf) value includes the experimental v 12 [301}1%, {mO/2*[404], »9/2*[404]}97]8" for the

and systematical errors of the energy of the SOMeT4604.1 kev daughter level. This suggest¥aassignment of
Qec (9.8.), 1z andTy,.

+
The odd-odd, self-conjugate nucfésc, >°Mn, %Co[10], 8" for thwe 46P4‘1 keV state. N _
66As [17], and78Y [19] have low-lying, isomerid@ =0 states The J™=9" assignment for'™Br indicates that the iso-

with an aligned proton-neutron pair in identical Nilsson or-Mer may carry an oblate deformed component in its wave
bitals. The Nilsson orbitals at and above the Fermi surface d#nction. The Nilsson diagram shows the hight404]9/2"
N=z=35 are[301]1/2", [301]3/2", [303]5/2", and the oOrbital downsloping with decreasing quadrupole deformation
low-spin, positive parity gg, orbitals for prolate and B2 favored by an oblate deformed shape of the mean field.
[310]1/2", [301]3/2", and the high-spin positive-parity,, Total Routhian surface calculations f#iSe[15] suggest the
orbitals for oblate deformation, with3,| around 0.2—-0.3; presence of a collective oblate component in the low-spin
see, e.g.[20] for the Nilsson diagram of thépg shell. The  region below the § level. This component disappears near
presence of 1/2, 3/2", 5/2°, and 9/Z orbitals at low ex- the 8/ level as a function of rotational frequency and a non-
citation energies was experimentally verified in the prolategollective oblate structure emerges, which competes at
deformedN =35 isotones™Zn, ®'Ge, and®*Se, where the higher spins with a prolate collective structure. The prolate
three odd parity levels are located within 125 keV above thelective structure was interpreted as the upper portion of
ground state and the 9/2evel descends from 1065.5 t0 574 the ground-state band. The noncollective oblate structure
keV with increasing proton numb¢e1-23. Also, the low- a5 dentified with the levels on the right-hand side of the
energy structure of the light odd-even bromine isotopes i§y_ heam level scheme of Fig. 1. Evidence for the latter as-
cha+racter|zed by low-lying 1]2 3/27, apd_5/2 levels and a signment was the existence ofJd=(13"), 7=2.3(3) ns,

9/2" state at somewhat higher excitation enefgd,2. isomer at 7303.6 keV, which is not a member of a collective

-SEKNSI suglgefststerl]co&tiguration s&aace Iallowiﬁ’g :tB+d S},%r band and is assumed to have a 4-gp structure. Our finding
evels lfor the two unpaired nucieons outside € that the ""Br B decay populates the 4-gp level at 4604.1

. . ann .
gore, and thletrestprfzycTtl_Vléé%s?gl;nmleht%gﬁ GB r Slnc_? tlrlle keV confirms this interpretation and is experimental evi-
sglce:a(l:)t/igr?%l:seii dicat_e(th,a tzkﬁxi ir(]T Ter’]usa;],‘fg:'misfr dence that the oblate deformed structure is related to two
e ; , lik I in the high-[404]9/2" Nil bitals.
haveJ™=9" and a{«w[404]9/2" v[404]9/2*}9" configura- unlike nucleons in the higk[404 isson orbitals
tion. Independent evidence for th"=9"* assignment This work was supported under Contracts No. DE-FG02-
within the given configuration space is the absence of direcO6ER40978, DE-FG02-96ER40958, and DE-ACO05-

B-decay feeding to the known,2 47 , or 6] levels in"%Se,
which should occur if the isomer had"&J7<5".

The logft) value for the decay to the 4601.4-keV level of
4.5(3) indicates an allowed unhindered transition witK |

760R00033. Research at Oak Ridge National Laboratory is
sponsored by the U.S. Department of Energy under Contract
No. DE-AC05-960R22464 with Lockheed Martin Energy
Research Corporation.
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