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Further evidence on shape coexistence i’As
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S. Brant, V. Krsti¢ and V. Paar
Department of Physics, Faculty of Science, University of Zagreb, 10000 Zagreb, Croatia
(Received 21 April 1998

The "As nucleus was studied via thea(ny) reaction at 14.2 MeV bombarding energy. Single
v-, yv-coincidence, and internal conversion electron spectra were measured witl?)Geray and super-
conducting magnetic lens plus(Bi) electron spectrometers. On the basis of the internal conversion coeffi-
cients of "?As transitions, parities of the medium-spin levels up to 1.4 MeV excitation energy were determined,
resulting in unambiguous parities also for the heads of the bands observed previously. The states observed were
assigned to proton-neutron multiplets on the basis of their decay properties. The energy splittings of the
observed multiplets are in accordance with the prediction of the previous interacting boson-fermion-fermion
model (IBFFM) calculations using a transitional core lying between the vibrationgbgahd y-soft O(6)
limits, except that of therge,vge, multiplet, which was described using the deformed($ltore in the
present IBFFM calculations. Such a core structure is in accordance with previous particle-rotor and Hartree-
Fock-Bogoliubov calculation§S0556-28189)03903-5

PACS numbgs): 21.10.Hw, 23.20.Lv, 21.60.Fw, 27.50e

I. INTRODUCTION to 99.7%, were prepared by evaporation of metallic Ga
onto 40 uglcn? carbon backing foils. They- and

Shape coexistence in the mass 80 region is well known; ityy-coincidence measurements were carried out using 20%
has also been found in the odd-o&t’Br nuclei[1-3], and  and 25% coaxial G&lP) detectors having-2 keV energy
it was also predicted in light odd-odd As nud]di. In recent  resolution at 1332 keV. For energy and intensity determina-
works by Garca Bermulezet al.[5] and by Daing et al.[6]  tion the detectors were placed at 90° and at 125° to the beam
the band structure if®7?As has been revealed. The bandsdirection, respectively. Theyy-coincidence gate spectra
based on the @) and 9% states were interpreted as rota- made possible the energy and intensity determination even
tional bands with3~0.26 prolate deformation on the basis for thosey rays which were weak or unresolved in singles
of the lifetime measurements,6]. spectra. The energies of the strodfAs y rays obtained

The aim of the present work was only to determine thewere in good agreement with the results of our former
parities of the bandheads, as well as of other states, so as tp,ny) measurementsl4].
deduce configuration assignments for the medium-spin In the yy-coincidence measurement the(8E) detectors
states, but the data allowed also spin-parity assignment foxere placed at 125° and 235° relative to the beam direction.
some of the medium-spin states, which complement the preFhe ~7x10° yy-coincidence events were recorded in
vious level schemep4,6,14. Since the energy splittings of
the proton-neutron multiplets are highly sensitive to the core T T
structure[7,8], further evidence is expected for the shape 10
coexistence from the analysis of the proton-neutron multip-
lets. For a description of the multiplet states the interacting ax
boson-fermion-fermion mod€lBFFM) [9] was previously
applied. It is an extension of the interacting boson model
(IBM) [10,11 and of the interacting boson-fermion model 192 {ox
(IBFM) [12,13. In this work we rely on the same model. g3
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Il. EXPERIMENTAL METHODS AND RESULTS FRIRS

The experiments were performed using the 14.2 MeV- (43}
energy a-particle beam of the Debrecen cyclotron. The
~30-ug/cn?-thick %°Ga  targets, isotopically enriched
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*Present address: Department of Physics, University of Surrey,
GU2 5XH Guildford-Surrey, United Kingdom. FIG. 1. Experimenta(symbols with error bajsand theoretical

TPresent address: Laboratori Nazionali di Legnaro, 35020 Legnar(urves internal conversion coefficients ofAs transitions as a
(PD), Italy. function of they-ray energy.
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FIG. 2. The proposed level scheme f3As from the (x,ny) reaction up to 1.4 MeV excitation energy. Only levels with unambiguous
parities and spin values=4 are presented. In addition to the energies ofhmays, their multipolarities are also given.

event-by-event mode and the data processing was carried oblets, the ICC's of the 231.67-, 242.82-, and 345.34-keV
off line. After creating a symmetrized two-dimensional coin- transitions were deduced by taking thg values of the other
cidence matrix, a standard gating procedure was used. = members of the corresponding doublets from the results of
Internal conversion electron spectra were measured with aur previous measuremefit4]. To determine the ICC of the
superconducting magnetic lens plugL$) spectrometer hav- 388.79-keV transition from the 388-keV doublet, we as-
ing ~2.4 keV energy resolutiofat 917 keVf and 10% sumed that the multipolarity of the disturbing 387.35-keV
transmissior(for two detectors The estimated effect of the ray connecting the 802-keV (4)state with the 414-keV 3
angular distribution of electrons on the measured internalevel is a pureE1l transition. As a result, ICC’'s have been
conversion coefficients was usually much less than their stadetermined for 45y rays, and new multipolarities could be
tistical uncertainties. For the energy and efficiency calibraassigned to 22 transitions.
tion of the y and electron spectrometer$Ba and>Eu The construction of the level scheme was based on the
sources were used. vy7y-coincidence measurement and on the energy and inten-
Internal conversion coefficient$CC’s) were determined sity balances of the transitions, as well as on the results of
from the conversion electron angdray spectra. For normal- our former (,ny) measuremenfl4]. The levels of "?As
ization of the experimental ICC’s the theoreticak value  were observed in the present experiment up to about 2.5
[15] of the strong 309.76-keV stretchdd2 transition of MeV energy. In Fig. 2 the proposed level scheme is pre-
"?As [14,16) was used. With this normalization, the internal sented up to 1.4 MeV excitation energy containing only
conversion coefficients measured also in tpen] reaction those states with spih=4 to which unambiguous parities
study have been reproducgti,16. The theoretical curves could be assigned. In addition, some low-lying levels
and experimental ICC’s of thé’As transitions are presented through which the higher-lying levels are depopulated are
in Fig. 1. In the case of the 231-, 243-, and 345-keV dou-also shown.
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FIG. 3. Proton-neutron multiplet states ifAs based on thegg,, configuration. The spectra i) and(b) are the experimental negative-
and positive-parity levels, respectively, obtained from the fornpen{) [14] and the presenta,ny) reaction studies. The spectrum(ir)
is the wgq;rgge;, multiplet calculated in the IBFFM with an SB) prolate core. The abscissa is scaled accordirdlte 1), wherel is the
spin of the states.

The placement of all the transitions previously known isto them, but on the basis of the recommended upper limits
in agreement with the corresponding data of Refsfor transition probabilitied19] they are expected to have
[4,6,14,17. Our yvy-coincidence measurement strengtheneddipole character. Using this assumption we propos&d
the placement of the 783- and 512.4-kgVays as the decay =5, 4, 57, and (7)" spin and parity values to the states at
of the 1346-keV state reported only in Rg6]. Comparing 708, 745, and 1179 keV, respectively.
our level scheme to the one given by Mariscettial. [18], Two pairs of bands have been found in tHfé\s nucleus
two differences were foundi) we did not observe the weak [4,6], the parities of which were guessed on the basis of
148.8-keV transition decaying from the state at 563-keV andheoretical considerations. From the present measurement for
(i) the 432-keVy ray (not shown was placed above the the bandheads at 981 and 1401 keV the positive parity was
418-keV transition decaying from the 981-keV state, both inestablished by the multipolarities of the depopulatintays.
agreement with Refd4,6,17. In addition, we have found On the other hand, the pair of levels at 834 and 1346 keV
several new transitions between previously known statesyere found to have negative parity. As the bands are built of
which are also supporting the existence of the levels previstretchedE2 cascades, knowledge of the parity of the band-
ously established only by a singletransition. heads gives also the parities of the band members. Thus, the

The spins and parities of the low-lying states up to 6001875-, 2307-, and 3504-keV states, reported in R&f6],
keV have been unambiguously established from our formehave positive parity, while the 1665-, 2517-, and 3445-keV
(p,ny) reaction study14]. Using these parity values and the ones, established by R¢E6], have negative parity.
multipolarities of the transitions, the parities of the states The 663-keV state is fed by the 318-kdW?2 transition
given in Fig. 2 could be determined. The new multipolaritiesfrom the 1"=8" 981-keV state( [4,6] and discussion
also made possible the spin determination for some states.above, and decays via the 300-keM1+E2 transition to

The levels at 828, 867, and 1033 keV are decaying vighe 363-keV state having”=5~ spin parity [14]. These
pairs of M1+E2 or E1 transitions to level pairs having facts leave room only for the 6 spin-parity assignment to
Al=2 spin differences. Because of the presence of the dithe 663-keV state.
pole components in these transitions, this decay mode can
only be obtained by letting a spinstate decay to it$+1 IIl. DISCUSSION
and| —1 neighbors, determining the spin values of the de-
caying state. Thus, we propos&=6*,4", and (5)" spins The low-lying states of thé%Asw nucleus are expected to
and parities to the 828-, 867-, and 1033-keV states, respeerise from the excitations of the odd proton and the odd
tively. neutron and their angular momentum coupling with each

We assigned"=3-5" and 4,5 spin-parity values to other and with core excited states. The members of the mul-
the states at 840 and 1191 keV, respectively, based on muiiplets are connected vikl 1 transitions, and branching out
tipolarities of they rays depopulating them. of the multiplets is usually caused by mixing of the different

The fact that the levels at 708, 745, and 1179 keV aremultiplets. Using these selection rules, on the basis of the
decaying viaM1 transitions allowed the determination of branching ratios, the multipolarities of the transitions, and
I;=1¢:=1 intervals for their possible spin values. These lev-the known configurations of the low-spin staféd], the lev-
els are connected to other levels also via low-energy ( els observed in the present study could be arranged into
<200 keV) transitions. Because of the weak intensities oproton-neutron multiplets. The proton-neutron multiplet
these low-energy rays, we could not assign multipolarities structure of?As is shown in Fig. 3.
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Therfs,rgg, Multiplet The energy splitting of this mul-  1401-keV 97, the 981-keV 8, the 1179-keV (77, the
tiplet is expected to show an open-down parabolic shape828-keV 6", the 1191- and 1033-keV (5) and the 802-
The lowest-spin member of the multiplet, thé Ztate, is keV (4)" states, which are connected Wal andE2 tran-
predicted to have the lowest energy. On the basis of theisitions, while their branching to the other positive-parity
magnetic dipole momen{0], the =f5,,vgy, configuration  states is negligible, and even the lowest-energy states decay
has been assigned to the ground state and to the lowest- almost exclusively to negative-parity states. These properties
lying 7~ state at 563 keVY14]. The first 3" level at 414 keV, indicate that this group of states has a similar dominant con-
decaying only to the 2 ground state by an M1 transition, figuration, strongly different from that of the other positive-
has also been allocated to this multipféd]. The 867-keV  parity states. While the basic set of the positive-parity states
47, 708-keV 5, and 834-keV 6 states are connected via is obtained via coupling of the protons and neutrons in the
strong(in thel 7/E'°; scalé branches to each other, as well as P12, P32, andfg, configurations, a distinct group can be
to the 414-keV 3 and 563-keV 7 states having the formed by coupling theye, proton and neutron states. The
mfs,rge, configuration. Hence, these levels may corre-above characteristics are in agreement with the assignment of
spond to the 4, 57, and 6 members of this multiplet, the mentioned group of states to th@g,1ge, configura-
respectively. tion, especially if we take into account that in the populated

The py,,vgey, doublet The dominating configuration of negative-parity states the neutron is also in#le,, configu-
the lowest-lying 4 and 5 states is expected to be the ration. Both the 1191- and 1033-keV states have similar de-
mP1¥Ygz ONE. For this doublet thE(4™)<E(57) energy ~ cay properties, making them equally good candidates for be-
order is predicted. Below 700 keV excitation energy the onlying the 5° member of thergg,vgq, multiplet. The decay
5~ state is the 363-keV one, which decays only to thepatterns observed suggest that both states have strong
lowest-lying 4~ state at 310 keV by aM1 transition. Con-  7Jg;2vdgz COMponents. It is to be mentioned that on the
sequently, the 310- and 363-keV states may be the experbasis of other arguments the 1401-keV &nd the 981-keV
mental equivalents of the 4 and 5 members of the 8" states were assigned to th&e,rgq, configuration by
mP1v9g, doublet, as proposed in R¢fL4]. Doring et al.[6]. They also proposed the 1179-keV (7and

The mp3rge, Multiplet is the exception from théil  the 828-keV 6 states to be the members of this multiplet,
selection rule, as in addition to the intramultiplet transitionsalthough their spins and parities were less certain. As is seen
the spin-flipps,— p12 M1 transitions are also allowed with in Fig. 3, the splitting of the other multiplets can be approxi-
~1 Weisskopf unitgW.u.) strength. Thus, the low-energy mated with a simple parabola, associated with the vibrational
intramultiplet transitions might be lost in favor of the higher- [imit of the IBFFM [23], while the splitting of thergg,r0g/,
energyps,— P12 transitions. In addition to the 525-keV'3  multiplet exhibits a signature pattern. This structure is clearly
and 594-keV 4 states preferring the decay to the membersgifferent from those expected in vibrational gsoft limits
of the mpy,vgq, doublet, and assigned to thepsrde.  of the IBFFM, but it is in qualitative accordance with the
multiplet earlier, the best candidates for the&d 6 mem-  |imit of the IBEFM associated with a deformed ) core
ber states are the 745-keV 4,%nd the 663-keV 6 Ie\_/els. [24]. To describe the states associated with t,vgo
They are also strongly connected to #py,vge, multiplet  configuration, we performed here an additional IBFFM cal-
and even the low-energy intramultiplet’ 5-4" transition . jation with an SB) boson core.

can be found. The energy splitting of the multiplet has an ; 5n4y1d be noted that previous investigations of odd-odd
open-down parabolic shape in agreement with the pred'Ct'orhuclei in theA~80 region, such 447Br, 8°Rb,828% have

The exper_lmental energies of these states are in g.ooghown a well-deformed rotational structure starting above
agreement with those predicted by the previous |nteract|ngf—%0.5 MeV, associated with therge,vde, configuration

boson-fermion quel calculations4]. : nd was described by particle-rotor and cranking calculations
The above assignments can be considered as proposals @r

. ; —3,25—28 In particular, large prolate deformations were
the strongest components of the wave functions projecte
o S -~ ~deduced 2].
onto the quasiparticle shell model space. Significant configu-

. . The IBFFM parameters defined according to Re|
ration mixing must be present, as can be deduced from thgnd Ref.[30] (for « and B) were taken as follows. The

D s oot o o, 1 ®Boson core was descrbe b a profr(SLeore i
) =7, a=1.1 MeV, 8=0.35 MeV, and, correspondingly;

of the positive-parity states the assignment to proton-neutron . ) .
multiplets is even more difficult, since both the proton and_ \/3/2. Wetﬂot% t?at mC}he absenci of eép?rlmgntzl ![2
the neutron configurations can be mixed. As a result, théorma lon on he delormed coré, we have determine €

quantitative calculations may predict the same dominating@ues Of the SUB) core parameters under the following as-
configuration for several states of the same spin, and othi!mptions: we have assumed that the 2U(3) core state
configurations may completely be fragmented. Another amlies 0.46 MeV above the 0SU(3) state. This energy spacing
biguity in grouping states into multiplets results from the iS more than a factor of 2 smaller than the spacing between
uncertainty in spin determination of the lowest spin stateshe 2 and 0 transitional core states of ReffL4], which
[21,27. A possible configuration assignment is given in Ref.could be considered as a reasonable assumption. Further, the
[14]. Other reasonable assignments can also be imagined, bd§ SU(3) state was assumed to lie slightly above the 0
with the limitations mentioned above for the meaning of theSU(3) state.
multiplet states in the present case. The mgg;, and vge, quasiparticle parameters were taken
There is a set of positive-parity states, consisting of thérom the previous calculation fof?As [14]. Boson-fermion
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interaction strengths included in the calculation Bfg=T" deformed core, which coexists with the soft core of the five

—0.25 MeV, andAZ=A%=8.0 MeV. In order to repro- lower-lying two-quasiparticle multiplets identified in the

duce the odd-even staggering, the residual interactior?AS nucleus. According to a good description of the electric

strengths were adjusted tdHs;=0.3 MeV and H;= quadrupole properties, the sarBg=0.26 prolate deforma-
—0.09 MeV. It should be pointed out that the values of thetion can be associated with the present IBFFM calculation as

boson-fermion and residual interaction strengths associatefS deduced from the band structjég.

here with the SIB) core differ sizably from those given in It is interesting that, although th&As nucle_us has 5 va-
Ref. [14], which were associated with a transitional core.lence protons and 11 valence neutrons, putting the odd neu-

However, this is consistent with the experience that the cot/on onto the intrudingge/, orbital is not enough to deform
existence of IBEFM families of states associated with differ-the nucleus. It becomes deformed only when a proton is also
ent types of corefhere the SIB) and the transitional corgs pushed to theyge, orbit. According to Federman and Pittel

involves sizable differences in other IBFFM interaction pa-l31; @ mutual polarization between protons and neutrons
rameters. leads to the deformation, resulting in an increased occupation

The 7gg¥ge, IBFFM multiplet calculated in this way is of the deformation driving high-spin orbits. The presence of

shown in Fig. ). For the calculation of the electromagnetic SUCh an effect has been shown in odd-odd Sb ny8leiln

properties the effective charges agdfactors were taken the present case, the need for unusually large exchange in-
from Ref. [14], but with g7 and g’ reduced tog” teractions (o) in the IBFFM calculations can be interpreted
: ! S S S

—04 gg,free: 2.234 andg’=0.4 gg,free: —1.530. Using as a simulation of the increasgg,, occupation probabilities.

this parametrization, the measuB¢E2) values(6] are well Thus, it is expected that with decreasing neutron number the

described both in the odd- and even-spin bands, as well a{%OSSib“ity for fil.ling the intrud.in_ggg,z orbital is d(_ecre_asing,
the relative strength of th#1 branching from the odd- to and together with it the possibility for the polarization van-

. . . 6

even-spin band, but the strength of the transitions connectin| hzes_tgt someﬂﬁ)r.)tlrt};. %go)ok;n? att 'tzhleséel\(/el s;:hem(?[ ?s

the even-spin states with the odd ones is underestimated ] L 'S seen that tne =7 state at 2. e_Vﬂr_l erpreted as
the 9" member of thergg,vgg, multiplet) is isomeric, in-

an order of magnitude. S . .

We note that in this way many parameters were adjustegIcatlng that thgre are no low-spin m_embers of the mu[tlplep
to the family of states having the prolate @ core. We at lower energies, and hence there is no band found in this
have checked. however. that these IBEEM results appeé}ucleus. This situation suggests that the turning pplnt is

' ' eached at seven valence neutrons, although according to a

rather robust with respect to some changes of the core p _ . o
rameters. In particular, we have found that the assumption o ampire calculation33] the polarization can take place even
! that neutron number.

the prolate S(B) core is necessary to achieve a reasonabl&t
description of the corresponding experimental data.
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