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Alternating parity bands in 87
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States in doubly odd218Fr have been studied using in-beam spectroscopya2g2g coincidence techniques
mainly through the209Bi( 18O, 2an) reaction at 94 MeV bombarding energy, using the 8p GASP-ISIS
spectrometer at Legnaro.218Fr shows a band structure, with interleaved states of alternating parities connected
by enhancedE1 transitions. Tentative spin assignment and the relation between the structure of218Fr and its
isotone220Ac is discussed.

PACS number~s!: 21.10.Re, 21.60.Ev, 23.20.Lv, 27.80.1w
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218Fr has five protons and five neutrons more than
doubly closed-shell nucleus208Pb. Like the otherN5131
~andZ>87) isotones,218Fr is located just on the edge of th
region of reflection asymmetric instability. The odd-Z and
doubly odd nuclei in this transitional region (N<131),
which show quadrupolar and octupolar collectivity, genera
display weak-coupling-type schemes, in which the unpai
proton couples to collective states in the neighbors larg
preserving their structure. This is true for216Fr @1#, 218Ac
@2,3#, and 217Ra @4# in which the removal or addition of the
odd h9/2 proton does not influence significantly the structu
already developed in217Ra. It is also true for the pair219Ac
@5,6# and 218Ra @7,8# and the knownN5131 isotones219Ra
@9#, 220Ac @10#, and 221Th @11#. On the other hand, the F
isotopes are located at the edge (Z587 in number of pro-
tons! for which the octupole collectivity starts. The nucle
216Rn @12# shows evidence of the development of som
quadrupole collectivity but no low-lying negative pari
states are present. The study of218Fr provides additional
information which hopefully will contribute to the unde
standing of the onset and evolution of the octupole collec
ity in the light actinide region.

The previously known information on218Fr consists of a
few levels obtained from the222Ac a decay @13#. The
ground state of218Fr has been assigned as (12) because it
favors thea decay (Ea57.867 MeV) to the (12) 214At
@14# ground state. TheI p of the excited isomeric (T1/2
522 ms) state in218Fr is unknown.

218Fr has been studied here through the209Bi( 18O, 2an)
reaction at 94 MeV bombarding energy using the 8p GASP-
ISIS spectrometer at Legnaro. With this study,218Fr be-
comes the heaviestZ587 isotope studied in-beam wit
heavy-ion-induced reactions.

A 2 mg/cm2 self-supporting209Bi target was bombarded
with a 10 pnA 18O beam. For this target-projectile combin
tion the competition of the fission channel is very strong a
it is not possible to use conventionalg2g coincidence spec
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troscopy with a multiplicity filter. To reduce the intenseg
background originating from fission, we used the ISIS ar
~40 telescopicE2DE particle detectors! to trigger the GASP
spectrometer, selecting the evaporationa particles emitted in
coincidence with transitions between excited states in218Fr.
This powerful technique has been used here to identify
ambiguously theg transitions belonging to218Fr. At the
bombarding energy used in the present work to study
209Bi@18O(94 MeV), 2axn] reaction the 2an and 2a2n
(217Fr @15#! channels were comparable~the cross sections
were estimated to bes.15 mb). The predominant transi
tions could be assigned to218Fr ~and the known217Fr) from
the coincidence with 2a8s in theE-DE matrix of the ISIS
array, where the separation between thea ’s belonging to the
2an ~and 2a2n) channel and the charged particles arisi
from other reaction channels was very clear. Approximat
a total of 60 000 events were acquired from theg2g2E
2DE coincidences (2axn channels—half of them corre
sponding to218Fr).

A positive identification of theg rays fromZ587 nuclei
was based on the coincidence between the FrK x rays and
the most intense lines present in the projection spectrum~this
is the g spectrum in coincidence with 2a hits in the ISIS
array, two in the BGO multiplicity filter and two in the G
detectors!. Figure 1 shows~a! the g-ray spectrum corre-
sponding to the projection,~b! the sum of coincidence spec
tra gated on the 272.9, 323.0, 266.5, 219.0, 380.5, 22
462.7, 150.6, and 492.4 keV transitions assigned to the m
intense band in the level scheme obtained for218Fr ~see Fig.
2, band B!, and~c! the sum of coincidence spectra gated
the 177.1, 326.6, 367.1, and 439.1 keV transitions labele
band A on the same level scheme. A very powerful aid in
construction of the level scheme was the cleanliness of
projection spectrum. Only a few transitions belonging
both 218Fr and217Fr were contaminated~this situation allows
an intensity determination for the majority of the transitio
and a check of the energy calibration using the known en
gies of the217Fr lines!.
©2000 The American Physical Society04-1
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FIG. 1. g-ray coincidence spectra of Ge de
tectors corresponding to~a! the projection spec-
trum, ~b! sum of several gates on pairs of trans
tions of the favored alternating parity band B
(92), (112), (121), (132), (141), . . . and~c!
sum of several gates of the unfavored band
(102), (122), (142), . . . .
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The level scheme~Fig. 2! consists mainly of two band
connected by the 177.1 keV transition, which appears v
clear in coincidence with the 272.9 and 326.6 keV lin
Nevertheless, the statistics is too poor to determine un
biguously the character of this transition. The intensity b
ance seems to indicate that it hasM1(E2) character. The
assigned order of the transitions in the level scheme is s
ported by the sum energies and their intensities in the p
jection spectrum and coincidence spectra. The multipolari
of the transitions belonging to the bands in218Fr were as-
signed based on a similar behavior of its neighbor217Fr „its
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level scheme~Ref. @15#! is also populated in the presen
work… and inferred from a comparison with bands in219Ra,
220Ac, and 221Th. They were hence assumed to be stretch
E2 andM1 ~the 177.1 keV! transitions. Only in the cases o
the electric dipole transitions and particularly for the lo
energy lines~150.6 and 110.3 keV!, the use of intensity bal-
ance in coincidence spectra enabled us to determine the
tromagnetic character.

From this result it is assumed that all transitions conne
ing the two rightmost sequences~band B! have electric di-
pole character. The resulting level scheme shows an alter
FIG. 2. Level scheme of218Fr proposed in the
present work.
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FIG. 3. Level scheme of218Fr compared to partial level scheme of220Ac @10# and yrast structures in219Ra @9# and 221Th @11#. The
proposed spin assignments to the levels in218Fr are discussed in the text.~See Ref.@3# for the spin assignments to the other three nucle!
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ing parity band structure characteristic of octupo
collectivity. In the following discussion the results will b
examined on the basis of the reflection asymmetries of
nucleus.

Figure 3 shows the similarity between the bands in
odd-odd isotones218Fr and 220Ac and the lowest band in th
odd isotones219Ra, and221Th, resembling also the situatio
encountered for216Fr, 217Ra and 218Ac ~see Ref.@3#!. As
discussed in Ref.3, the quasirotational structure observe
219Ra and 221Th can be interpreted as a decoupled ba
based on thei 11/2 orbital with predominant occupation of th
1/21@640# Nilsson state~the dominanti 11/2 parentage holds
at low quadrupole deformation!. The unfavored signature
band,I p513/21, 17/21, . . . and its associated octupole ph
non band are pushed up in energy and hence not obse
The addition~or removal! of a proton to the odd neutro
nucleus~and also of two protons to the neighboring doub
odd isotone! seems to have a small effect on the deformat
of the system, possibly due to the quasiparticle characte
the proton excitation, which quenches its single-quasipart
quadrupole moment. This would lead in220Ac to two rela-
tively degenerate states, the favoredJp5102 ~resulting from
the stretched coupling! andJp592 ~resulting from the next-
to-maximum coupling! of the p̃h9/2^ ñ i 11/2 configuration.
Each of these intrinsic states has an alternating parity b
built on it. The two-quasiparticle rotor model@16# predicts
for the p̃h9/2^ ñ i 11/2 configuration that the even spin stat
~signature5 0! should be favored. This has to do with th
fact that the decoupling parameters of the twoV51/2 high-j
orbits have opposite sign (ap55 andan526 for the h9/2
and i 11/2 respectively, see Ref.@17#!.

The excited energies of218Fr fit well into the low-lying
yrast-level systematic of the actinide nuclei~see Fig. 4—this
fit also helps to confirm that the 272.9 keV transition is t
first transition of the yrast band, and that all low-level tra
sitions of this band are observed!. It follows from the sys-
tematic that the evolution of the positive and negative pa
states in the even-even nuclei and the energies of the ex
states in the odd and doubly odd nuclei are nearly indep
dent of the particle configuration of the valence nucleo
That is, the smooth transition to stable quadrupole and o
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pole deformations is mainly related to the collective inste
of the particle aspects of these nuclei. The similarity sho
in Fig. 3 between the low-lying level schemes of the isoton
with N5131 reflects just this fact. The in-band transitio

FIG. 4. Low-lying yrast level systematic of the even-even T
Fr, and Ac isotopes. The states are labeled by (I 2I g)p where I
represents the spins of the excited levels of the ground-state ba
I g are the spins of the bandhead states andp511(21) for
even~odd! spin states, respectively. Data coresponding to em
symbols are taken from Refs.@5,21# and that of full symbols are
obtained in this work and from216Fr @1#, 217Fr @15#, 218Ac @2,3#,
219Ac @5,6#, 220Ac @10#, and 221Ac @24#.
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are essentially collective and rather independent of
proton-neutron configurations of the different band hea
Thereby, the sense of the similarity mentioned above~and
shown in Fig. 3! is related mainly to the collective charact
than the particle configuration of these nuclei.

Now the tentative spin-parityI p5(92) assignment to the
‘‘bandhead’’ state in218Fr, its intrinsic structure and its re
lation to the intrinsic structure of220Ac will be briefly dis-
cussed. Many lighter doubly odd nuclei of this regio
~mostly with Z<87 and/or N<129) have two isomeric
a-emitting states, theI p5(12) ground and a (92) excited
state, which mainly arise from the coupling of the tw
lowest-lying single particle orbitsph9/2 andng9/2. The pres-
ence of an attractive proton-neutron particle-particle fo
acting strongly in the antialigned and alignedph9/2^ ng9/2
configurations is consistent with the fact that the (12) and
the (92) states~members of theJp512, 22, . . . 92 mul-
tiplet! lie lowest in energy. On the other hand, other dou
odd nuclei like 216Fr @1# and 218Ac @2# have only one iso-
meric state, namely, theI p5(12) ground state. In these nu
clei the particle-hole~quasiparticle! character for theph9/2
and ng9/2 excitations reduces the residualp2n force, and
hence the splitting of theJ multiplet decreases and othe
states of intermediate spinJ start to move into it. Eventually
the 92 state may decay to the 12 ground state through a
series of low-energy highly converted transitions losing
a-emitting character. Since the 92 ~maximum alignment!
state is still expected to be low lying, it will be on the yra
line receiving strong feeding in the heavy-ion induced re
tion.

On the other hand, in this region only thep̃h9/2^ ñg9/2,
p̃h9/2^ ñ i 11/2, andp̃ f 7/2^ ñg9/2 configurations give rise to a
possibleJp512 state. TheI p of the maximum aligned stat
will be 92 for the p̃h9/2^ ñg9/2, 102 for the p̃h9/2^ ñ i 11/2

and 82 for the p̃ f 7/2^ ñg9/2 configuration. In any case th
‘‘maximum aligned’’ state is expected to be low lying, and
will also be on the yrast line.

According to the calculations performed by Cwiok a
Nazarewicz@18# for deformationsb2.0.04, the lowest-lying
single proton state in Fr isotopes~two protons less than
220Ac) can be associated with anV55/22 ~which corre-
sponds at low octupole deformation to the 5/22 @523# Nils-
son state originating from the 1h9/2 subshell!, or with anV
51/22 orbital ~corresponds at low octupole and quadrup
deformation to the 1/22 @530# Nilsson state originating from
the 2f 7/2 subshell! and the lowest-lying single neutron sta
can be associated with theV55/21 orbital ~corresponding at
low octupole and quadrupole deformation to the 5/21 @633#
Nilsson state originating from the 2g9/2 subshell! or with the
above-mentionedV51/21 @640# Nilsson orbit. These single
particle orbitals are restricted to those belonging to
above-mentionedp̃h9/2^ ñg9/2, p̃h9/2^ ñ i 11/2 and p̃ f 7/2

^ ñg9/2 possible configurations.
In the p̃ f 7/2^ ñg9/2 configuration the decoupling param

eters of the twoV51/2 orbitals have, as in thep̃h9/2

^ ñ i 11/2 case~assumed for220Ac, see Ref.@3#!, different sign
(p f 7/2 hasap524 andg9/2 hasan515), and hence also in
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this case the even-spin values should be favored. This wo
lead to a level scheme of alternating parity bands~similar to
the situation encountered for220Ac) built on two relatively
degenerate states, the favoredJp582 ~resulting from the
stretched coupling! andJp572 ~resulting from the next-to-
maximum coupling!.

It is very important to point out that while in220Ac the
intensities of both bands~built on the Jp592 and 102

states! are similar, that is, both bands are on the yrast line
218Fr the observed bands have very different intensit
~band B is six times more intense than band A!.

If the p̃h9/2^ ñg9/2 configuration assignment is correct th
relevant decoupling parameters have the same sign (h9/2 has
ap515 andg9/2 hasan515). In this case states with odd
spin value ~signature5 1! should be favored, and thes
states come down in energy with respect to the even-s
states. This assumption would lead in218Fr to a level scheme
of alternating parity bands built on two low-lying states, t
favoredJp592 ~resulting from the stretched coupling! and
Jp582 ~resulting from the next-to-maximum coupling! of
the p̃h9/2^ ñg9/2 configuration. Since the band built on th
Jp582 would not be on the yrast line, it only will receive
weak feeding in the heavy-ion-induced reaction. This ar
ment provides a basis for the tentativeJp592 bandhead
assignment and the explanation of the different intensi
observed between the two alternating parity bands in
level schemes of220Ac and 218Fr.

For a nucleus~which shows nuclear deformation with od
multipole components! with an even number of nucleons
where the spinI is an integer, the possible spin and par
sequences are

I 501, 12, 21, 32, . . . for s511,

I 502, 11, 22, 31, . . . for s521,

wheres51 or 21 are the simplex numbers@19#. Both se-
quences are observed in the level scheme of218Fr. Assuming
I 592 for the band-head state of the yrast band~band B!, the
simplex value iss511. Band A has a simplex of opposit
sign to that of band B~that is, s521). The presence o
low-lying octupole excitations may induce a largeE1 mo-
ment in the intrinsic frame. Thus, states within a band w
the same simplex will be connected~besides the electric
quadrupole transitions! with strong electric dipole transi
tions. This situation may lead to the characteristic le
scheme of states connected through stretchedE2 transitions
through two parallel~also stretched! E1 transitions.

From theE1 andE2 observed transitions it is possible
deduce the mean value for the absolute magnitude of
intrinsic electric dipole momentuD0u and the intrinsic quad-
rupole momentuQ0u. These were extracted from the expe
mentalB(E1)/B(E2) values using the rotational model e
pression:

S D0

Q0
D 2

5
5

8

B~E1!

B~E2!

~ I 1K21!~ I 2K21!

~2I 21!~ I 21!
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under the assumption of a constant intrinsic quadrupole
ment Q0. Nevertheless, the use of this formula is questio
able since 218Fr is not a good rotor; this is a consiste
method to extractD0 from the data, and allows us to com
pare our result with otherD0 quoted values obtained in th
same way. TheB(E1)/B(E2) values were obtained for eac
excited state measuring theE1/E2 g-ray intensity ratio from
a spectrum which was in coincidence with all the transitio
lying above the state of interest. The mean value of this r
is uD0 /Q0u50.3660.0731023 fm21. The experimental
mean dipole momentuD0u50.1360.03 e fm was obtained
using the known experimental quadrupole moment
218Ra(Q05327 e fm2) @20# and the semiempirical Grodzin
systematic for 216Rn(Q05294 e fm2) @12#, 218Rn(Q0
5359 e fm2) @21# and 220Ra(Q05492 e fm2) @22#. This
value ofD0 is approximately a factor of 2 lower than thos
of 218Ra and219Ra~@23# and references therein!, very similar
to that of 217Fr @23# and larger than the value measured
218Rn @23#. This may indicate that thep-n octupole correla-
.
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tions are larger when the proton number is increasing. Ho
ever, for this region of light actinides, this statement is mo
valid for a transition within an octupole vibration pictur
than for a stable octupole deformed description~as was no-
ticed above,216Rn does not show evidence of alternatin
parity structure, indicating probably a lower mass limit f
the region in which the development of the reflection asy
metry collectivity starts!. Finally, theD0 value measured in
this work is in excellent agreement with the theoretical va
D0

th50.14 e fm deduced from the calculations of Butler an
Nazarewicz@23# ~using Fig. 1 of this work to calculate th
D0

shell contribution!. The macroscopic component and th
shell correction term are small but of the same sign a
similar in magnitude (D0

shell5D0
macr.0.07 e fm resulting in

a considerable value of the electric dipole moment in spite
the octupole-vibrational description of this nucleus.

This experiment has shown the extreme power and se
tivity of the GASP-ISIS array and demonstrated the feasi
ity of performing in beamg-ray spectroscopy in this regio
of very strong fission competition at thes.15 mb level.
on,

ni,

p-
p.

n,

G.

.
ett.

.
ark,
.
R.

at-

M.
-

v-
-
g-
@1# M. E. Debray, J. Davidson, M. Davidson, A. J. Kreiner, D
Hojman, D. Santos, K. Ahn, D. B. Fossan, Y. Liang, R. Ma,
S. Paul, W. Piel, and N. Xu, Phys. Rev. C41, R1895~1990!.

@2# M. E. Debray, M. Davidson, A. J. Kreiner, J. Davidson, G
Falcone, D. Hojman, and D. Santos, Phys. Rev. C39, R1193
~1989!.

@3# M. Debray, A. J. Kreiner, M. Davidson, J. Davidson, D. Ho
man, D. Santos, V. R. Vanin, N. Schulz, A. Chevallier, and
Chevallier, Nucl. Phys.A568, 141 ~1994!.

@4# N. Roy, D. J. Decman, H. Kluge, K. H. Maier, A. Maj, C
Mittag, J. Ferna´ndez Niello, H. Puchta, and F. Riess, Nuc
Phys.A426, 379 ~1984!.

@5# S. Khazrouni, A. Chevallier, J. Chevallier, O. Helene, G. R
manantsizehena, and N. Schulz, Z. Phys. A320, 535 ~1985!.

@6# M. W. Drigert and J. A. Cizewski, Phys. Rev. C31, 1977
~1985!.

@7# J. Ferna´ndez Niello, H. Putcha, F. Riess, and W. Trautman
Nucl. Phys.A391, 221 ~1982!.

@8# M. Gai, J. F. Ennis, M. Ruscev, E. C. Schloemer, B. Shiva
mar, S. M. Sterbenz, N. Tsoupas, and D. A. Bromley, Ph
Rev. Lett.51, 646 ~1983!.

@9# P. D. Cottle, M. Gai, J. F. Ennis, J. F. Shriner, Jr., D.
Bromley, C. W. Beausang, L. Hildingsson, W. F. Piel, Jr.,
B. Fossan, Phys. Rev. C33, 1855~1986!; 36, 2286~1987!.

@10# N. Schulz, V. R. Vanin, A. J. Kreiner, E. Ruchowska, M
Aı̈che, Ch. Briancon, A. Chevallier, J. Chevallier, M. E. D
bray, and C. J. Sens, Z. Phys. A339, 325 ~1991!.

@11# M. Dahlinger, E. Hanelt, E. Kankeleit, B. Schwartz, D
Schwalm, D. Halbs, R. S. Simon, and H. Backe, Z. Phys
A321, 535 ~1985!.

@12# P. D. Cottle, M. Gai, J. F. Ennis, J. F. Shriner Jr., S. M. St
benz, D. A. Bromley, C. W. Beausang, L. Hildingsson, W.
.

.

-

,

-
.

.

-

Piel, Jr., D. B. Fossan, J. W. Olnes, and E. K. Warburt
Phys. Rev. C35, 1939~1987!.

@13# Y. A. Akovali, Nucl. Data Sheets76, 457 ~1995!.
@14# Y. A. Akovali, Nucl. Data Sheets76, 127 ~1995!.
@15# M. Aı̈che, A. Chevallier, J. Chevallier, S. Hulne, S. Khazrou

N. Schulz, and J. C. Sens, J. Phys. G14, 1191~1988!.
@16# A. J. Kreiner, International Conference on Contemporary To

ics in Nuclear Structure Physics, Cocoyoc, Mexico, 1988,
521.

@17# A. J. Kreiner, D. E. Di Gregorio, A. J. Fendrik, J. Davidso
and M. Davidson, Phys. Rev. C29, 1572~1984!.

@18# S. Cwiok and W. Nazarewicz, Nucl. Phys.A529, 95 ~1991!.
@19# W. Nazarewicz, P. Olanders, I. Ragnarsson, J. Dudek, and

A. Leander, Phys. Rev. Lett.52, 1272~1984!.
@20# M. Gai, J. F. Ennis, D. A. Bromley, H. Emling, F. Azgui, E

Grosse, H. J. Wollersheim, C. Mittag, and F. Riess, Phys. L
B 215, 242 ~1988!.

@21# J. F. C. Cocks, D. Hawcroft, N. Amzal, P. A. Butler, K. J
Cann, P. T. Greenlees, G. D. Jones, S. Asztalos, R. M. Cl
M. A. Deleplanque, R. M. Diamond, P. Fallon, I. Y. Lee, A. O
Macchiavelli, R. W. MacLeod, F. S. Stephens, P. Jones,
Julin, R. Broda, B. Fornal, J. F. Smith, T. Lauritsen, P. Bh
tacharyya, and C. T. Zhang, Nucl. Phys.A645, 61 ~1999!.

@22# P. D. Cottle, J. F. Shriner, Jr., F. Dellagiacoma, J. F. Ennis,
Gai, D. A. Bromley, J. W. Olnes, E. K. Warburton, L. Hild
ingsson, M. A. Quader, and D. B. Fossan, Phys. Rev. C30,
1768 ~1984!.

@23# P. A. Butler and W. Nazarewicz, Nucl. Phys.A533, 249
~1991!.

@24# M. Aı̈che, M. Bentaleb, Ch. Briancon, A. Chevallier, J. Che
allier, J. S. Dionisio, J. Ferna´ndez Niello, R. Kulessa, E. Lubk
iewicz, C. Mittag, F. Riess, E. Ruchowsca, N. Schulz, A. Se
hour, and J. C. Sens, Nucl. Phys.A567, 685 ~1994!.
4-5


