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States in doub1y odd ' Fr have been studied using in-beam a, y, and e spectroscopy tech-
niques through the tospb("B, 3n) fusion-evaporation reaction. " Fr shows a band structure with

interleaved states of alternating parities connected by enhanced B(EI) transitions. It represents
the lowest-mass corner of the region (Z ~ 87, N ~ 129) in which this phenomenon is observed.

The existence of band structures with interleaved states
of alternating parity connected by enhanced B(EI ) tran-
sitions in the translead region has been related' to the
appearance of reflection asymmetric shapes. This
phenomenon has been studied mainly in even-even and
odd mass nuclei. 3 In order to subject this picture to
further testing we have started an investigation of doubly
odd nuclei. The first example' showing the above-
mentioned features was 2'sAc. In order to determine the
Z and N values for which this phenomenon starts to occur
we studied in the present work the next lighter doubly odd
isotone of ' Ac, namely ' Fr(Z 87, N-129). In fact,
this nucleus turns out to be the lightest one where a band
with alternating parities appears.

2'sFr has been studied using the 0 Pb("B,3n) reaction
through experiments performed in two different labora-
tories. a-particle and y-ray excitation functions (in the
53-74 MeV bombarding energy range) and e spectra
(with a mini-orange spectrometer on a 1 mg/cm' target at
56 MeV) were obtained at the TANDAR accelerator in
Buenos Aires. Compton suppressed (CS), multiplicity
filtered y-y coincidences, DCO ratios, and y-beam time
distributions were measured at the Nuclear Structure
Laboratory in Stony Brook. The latter setup consisted of
5 CS Ge detectors (at angles of 90', 30', and 150' to the
beam) and a fourteen element BGO multiplicity filter.
The DCQ ratios (see Table I) are obtained from a co-
incidence matrix which has on one axis detectors at 90'
and on the other, detectors at 30'. The experiment was
performed in this case on a thicker =8 mg/cm lead-
backed target at 57 MeV "Benergy.

The center part of Fig. 1 shows a partial level scheme
obtained for ' Fr showing the features discussed above.
The isotopic assignment of lines to ' Fr was done on the
basis of a-particle and y-ray excitation functions, previous
knowledge of neighboring odd A ' ' Fr (Refs. 11 and
12), and coincidences of candidate y lines with x rays of
Fr. The stretched E 1 and E2 character of the transitions
of this structure follows unambiguously from conversion
electron measurements, DCO ratios, and intensity balance
in coincidence spectra (see Table I) firmly establishing
relative spins and parities.

On the other hand, the spin-parity assignment of the
"band head" state is a more delicate matter. So far only a

few states in 2'6Fr were proposed" exclusively on the
basis of a-particle groups stemming from the ground-state
decay of Ac with no y rays observed. The ground state
of ' Fr has been assigned as (1 ) because it exclusively
a decays to the I ground state' '5 of ' At with a hin-
drance factor which fits the systematics. ' Fr is analo-
gous to 2'sAc in that it only has one a-emitting state. In
contrast, there is a systematic occurrence' of two a-
emitting isomers in many doubly odd nuclei of this region
(mostly with Z ~ 87 and/or N ~ 129) namely, theI' (I ) ground state and a (9 ) excited state which
mainly arise from the coupling of the two lowest-lying
single-particle orbits (trIt9/2 and vg9/2) above the double
shell closure at Z 82 and N 126. The fact that the I
and 9 states lie lowest is consistent with the presence of
an attractive proton-neutron particle-particle force acting
strongly in the antialigned and aligned trh9/2vg9/2
configurations, respectively (which have the largest spatial
overlap). These states are certainl~ purest in terms of the
trh9/2vg9/2 configuration for 'OBi and the particle-
particle matrix elments of the p nforce -can be extracted
from the lowest-lying I" J' 0, 1, . . . , 9 multiplet
(where J is the two-particle angular momentum) giving'
the typical inverted-parabola shape for the matrix ele-
ments VJ ((trIt9/2vg9/2)1( V~ „~ ()J). In ' Bi the
lowest-lying members of this multiplet are' the 1

(ground state), the 0 (46.5 keV), and the 9 (271 keV),
and the I -9 splitting is largest. Moving up in Z (or
N) the particle character for the nh9/2 (vg9/2) gives way
to a mixed particle-hole (quasiparticle) behavior, the re-
sidual p-n force is expected to diminish' because it be-
comes an average between the attractive particle-particle
and the repulsive particle-hole matrix elements and the
splitting of the J multiplet will decrease. In fact, the
I -9 energy separation decreases from 271 keV in

' Bi to 37 keV in its isotone 'sAc (Ref. 18), and other
states of intermediate spin J start to move into the I -9
gap (see for instance the case' of ' At). Eventually the
9 state, being able to y decay to the I ground state
through a series of low-energy M I and/or E2 transitions,
may lose its a-emitting character. Since the 9 state is
still expected' to be low-lying, it will be on the yrast line
receiving strong feeding in a heavy-ion-induced fusion re-
action. These arguments provide a basis for the tentative

R1895 1990 The American Physical Society



R1896 M. E. DEBRAY et al.

TABLE I. y-ray energies, intensities, and DCO ratios [DCO (d) is the average value of I„(90')/I„(30')] in coincidence spectra
gated by dipole transitions at 30' and 90', respectively; DCO(q) is the same average value but gated on quadrupole transitions, con-
version coefficients, total transition intensities, and adopted multipolarities.

EB
(kev)

I„
(arb. units) DCO(cj) DCO(V)

aKth E lb
ag E2
ag M1 exp

aL E1
aL E2
aL M1 exp

aL

I tot

(arb. units) Mult.

121.9
138.2
175.2
206.7
235 0'

276.8

291 5'

2.2(4)
1.7(5)
5.9(6)
s.s(7)

3s(3)

21(2)

13.7(9)

0.97 (12)
0.91(12)

1.10(10)
0.86(5)

1.02(8)

1.63(25)
1.59(14)
1.74(22)
1.70(10)
1.68(9)

1.85(8)

1.49(7)

0.0334
0.0833
0.700

0.0299
0.075
0.612

0.018(10)

0.030(6)

0.0091
0.159
0.20

0.005
0.0635
0.1 1

0.009(2)

0.006(2)

2.s(4)
2.1(s)
6.4(6)
9.3(7)

39(3)

21(2)

13.7(9)

E1
E1
E1
El
E1

E1

E1

313.0 7.3(8) 0.65(6) 1.03(5) 0.0254
0.0643
0.501

0.14(6) 7.1(8) E2

398.9
414.0

441.6

451 3'
498.6

527.7

7.9(9)
45(4)

72(s)

6.2(9)
52(6)

loo(6)

0.58(4)
0.53(3)

0.56(3)

0.99(9)
1.01(3)

0.97 (3)

1.20(8)

0.93(3)

0.0122
0.0317
0.198

0.0095
0.0249
0.143

0.0085
0.0223
0.123

0.039(9)

0.030(15)

0.044(10)

0.0016
0.0096
0.025

0.012(6)

s.2(9)
47(4)

74(8)

6.3(9)
53(6)

loo(6)

E2
E2

E2

E2
E2

E2

"'Errors in E are about 0.2 keV.
Theoretical values from Ref. 26.

'Contaminated lines. Relative intensities were deduced from coincidence spectra.
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FIG. 1. Partial level scheme of "6Fr compared to Yrast structures in "'"'Fr (Refs. 11 and 12).
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TABLE II. B(E1)/B(E2) ratios in "4Fr and in 2"Fr (Ref.
12) from states of initial spin I .

10.0
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0.23(3)
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spin-parity assignment in ' Fr.
' Fr is shown in Fig. 1 along with ' Fr and ' Fr

(Refs. 11 and 12). The lower part of the scheme of ' Fr
can be interpreted as an h9/2 proton weakly coupled to
the noncollective ' Rn core. No positive parity states re-
lated to the ground "band" configuration (h9/2) are
known. On the other hand, 2' Fr clearly shows collective
features both in the quadrupole (slowly increasing E2's)
and in the reflection asymmetric (positive-parity states
strongly connected by E 1's to the negative-parity states)
degrees of freedom. It is interesting to note that the first
quadrupole transition in ' Fr (528 keV) interpolates
quite well between the first quadrupole transitions in

' Fr[(670+ 364)/2 517 keV].
The B(E1)/8(E2) ratios found here in ' Fr are simi-

lar to those measured in 2' Fr (see Table II). A similar
pattern repeats itself for the isotopic chain 2' 2' 2' Ra
and ' ' ' Ac (Ref. 10). A more detailed examination
of these ratios leads, however, to the following interesting
observation. While in ' Fr the B(E1)/8(E2) ratios are
similar for transitions from negative-parity states to
positive-parity states as for transitions from positive to
negative, in ' Fr these ratios are larger for states with
positive parity (up to the 16+ state). This implies that in

the even-even core the transitions from negative to posi-
tive are larger than the transitions from positive to nega-
tive. For pure vibrations' (and if only s, d, and f bosons
are considered) the E 1 transitions from positive (I+) to
negative-parity [(I—1) ] states are forbidden because
these transitions require a change of four units in core an-
gular momentum and hence the simultaneous annihilation
of two d bosons. A similar argument holds for an octupole
vibration coupled to a deformed core. For stable
reflection asymmetric shapes, on the other hand, these ra-
tios should be similar for transitions starting either from
positive- or from negative-parity states. The 8(El )/
8(E2) ratios observed for ' Fr [and also for its isotones

' Ra and ' Ac (Refs. 7 and 21)] show an intermediate
behavior between the two extremes just discussed. This
adds a strong point for the case of a smooth development
in the reflection asymmetric character in these nuclei.

In fact, the transition between a spherical shell model
(or single particle) and a collective regime ' seems

1.0
10 1.2 14 16 1.8 2.0 2.2 2.4

R4

FIG. 2. Mallmann (RI vs R4) plot for even-even,

208 (A ~ 222 (Z ~ 82; N ~ 126) nuclei. Data from Refs. 3,
4, 14, and 25.

to occur precisely at N 129. All the known even N
= 128 isotones, from ' Pb to ' Th (Ref. 14), have
R4( E4+/E2+) ratios less than the critical value 1.82
in a Mailman plot (see Fig. 2) showing a compression
of the transition energies as one goes up the ground-state
band while the known odd Z, N 128 isotones are essen-
tially an h9/2 proton weakly coupled to the A -1 even-even
core. Qn the other hand, the even N 130 isotones from

' Rn on, clearly show collective features; their R4 ratios
lie beyond R4 1.82 and R6 and Rs fall nicely on the col-
lective branch of the variable moment of inertia curves. It
is interesting to note that 2' Rn (Ref. 25) falls exactly
(see Fig. 2) on the end point of the upper family of curves
having a spectrum which goes approximately as
Rq [1(I+1)/6] '~ [which gives R4 = ( 3' ) ' 1.82].
(Incidentally one may note that the nuclei with R4 ( 1.82
do not adapt too well to the lower family of curves show-
ing a smoother transition to the upper family. ) From all
the nuclei falling on the upper VMI curves, the only one
where no interleaved states of negative parity are known is
216R

Hence, so far the lightest nucleus showing evidence for
reflection asymmetry is ' Fr, defining a lower boundary
for this kind of phenomenon as Z & 86 and N & 128. This
boundary approximately coincides with the criterium for
collectivity given by the VMI curves for even-even nuclei
(namely Z ~ 86 and N ~ 130).

We kindly acknowledge interesting comments, particu-
larly on the behavior of the B(E1)/8(E2) ratios by M.
Gai.
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