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States in doubly odd*®Fr have been studied using in-beam spectroseepyy— y coincidence techniques
mainly through the?°*Bi('®0, 2an) reaction at 94 MeV bombarding energy, using the &ASP-ISIS
spectrometer at Legnaré'®r shows a band structure, with interleaved states of alternating parities connected
by enhancedE1 transitions. Tentative spin assignment and the relation between the struc@iferaind its
isotone??°Ac is discussed.

PACS numbgs): 21.10.Re, 21.60.Ev, 23.20.Lv, 27.8Qv

218 has five protons and five neutrons more than thdroscopy with a multiplicity filter. To reduce the intenge
doubly closed-shell nucleu®®b. Like the othemN=131 background originating from fission, we used the ISIS array
(andZ=87) isotones 2 r is located just on the edge of the (40 telescopi& —AE particle detectopsto trigger the GASP

region of reflection asymmetric instability. The oddand sp_ect_ré)meter, iﬁl(t-:-ctmgt_the et\)/atporatmpar_ttlc!jes tertmgl?g n
doubly odd nuclei in this transitional regionN&131), coincidence with transitions between excited statesnr.

. L This powerful technique has been used here to identify un-
which show quadrupolar and octupolar collectivity, generally mbiguously they transitions belonging t?8Fr. At the

display weak-coupling-type scheme_s, in whic_h the unpaire ombarding energy used in the present work to study the
proton couples to collective states in the neighbors IargelyzogBi[180(94 MeV), 2axn] reaction the 2n and 2x2n
preserving their structure. This is true fét%r [1], ?*¥Ac (27Fy [15)) channels were comparabléne cross sections
[2.3], and *"'Ra[4] in which the removal or addition of the '\ o6 estimated to be=15 wb). The predominant transi-
odd hgy, proton does not influence significantly the structureiions could be assigned f%r (and the knowr?L/Fr) from
already developed if''Ra. It is also true for the paff'®Ac  the coincidence with @'s in the E-AE matrix of the ISIS
[5,6] and ***Ra[7,8] and the knowrN=131 isotones™Ra  array, where the separation between dhe belonging to the
[9], *Ac [10], and **'Th [11]. On the other hand, the Fr 24n (and 2#2n) channel and the charged particles arising
isotopes are located at the edge<(87 in number of pro-  from other reaction channels was very clear. Approximately
tons for which the octupole collectivity starts. The nucleus 3 total of 60 000 events were acquired from the y—E
?1%Rn [12] shows evidence of the development of some—AE coincidences (@xn channels—half of them corre-
quadrupole collectivity but no low-lying negative parity sponding to?*eFr).
states are present. The study BfFr provides additional A positive identification of they rays fromZ=87 nuclei
information which hopefully will contribute to the under- was based on the coincidence between th& krrays and
standing of the onset and evolution of the octupole collectivthe most intense lines present in the projection spectthis
ity in the light actinide region. is the y spectrum in coincidence witha hits in the ISIS
The previously known information of*Fr consists of a  array, two in the BGO multiplicity filter and two in the Ge
few levels obtained from theé”’Ac o decay[13]. The detectors Figure 1 shows(@) the y-ray spectrum corre-
ground state of*%r has been assigned as (lbecause it sponding to the projectiorip) the sum of coincidence spec-
favors thea decay €,=7.867 MeV) to the (I) 2At  tra gated on the 272.9, 323.0, 266.5, 219.0, 380.5, 229.5,
[14] ground state. Thd™ of the excited isomeric [,  462.7, 150.6, and 492.4 keV transitions assigned to the most
=22 ms) state irt'%r is unknown. intense band in the level scheme obtained¥SFr (see Fig.
1%y has been studied here through #88i(*%0, 2an) 2, band B, and(c) the sum of coincidence spectra gated on
reaction at 94 MeV bombarding energy using the 8ASP-  the 177.1, 326.6, 367.1, and 439.1 keV transitions labeled as
ISIS spectrometer at Legnaro. With this stud}®Fr be-  band A on the same level scheme. A very powerful aid in the
comes the heaviesf =87 isotope studied in-beam with construction of the level scheme was the cleanliness of the
heavy-ion-induced reactions. projection spectrum. Only a few transitions belonging to
A 2 mglcnt self-supporting?®Bi target was bombarded both 228 and 22"Fr were contaminateghis situation allows
with a 10 pnA 80 beam. For this target-projectile combina- an intensity determination for the majority of the transitions
tion the competition of the fission channel is very strong andand a check of the energy calibration using the known ener-
it is not possible to use conventiongl- y coincidence spec- gies of the?'’Fr lines.
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The level scheméFig. 2) consists mainly of two bands level scheme(Ref. [15]) is also populated in the present
connected by the 177.1 keV transition, which appears veryvork) and inferred from a comparison with bands4tiRa,
clear in coincidence with the 272.9 and 326.6 keV lines.??%Ac, and ??'Th. They were hence assumed to be stretched
Nevertheless, the statistics is too poor to determine unanE2 andM1 (the 177.1 keV transitions. Only in the cases of
biguously the character of this transition. The intensity bal-the electric dipole transitions and particularly for the low
ance seems to indicate that it hiskl(E2) character. The energy lineg150.6 and 110.3 kel the use of intensity bal-
assigned order of the transitions in the level scheme is sumnce in coincidence spectra enabled us to determine the elec-
ported by the sum energies and their intensities in the proiromagnetic character.
jection spectrum and coincidence spectra. The multipolarities From this result it is assumed that all transitions connect-
of the transitions belonging to the bands 3HFr were as- ing the two rightmost sequencésand B have electric di-
signed based on a similar behavior of its neighBYFr (its pole character. The resulting level scheme shows an alternat-
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FIG. 3. Level scheme of'%r compared to partial level scheme #fAc [10] and yrast structures iA*®Ra[9] and ??'Th [11]. The
proposed spin assignments to the level€YfFr are discussed in the texGee Ref[3] for the spin assignments to the other three nuclei.

ing parity band structure characteristic of octupolepole deformations is mainly related to the collective instead
collectivity. In the following discussion the results will be of the particle aspects of these nuclei. The similarity shown
examined on the basis of the reflection asymmetries of then Fig. 3 between the low-lying level schemes of the isotones
nucleus. with N=131 reflects just this fact. The in-band transitions
Figure 3 shows the similarity between the bands in the

odd-odd isotoneg*Fr and ??°Ac and the lowest band in the

odd isotones**Ra, and?*'Th, resembling also the situation 1800
encountered forr'%r, ?!’Ra and?®Ac (see Ref[3]). As — o Th(+)
discussed in Ref.3, the quasirotational structure observed il —w—Th
21%Ra and ?*Th can be interpreted as a decoupled band 1600 (')

based on theé,/, orbital with predominant occupation of the  —— FI’(+)

1/2°[640] Nilsson statgthe dominani ,,,, parentage holds 1400

at low quadrupole deformatignThe unfavored signature —v Fr(-)
v

Lo}

o

band,|"=13/2", 17/2", ... and its associated octupole pho-
non band are pushed up in energy and hence not observer 12001 o
The addition(or remova) of a proton to the odd neutron
nucleus(and also of two protons to the neighboring doubly e=—
odd isotong seems to have a small effect on the deformation )
of the system, possibly due to the quasiparticle character o
the proton excitation, which quenches its single-quasiparticle= 8o
quadrupole moment. This would lead fA%Ac to two rela- LIJLU ° . v 3/7
tively degenerate states, the favoEt= 10" (resulting from 600 V\O\VXO%

the stretched couplingagndJ™=9~ (resulting from the next- J —O0 8+
to-maximum coupling of the 7hg,® vi,1, configuration. b AN %v

Each of these intrinsic states has an alternating parity bant 400 /\8
built on it. The two-quasiparticle rotor modglL6] predicts —v N

for the hg,® vi,1, configuration that the even spin states 200 v
(signature= 0) should be favored. This has to do with the \o
fact that the decoupling parameters of the e 1/2 highj T0—0—0—0—0 o*
orbits have opposite sigmf=5 anda,=—6 for the hg, 0
andiy,, respectively, see Ref17]). , , 126 128 130 132 134 136 138 140 142 134 146

The excited energies of'®r fit well into the low-lying
yrast-level systematic of the actinide nudiseée Fig. 4—this N
fit also helps to confirm that the 272.9 keV transition is the g5 4. Low-lying yrast level systematic of the even-even Th,
first transition of the yrast band, and that all low-level tran-g and Ac isotopes. The states are labeled byl()™ wherel
sitions of this band are observedt follows from the sys-  represents the spins of the excited levels of the ground-state bands,
tematic that the evolution of the positive and negative parity|g are the spins of the bandhead states ane +1(—1) for
states in the even-even nuclei and the energies of the excite§erodd spin states, respectively. Data coresponding to empty
states in the odd and doubly odd nuclei are nearly indepersymbols are taken from Reff5,21] and that of full symbols are
dent of the particle configuration of the valence nucleonsobtained in this work and fronf'%r [1], 21Fr [15], %8Ac [2,3],
That is, the smooth transition to stable quadrupole and octu?*°Ac [5,6], 2?°Ac [10], and ??*Ac [24].
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are essentially collective and rather independent of théhis case the even-spin values should be favored. This would
proton-neutron configurations of the different band headslead to a level scheme of alternating parity bafgimilar to
Thereby, the sense of the similarity mentioned abwed  the situation encountered fr%Ac) built on two relatively
shown in Fig. 3 is related mainly to the collective character degenerate states, the favoré8=8" (resulting from the

than the particle configuration of these nuclei. stretched couplingandJ™=7" (resulting from the next-to-
Now the tentative spin-parity™=(97) assignment to the maximum coupling
“pbandhead” state in?'%r, its intrinsic structure and its re- It is very important to point out that while i¥?°Ac the

lation to the intrinsic structure of?’Ac will be briefly dis-  intensities of both bandgbuilt on the J”=9~ and 10
cussed. Many lighter doubly odd nuclei of this region stateg are similar, that is, both bands are on the yrast line, in
(mostly with Z<87 and/or N<129) have two isomeric 2'®Fr the observed bands have very different intensities
a-emitting states, thé”™=(1") ground and a (9) excited (band B is six times more intense than band A

state, which mainly arise from the coupling of the two  |f the 7hy,® g, configuration assignment is correct the
lowest-lying single particle orbitshg, andvgg,. The pres-  relevant decoupling parameters have the same s$igp lfas
ence of an attractive proton-neutron particle-particle forceap: +5 andgg, hasa,= +5). In this case states with odd-
acting strongly in the antialigned and alignedhy,® vge,  spin value (signature= 1) should be favored, and these
configurations is consistent with the fact that the Jland  states come down in energy with respect to the even-spin
the (97) states(members of thed”=1", 27, ... 9" mul-  states. This assumption would lead’t¥r to a level scheme
tiplet) lie lowest in energy. On the other hand, other doublyof alternating parity bands built on two low-lying states, the
odd nuclei like #*%r [1] and ?**Ac [2] have only one iso- favoredJ™=9~ (resulting from the stretched couplingnd
meric state, namely, th€"'=(1") ground state. In these nu- J7=8~ (resulting from the next-to-maximum couplingf

clei the particle-holequasiparticlg character for therhg, e he,® 7gs), configuration. Since the band built on the
and vgg), excitations reduces the residyat-n force, and 37— g~ \yould not be on the yrast line, it only will receive a
hence the splitting of the multiplet decreases and other yeak feeding in the heavy-ion-induced reaction. This argu-
states of intermediate spihstart to move into it. Eventually ent provides a basis for the tentatil8=9" bandhead
the 9° state may decay to the"1ground state through a sgsignment and the explanation of the different intensities
series of low-energy highly converted transitions losing itSgpserved between the two alternating parity bands in the
a-emitting character. Since the 9(maximum alignment  |ayel schemes of2°%Ac and 28Fr.

state is still expected to be low lying, it will be on the yrast o 5 nucleugwhich shows nuclear deformation with odd
line receiving strong feeding in the heavy-ion induced réaCylitipole componeniswith an even number of nucleons,

tion. _ ~ where the spirl is an integer, the possible spin and parity
On the other hand, in this region only thehg,»® vggs, sequences are

The® i1y, and7rf;,® gy, configurations give rise to a

possibleJ™=1" state. Thd ™ of the maximum aligned state I=0%, 17, 2%, 37, ... for s=+1,
will be 9~ for the Tho,® vgg,, 10° for the whop® vigys
and 8 for the 7f;,® rgq, configuration. In any case the I=0~, 1+, 2=, 3*. ... fors=-1

“maximum aligned” state is expected to be low lying, and it
will also be on the yrast line.

According to the calculations performed by Cwiok and
Nazarewic4 18] for deformations3,=0.04, the lowest-lying
single proton state in Fr isotopgswo protons less than
220p¢) can be associated with ad=5/2" (which corre-
sponds at low octupole deformation to the 5/523] Nils-

wheres=+ or —1 are the simplex numbef49]. Both se-
quences are observed in the level schem&&fr. Assuming
| =9 for the band-head state of the yrast bé&band B, the
simplex value iss=+1. Band A has a simplex of opposite
sign to that of band Bthat is,s=—1). The presence of

son state originating from theh},, subshell, or with anQ Iow-ly!ng oct_upple_exmtanons may mduce.a .Iar&a mo-
o : ment in the intrinsic frame. Thus, states within a band with
=1/2" orbital (corresponds at low octupole and quadrupole h impl il b desid he electri
deformation to the 1/2 [530] Nilsson state originating from the same simplex will be connectd esides the electric
the 2f-,, subshell and the lowest-lying single neutron state guadrupole transitionswith strong electric dipole transi-
can b;/gssociated with ti§b=5/2+ o);bi?al (cgrres onding at tions. This situation may lead to the characteristic level

- . P 9 scheme of states connected through stretd2dransitions
low octupole and quadrupole deformation to the's5[833]

. L : through two parallelalso stretchedE1 transitions.

ggzig?r:éitt?oﬁzgglawzg* f{g%]ta?fs%ﬁuoﬁne?rﬁ;xtzi:]glee_ From theE1 andE2 observed transitions it is possible to
. , X : . deduce the mean value for the absolute magnitude of the
particle orb!tals are res~tr|cted o thoﬁ? belonglng 0 e trinsic electric dipole momenD,| and the intrinsic quad-
above-mentionedmNe,® vGerz, Tho® vizy, @nd 7z pypole momentQ,|. These were extracted from the experi-
® vQg» Possible configurations. mentalB(E1)/B(E2) values using the rotational model ex-
In the 7f5,,® vgg, configuration the decoupling param- pression:

eters of the twoQ=1/2 orbitals have, as in therhg,
® i1, case(assumed foP?%Ac, see Ref[3]), different sign (&) 2:§ B(E1) (I+K-1)(I-K-1)
(mf7p hasa,= —4 andgg, hasa,= +5), and hence also in Qo 8 B(E2) 21-1)(1-21)
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under the assumption of a constant intrinsic quadrupole maions are larger when the proton number is increasing. How-
mentQ,. Nevertheless, the use of this formula is question-ever, for this region of light actinides, this statement is more
able since?'%r is not a good rotor; this is a consistent valid for a transition within an octupole vibration picture

method to extracD, from the data, and allows us to com- than for a Stg?b octupole deformed descripties was no-
pare our result with otheld, quoted values obtained in the ticed above,*®Rn does not show evidence of alternating

. parity structure, indicating probably a lower mass limit for
same way. Th&(E1)/B(E2) values were obtained for each the region in which the development of the reflection asym-

excited state measuring thel/E2 y-ray intensity ratio from o4y “collectivity starts Finally, theD, value measured in

a spectrum which was in coincidence with all the transitionsis work is in excellent agreement with the theoretical value
lying above the state of interest. The mean value of this raticDBh:O'M e fm deduced from the calculations of Butler and
is |Do/Qo|=0.36x0.07x10"% fm~1. The experimental Nazarewicz23] (using Fig. 1 of this work to calculate the
mean dipole momenitD,|=0.13+0.03 efm was obtained Dghe” contribution). The macroscopic component and the
using the known experimental quadrupole moment forshell correction term are small but of the same sign and
218Ra(Qy =327 efm?) [20] and the semiempirical Grodzins similar in magnitude D§"®"'=DJ'**'=0.07 e fm resulting in
systematic for 2*Rn(Q,=294 efm?) [12], ?Rn(Q,  a considerable value of the electric dipole moment in spite of
=359 efm?) [21] and ?*Ra(Qy=492 efm?) [22]. This  the octupole-vibrational description of this nucleus.

value of D is approximately a factor of 2 lower than those  This experiment has shown the extreme power and selec-
of 2%Ra and?!*Ra([23] and references thergirvery similar tivity of the GASP-ISIS array and demonstrated the feasibil-
to that of 2’Fr [23] and larger than the value measured fority of performing in beamy-ray spectroscopy in this region
218n [23]. This may indicate that thp-n octupole correla-  of very strong fission competition at the=15 b level.
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