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Spectroscopy and high-spin structure of 209Fr
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Excited states in 209Fr have been studied using the 197Au(16O,4n)209Fr reaction with pulsed beams and γ -ray
and electron spectroscopy. A comprehensive scheme has been established up to an excitation energy of about
6 MeV and spins of about 49/2h̄. Several isomers have been identified including a J π = 25/2+, τ = 48(3) ns state
at 2130 keV and a 606(26) ns, 45/2− state at 4660 keV. The latter state decays via an enhanced E3 transition with
a strength of 28.8(12) W.u. It can be identified with a similar isomer in the heavier odd isotopes 211Fr and 213Fr,
arising from the maximal coupling of the five valence protons in the πh3

9/2i
2
13/2 configuration. The systematics of

the yrast states in the odd-A isotopes are discussed, including the presence of states arising from the main proton
configurations coupled to the p1/2, f5/2, and i13/2 neutron holes. Shell-model configurations are assigned to many
of the observed states. The isotopic assignment differs from earlier work, which is shown to be erroneous.
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I. INTRODUCTION

The identification of excited states in nuclei close to the
Z = 82, N = 126 double shell closure has been an important
part of the development of the understanding of the structure
of heavy nuclei. With Z = 87, high-spin states in the francium
isotopes are primarily formed by mutual alignment of the
five valence protons distributed over the h9/2, f7/2, and
i13/2 orbitals directly above the proton Fermi surface. Such
structures are known in some detail from the closed neutron
shell at N = 126 and below [1,2], down to the N = 124 isotope
211Fr [2]. In 213Fr (and 212Fr), neutron core excitations also
become competitive at high spin, but this is less so in 211Fr
because of the depletion of the neutron core. For still lighter
isotopes, the valence neutron holes are expected to play a more
important role. In 210Fr(N = 123), a number of excited states
have been assigned from the α decay of 214Ac [3], but these
are necessarily of relatively low spin, while a recent high-spin
study by the Yale group reported a set of transitions for 210Fr
and a partial level scheme for 209Fr [4]. However, our study
does not agree with the latter assignments. As will be shown,
these should be to the isotopes 209Fr and 208Fr, respectively,
that is, moved down by one neutron number. This report is
predominantly concerned with the structure of 209Fr obtained
from the new measurements, and the odd-A Fr isotopes.
Complementary results and corresponding new assignments
for 208Fr are reported elsewhere [5]. Some information on the
still lighter range of isotopes, 205–207Fr, has also recently been
reported [6].
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II. EXPERIMENTAL DESIGN AND ANALYSIS

The present results were obtained using mainly the
(16O, 4n) reaction on 197Au. The measurements and analyses
were carried out in conjunction with a study of the spec-
troscopy of 212Rn as reported recently [7,8]. To address the
discrepancy that has arisen between the present work and the
earlier assignments [4] of transitions to 209Fr and 210Fr, our
study also included measurements with 17O and 18O beams, the
latter leading to the well-established case of 211Fr, to provide
an indirect calibration of the 16O-induced reaction, as will be
outlined below.

Pulsed beams of oxygen isotopes were provided by the
14UD Pelletron accelerator at the Heavy-Ion Accelerator
Facility of the Australian National University. Pulses of about
1 ns in width and separated by 1716 ns were used in the
main γ -γ –time measurements, which were complemented
by γ -time measurements with a beam of nanosecond pulses
separated by 19 µs.

The CAESAR array comprised six Compton-suppressed
high-purity Ge detectors, three larger volume Ge detectors
(also Compton suppressed and 80% efficient) and two LEPS
detectors. The first six Compton-suppressed detectors in the
array are arranged in the vertical plane, in pairs, at angles
with respect to the beam direction of ±97◦,±148◦, and
±48◦, allowing γ -ray anisotropies to be measured. The other
detectors are in the horizontal plane.

γ -γ –time matrices were constructed from these data
to establish the coincidence relationships. Where possible,
additional time conditions were used to select γ rays feeding
or following isomers. Lifetime information was obtained by
projecting intermediate-time spectra from γ -γ –time cubes
with gates on γ rays above and below the state of interest,
as well as from several independent sets of γ -ray–time data
obtained with the pulsed and chopped beams in the γ -ray and
electron measurements (see below).

Angular anisotropy information was obtained from both the
singles γ -ray measurements and the γ -γ coincidence data.
The latter were obtained by constructing three matrices of

0556-2813/2009/79(5)/054313(14) 054313-1 ©2009 The American Physical Society

http://dx.doi.org/10.1103/PhysRevC.79.054313
mailto:george.dracoulis@anu.edu.au


G. D. DRACOULIS et al. PHYSICAL REVIEW C 79, 054313 (2009)

transitions observed in any of the three pairs of six detectors
in the vertical plane (defining three angles with respect to
the beam axis), on one axis, with either prompt or delayed
transitions observed in the other eight large detectors. Gates
were set to isolate specific transitions assigned to the scheme,
without contamination. Spectra were constructed from which
the three-point anisotropies could be determined. (These will
be indicative of spin differences but are not sufficient to
extract precise mixing ratios.) The angle and energy-dependent
relative efficiencies required for the anisotropy determination
were internally calibrated using the broad spectrum of lines
produced in activity. The overall relative efficiency was
determined using standard sources.

A number of conversion coefficients were measured di-
rectly using a superconducting solenoid to transport electrons
to a cooled Si(Li) detector, with simultaneous measurement
of γ rays in a single Compton-suppressed detector, in the
arrangement described in Ref. [9]. The spectrometer was
operated in the lens mode [9], allowing the selection of
momentum ranges to optimize the efficiency for specific
regions of the spectrum, as will be shown later. γ rays and
electrons were measured with respect to a pulsed beam of 16O
ions, with pulses separated by 6.5 µs, conditions chosen to
allow the subtraction of activities and other contaminants from
the transitions associated with isomers in 209Fr, by appropriate
time-gating. This was imperative since it was found from the
coincidence γ -ray results that nearly all of the main transitions
assigned to 209Fr were contaminated by activity lines. A target
with a thickness of 2.4mg/cm2 was placed with its plane at
30◦ to the beam axis. This thickness is a compromise between
the need to simultaneously maintain electron resolution (with
electrons observed through the back of the target and at 90◦ to
the beam axis) and to stop most of the recoiling nuclei in the
target.

III. RESULTS

A. Reaction conditions and isotopic assignments

Transitions in francium can be assigned unambiguously
through coincidences with characteristic x rays. In the absence
of mass selection, the assignment to a specific neutron number
relies on an understanding of the xn cross sections and, in
some cases, either prior information on low-lying transitions
or complementary information from cross bombardments.

Although it becomes increasingly more difficult to populate
neutron-deficient heavy nuclei because of fission competition,
in the specific cases here, the cross sections are sufficiently
large that special techniques are not necessary. Absolute cross
sections for fusion evaporation reactions for 16O incident on
197Au are known to be in the region of 100–200 mb [10–12]
with the dominant residues being the xn products, the francium
isotopes. As fission competition becomes more important,
the survival probability for cases where charged particles are
evaporated is relatively increased, hence radon isotopes from
the pxn evaporation channels are also observed.

The measurements were designed to populate high-spin
states in 209Fr through the 197Au(16O, 4n) reaction. On the
basis of statistical model calculations, the peak of this reaction

is expected at about 88 MeV. There have been several studies
involving oxygen beams, which concur with this prediction
(see, for example, Refs. [13,14]), and furthermore, the xn

differential cross sections have been measured [10]. Although
most of the cross-section studies involve measurement of
the α activities for the known ground-state α decays, these
are complicated by the fact that the α-particle energies for
neighboring isotopes such as the pair 210,211Fr and 208,209Fr
are not resolved within the pair (see, for example, Ref. [14]).
However, the early study of Baba et al. [10] used the additional
technique of mass separation to recover individual xn cross
sections for 16O on 197Au. They report the peak of the 4n

channel leading to 209Fr to be at a center-of-mass energy of
∼82 MeV, corresponding to a beam energy of ∼89 MeV,
in good agreement with our predictions and with their own
calculations.

In the present work, a 5.5 mg/cm2 target was used to ensure
that most recoils would stop in the target, giving an average
energy loss to the center of the target of about 4 MeV, hence
the peak cross section should be covered at a beam energy of
∼92 MeV. This energy was chosen for 16O in a comparison
between 16O, 17O, and 18O induced reactions on the same
target. The beam energies for the 17O and 18O induced cases
were adjusted to allow for the slightly less negative Q value
for the 4n-evaporation channel in these cases. The energy
integration because of the target thickness covers the main
reaction yield directly above the Coulomb barrier, which is
dominated by the 4n-evaporation channel. (On the basis of
an excitation function with beam energies between 82 and
99 MeV, an 16O beam energy of 95 MeV was subsequently
chosen for the the main γ -γ –time measurements to improve
the high-spin population with minimum contamination.)

The results of these singles measurements are shown in
Fig. 1. The main transitions in the bottom panel (apart from
the 197Au Coulomb excitation) are the known transitions
in 211Fr, confirming that these reaction conditions will lead
predominantly to the (18O, 4n) channel. The main transitions
marked in the top panel are those assigned in the present work
to 209Fr from the (16O, 4n) reaction. This is in disagreement
with Ref. [4], where the same transitions were assigned to
210Fr.

Transitions in 210Fr should, in fact, be evident in the middle
panel, from the 17O bombardment. The situation in this case is
less clear than the other two because (a) the nuclide 210Rn
is populated through both the (expected) p3n evaporation
channel and also through the electron capture decay of
the ground state of 210Fr which is stronger and of higher
spin than the equivalent decays in the odd-A isotopes, and
(b) the energies of several of the main lines attributable to
210Fr apparently overlap those of some of the 210Rn lines. For
example, the marked 817 keV γ ray is lower in energy than
the 817.8 keV 2+ → 0+ transition in 210Rn, which it partly
overlaps [15]. Similarly, the 257 keV transition is both a line
in 210Rn from the decay of 210Fr and a candidate transition in
210Fr. The 203, 257, 520, 701, 721, and 817 keV lines were
also observed in the γ -γ -coincidence studies of our earlier
work with 12C-induced reactions where the main population
was to 211Fr through the 5n channel with the contaminant 6n

channel leading to 210Fr [1].
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FIG. 1. Singles measurements with oxygen
beams on 197Au at energies appropriate for 4n

evaporation. The energies of the main transitions
assigned to francium isotopes are indicated.

Although the present γ -γ –time coincidence results confirm
the arrangement of transitions and levels claimed in Ref. [4]
with an isomeric state decaying through a 194 and 632 keV
cascade, from our excitation function results and cross bom-
bardments, we assign it to 208Fr, rather than to 209Fr. (A report
on 208Fr has been published [5], and 210Fr will be the subject
of a later study.) We note also that although the Yale group
reported a cross bombardment with the 37Cl-induced reaction
on 176Yb, their beam energies seem to be well in excess of
the energies appropriate for the population of 210Fr and 209Fr,
consistent with significant production of 208Fr. They also show
excitation functions (Fig. 2, Ref. [4]) but as noted earlier,
fission competition which becomes more prevalent at higher
energies has the effect of favoring channels that involve proton
emission. The competition can result in a difference in energy
dependence (and therefore peak energies) for 5n evaporation
compared to 1p4n evaporation, for example, and compromise
interpretations based on the shape of excitation functions.

Finally, the main activity lines (as observed in the long time
region with the 19 µs pulsing) can be attributed to the A = 209
and A = 208 decay chains (both electron capture and α-decay
paths), with an insignificant amount attributable to A = 210.
This is consistent with the recent use of the (16O, 4n) reaction
at 91 MeV to populate 209Rn via activity [16].

B. 209Fr level scheme

Transitions assigned to 209Fr are listed in Table I together
with their placement in the scheme, relative intensities, and,
where available, anisotropies. The anisotropies are given in
terms of the normalized coefficient in a fit to an expansion, up
to second order, in the Legendre polynomial.

The level scheme is shown in Fig. 2. γ -γ coincidence
spectra that illustrate some key features of the scheme are
given in Fig. 3. The 539 keV coincidence gate (with a

±150 ns time-difference condition) selects out transitions in
the path parallel to the main cascade between the 1764 keV
state and the ground state. The 433 and 724 keV transitions
that carry the main cascade intensity are not evident in this
spectrum, which shows the two alternative paths via the 136,
466, and 622 keV transitions to ground, and the 619 and
606 keV transitions from the decay of the 1225 keV state.
The complication is that there are three close-lying transitions
in the scheme, with energies of 618.9 and 622.7 keV from this
path, and the 620.2 keV transition placed in the upper part of
the scheme, as a direct decay from the longer-lived isomer.

The feeding from two strongly populated isomers is evident
in the coincidence gates for the 202 keV transition in the short-
delayed time region (35–175 ns) compared to the more delayed
region (175–1500 ns), with the shorter isomer being lower in
the scheme and more strongly populated. In comparison, the
gate on the 232 keV line shows the main lines from the upper
isomer (620, 409, 516, and 691 keV) with an intensity essen-
tially equal to that of the lowest cascade through the 433 and
724 keV transitions. There is also a weakly populated isomeric
state feeding the 3234 keV state (Fig. 2) through a 181 keV
transition with a lifetime intermediate between that assigned
to the 2130 keV state and to the 4660 keV state (see Fig. 2).

Also marked in these spectra is a 45 keV transition, which
is more clearly seen in the coincidence spectrum obtained with
the LEPS detector shown in Fig. 4. This transition is placed as
the connection between the 2175.8 and 2130.4 keV states, the
latter of which has a lifetime.

Also, in the level scheme, the 248.8 keV transition is
placed in parallel to the strong 231.7 keV transition and in the
main decay path, implying an unobserved 17.1 keV transition
between the 2424.6 and 2407.5 keV states. This energy gap
is independently confirmed by the two decay paths from
the 3234.4 keV state via the 809.8 keV transition to the
2424.6 keV state and via the 331.2/727.4 keV cascade to the
2175.8 keV state.
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TABLE I. Properties of transitions assigned to 209Fr.

Eγ
a Iγ

a A2/A0
b Ei Ef J π

i J π
f

17.1 509(98) 2424.6 2407.5 29/2+ 27/2+

45.4 18(3) 2175.8 2130.4 25/2+ 25/2+

136.1 42(6) −0.31(7) 1225.0 1088.9 17/2− 15/2−

(140.3) (2857.6) 2717.3 (29/2)
164.9 261(11) −0.24(4) 1928.5 1763.6 23/2− 21/2−

174.9 26(2) −0.45(12) 3409.3 3234.4 33/2(+) 31/2(+)

181.4 13(2) (−0.19(20)) 3415.8 3234.4 33/2(−) 31/2(+)

201.9 510(10) −0.12(5) 2130.4 1928.5 25/2+ 23/2−

231.7 261(8) −0.58(4) 2407.5 2175.8 27/2+ 25/2+

247.3 350(10) −0.24(4) 2175.8 1928.5 25/2+ 23/2−

248.8 42(8) +0.18(11) 2424.6 2175.8 29/2+ 25/2+

284.7 26(2) −0.32(13) 4324.2 4039.5 41/2+ 39/2+

309.8 2717.3 2407.5 (29/2) 27/2+

331.2 41(3) −0.40(13) 3234.4 2903.2 31/2(+) 29/2+

335.5 10(2) +0.09(27) 4659.7 4324.2 45/2− 41/2+

342.2 15(2) −0.45(20) 3369.5 3027.3 33/2+ 31/2+

(386.4) 3(1) 4659.7 45/2−

408.7 131(6) −0.46(7) 4039.5 3630.8 39/2+ 37/2+

414.9 9(2) −0.50(16) 5903.3 5488.4 49/2− 47/2−

433.2 937(14) +0.26(5) 1763.6 1330.4 21/2− 17/2−

435.7 3153.0 2717.3 31/2− (29/2)
466.3 182(5) +0.21(5) 1088.9 622.7 15/2− 11/2−

481.4 46(4) −0.34(17) 2245.0 1763.6 23/2+ 21/2−

482.7 67(4) −0.48(17) 1088.9 606.0 15/2− 13/2−

514.0 48(9) −0.53(24) 3923.3 3409.3 35/2(+) 33/2(+)

515.5 231(9) +0.38(10) 3630.8 3115.3 37/2+ 33/2+

528.3 61(5) +0.44(16) 3127.3 2599.0 31/2− 27/2−

534.8 6(1) −0.45(11) 5194.5 4659.7 47/2(−) 45/2−

538.7 250(10) +0.20(9) 1763.6 1225.0 21/2− 17/2−

559.3 60(8) −0.19(4) 3968.6 3409.3 35/2 33/2(+)

566.2 45(5) −0.65(14) 2696.2 2130.4 27/2+ 25/2+

602.7 85(4) −0.57(8) 3027.3 2424.6 31/2+ 29/2+

606.0 1000(16) +0.27(3) 606.0 0.0 13/2− 9/2−

618.9 159(20) +0.23(9) 1225.0 606.0 17/2− 13/2−

620.2 75(5) +0.07(12) 4659.7 4039.5 45/2− 39/2+

622.7 228(8) −0.43(10) 622.7 0.0 11/2− 9/2−

630.5 33(3) −0.60(12) 2559.0 1928.5 25/2(−) 23/2−

642.3 5(1) −0.23(19) 5302.0 4659.7 47/2 45/2−

670.5 52(4) +0.33(9) 2599.0 1928.5 27/2− 23/2−

690.7 275(11) +0.25(5) 3115.3 2424.6 33/2+ 29/2+

692.7 13(2) 2937.7 2245.0 (27/2) 23/2+

724.4 989(17) +0.23(4) 1330.4 606.0 17/2− 13/2−

727.4 60(10) (+0.26(9)) 2903.2 2175.8 29/2+ 25/2+

728.4 30(10) 3153.0 2424.6 31/2 29/2+

733.2 21(3) −0.63(17) 4364.0 3630.8 39/2+ 37/2+

739.7 17(2) +0.39(8) 5399.4 4659.7 49/2− 45/2−

745.0 15(3) 5069.2 4324.2 (43/2) 41/2+

745.5 22(2) (+0.22(11)) 3153.0 2407.5 31/2 27/2+

(754.1) 2(1) 4659.7 45/2−

757.0 15(2) 4166.3 3409.3 (37/2) 33/2(+)

787.4 60(3) +0.30(11) 2917.8 2130.4 29/2(+) 25/2+

792.7 34(3) +0.33(14) 4423.5 3630.8 41/2(+) 37/2+

809.8 93(8) −0.10(8) 3234.4 2424.6 31/2(+) 29/2+

(820.5) 2(1) 4659.7 45/2−
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TABLE I. (Continued.)

Eγ
a Iγ

a A2/A0
b Ei Ef J π

i J π
f

828.7 17(2) −0.66(6) 5488.4 4659.7 47/2− 45/2−

997.4 5(1) −0.56(13) 5657.1 4659.7 47/2− 45/2−

1105.4 4(1) −0.32(13) 5765.1 4659.7 47/2 45/2−

aUnobserved transitions have implied energy and total transition intensities in italics. The
uncertainty in energies range from ±0.15 keV for strong lines to ±0.25 keV for weak lines.
bFrom a three-point anisotropy.

0.0   9/2       -

606.0  13/2       -

1330.4  17/2       -

622.7  11/2       -

1088.9  15/2       -
1225.0  17/2       -

1763.6  21/2       -
1928.5  23/2       -

2130.4  25/2       +
  25/2       + 2175.8

2407.5  27/2       +
2424.6  29/2       +

3115.3  33/2       +

3630.8  37/2       +

4039.5  39/2       +

4659.7  45/2       -

47/2       (-) 5194.5
 (47/2) 5302.0
  49/2       - 5399.4
  47/2       - 5488.4

47/2       (-) 5657.1
5765.1 (47/2)

5903.3  49/2       -

 (29/2) 2717.3

  29/2       + 2903.2

3234.431/2       (+)

3409.333/2       (+)

35/2       (+) 3923.3
3968.6   35/2

4166.3 (37/2)

4324.2  41/2       +

5069.2 (43/2)

4364.0  39/2       +
4423.541/2       (+)

3027.3  31/2       +

3369.5  33/2       +
3415.833/2       (-)

   31/2 3153.0

  27/2       - 2599.0
25/2       (-) 2559.0

29/2       (+) 2917.8

3127.3  31/2       -

  23/2       + 2245.0

 (27/2) 2937.7

  27/2       + 2696.2

606.0

724.4

433.2

622.7

466.3 482.7

538.7

136.1

618.9

164.9

201.9 247.3
45.4

231.7248.8

690.7

515.5

408.7

620.2

534.8 642.3 739.7 828.7

414.9

997.4 1105.4

181.4

481.4

692.7

670.5

528.3

566.2

630.5

787.4

284.7

745.0

335.5

733.2 792.7

757.0
559.3 514.0

174.9

809.8

727.4

331.2

140.3745.5 728.4

435.7

309.8

602.7

342.2

Fr209
        

 = 48ns

 ~ 90 ns

 = 606 ns

(17) 

FIG. 2. Level scheme of 209Fr
from the present study.
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The 248.8 keV transition is in coincidence with all
transitions in the main (delayed) cascade, and although the
line is only partially resolved in the large detectors from
the much more intense 247.3 keV line, with which it is in
coincidence, it is more clearly resolved in the LEPS detectors.
This is illustrated in Fig. 5. Note the low intensity of the
248.8 keV line compared to both the 247 and 232 keV lines.

Transitions that feed the uppermost isomer are seen in the
“early” spectrum with gates on the several lines in cascade
below the isomer, shown in Fig. 6. (Only the strongest of these
early lines have been placed in the level scheme.) The main
transitions that follow the isomer are evident in the “delayed”
spectrum constructed with gates on the two strongest lines
above the isomer. The line marked as a contaminant at
181 keV is associated with a 740 keV γ ray, arising probably
from 99Tc, one of the fission products.
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With respect to the level scheme shown in Fig. 2, except for
several transitions that appear in the early spectrum that have
not been placed in the scheme as noted above, which could
be additional parallel feeds directly to the isomer, essentially
all transitions that can be firmly assigned to 209Fr have been
placed. There are some residual uncertainties, such as the
ordering of the 331.2/727.4 keV cascade from the 3234.4 keV
state: the alternative ordering would place an intermediate state
at 2507.0 rather than at 2903.2 keV. Also, there are several
complications associated with γ rays at 181 keV (noted earlier)
and at 140 and 175 keV which arise from fission products
and their complementary partners but which have close-lying
γ rays in 209Fr.

C. Conversion coefficients

As well as the direct measurement of conversion coeffi-
cients to be discussed below, there are a number of cases for
which it has been possible to extract total internal conversion
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FIG. 5. γ -γ -coincidence spectrum as observed in the LEPS
detector produced by summing gates on the main cascade lines in
the delayed time region.
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FIG. 6. Time-correlated γ -ray coincidence
spectra with time difference gates of
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+1500 ns (“delayed”) and γ -ray gates as
indicated.)

coefficients for individual lines or combinations of lines from
intensity balances, and thus restrict multipolarities and spin
assignments, particularly for low-energy transitions. In the
539 keV γ -γ coincidence spectrum shown in Fig. 3, for exam-
ple, the 136 keV γ -ray total intensity has to balance the sum of
the 466 and 483 keV decay paths, while the 466 keV intensity

has to balance that of the 622 keV transition. Similar analyses
resulted in the total conversion coefficients for the 45, 136, 165,
175, 181, 202, 232, 247, and 409 keV lines listed in Table II.

Several K and L conversion coefficients for specific
transitions are listed in Table II together with the theoretical
values for selected multipolarities. Some were obtained with

TABLE II. Conversion coefficients in 209Fr.

Eγ Type Experiment Assignmenta Theoryb

E1 M1 E2 E3

45.4 T 28.0(8) M1 0.883 28.3 385 2.2 × 104

136.1 T 7.0(10) M1 0.224 5.96 2.43 43.0
164.9 T 3.08(11) M1 0.140 3.46 1.13 15.5
174.9 T 1.8(3) M1 + E2 0.122 2.93 0.906 11.4
181.4 T 0.24(15) E1 0.112 2.64 0.790 9.46
201.9c T �0.091(53) E1 0.086 1.95 0.534 5.52
231.7 T 1.33(13) M1 0.062 1.33 0.331 2.83
247.3a T �0.091(53) E1 0.053 1.11 0.266 2.08
408.7 T 0.25(13) M1 + E2 0.017 0.28 0.061 0.26

K 0.145(14) 0.014 0.23 0.037 0.094
L 0.012(4) 0.0025 0.041 0.018 0.122

433.2 K 0.032(2) E2 0.0125 0.194 0.033 0.083
M 0.003(1) 0.0005 0.008 0.0038 0.026

466.3 K 0.031(3) E2 0.0107 0.159 0.028 0.071
482.7 K �0.065(11) M1 + E2 0.010 0.145 0.026 0.066
538.7 K 0.019(3) E2 0.008 0.108 0.021 0.052
606.0 K 0.016(2) E2 0.0064 0.079 0.017 0.041

L 0.007(1) 0.0011 0.014 0.005 0.024
618.9 K 0.017(3) E2 0.006 0.075 0.016 0.039
622.7 K 0.057(4) M1 + E2 0.006 0.074 0.016 0.038
620.0 K 0.042(8) E3 0.0061 0.075 0.016 0.039

K/L 1.6(3) 6.01 5.62 3.29 1.73
724.4 K 0.012(2) E2 0.005 0.050 0.012 0.028

L (0.0022(4)) 0.001 0.009 0.003 0.013

aMain component. Also, see anisotropy and lifetime analyses.
bReference [17].
cCombined analysis.
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FIG. 7. γ -ray and electron spectra obtained in a configuration
with the electron momentum range centered on transitions near the
620 keV direct decay from the 606 ns high-spin isomer. The electron
spectrum has been shifted up in energy so that the lines from K

conversion in francium align with the γ -ray transition energies. The
bars in the lower panel indicate the position of K , L, and M lines
from each transition. (Contaminants are indicated by filled circles.)

time gates to select transitions that were either prompt or
populated by the relatively short-lived isomer (τ = 48 ns) at
2130 keV through which most of the decay proceeds, and a
broad momentum selection range for the electrons, scanning in
the region between about 100 and 900 keV. However, because
of the low population of the high-spin isomer at 4660 keV
(about 5% relative to the lower spin cascade), it was necessary
to constrain the momentum range to obtain sufficient intensity
for the main decay. Figure 7 shows corresponding γ -ray and
electron spectra with the electron momentum range focused
on a narrow region to take in the 620 keV transition that
is the direct decay from the isomer, bracketed by the 606
and 632 keV transitions from the low-spin yrast cascades in
209Fr and 208Fr, respectively. Both γ -ray and electron spectra
are constructed with equivalent time gates, selecting the
0.3–3.0 µs region after the beam pulse, with the subsequent
time region of 3.0–5.7 µs subtracted, in order to capture
the main intensity of the isomer and remove long-lived
contaminants. As well as the broad Ge (n, n′) line in the
γ -ray spectrum, which masks the 691 keV transition in the
high-spin cascade, the 632 keV transition in 208Fr is also
observed as is the 686 keV transition in 206At [5,18], both of
which arise from isomers with a similar lifetime. Note also that
with a narrow momentum selection (giving a higher electron
efficiency compared with the broad range mode), the electron
efficiency is not constant [9].

Both the 606 and 632 keV lines are established as
having E2 multipolarity (in the present work). Comparing
the electron and γ -ray spectra, it is apparent that the
620 keV line has a larger K-conversion coefficient. Although
the 620 keV γ -ray line is mainly due to the 620.2 keV
transition from the isomer, it also contains two other (weak)
components that are partially resolved in the γ -ray detector, the
618.9 keV (17/2− → 13/2−) E2 transition (see Fig. 2) and
the 622.7 keV (11/2− → 9/2−) M1 transition, both of which
have multipolarities established independently in this work.
These components are taken into account in extracting the
K- and L-conversion coefficients given for the 620.2 keV
transition in Table II. Note also that the electron line observed
at an electron energy equivalent to the 691 keV γ -ray transition
in 209Fr is a combination of that line and the electron line from
K conversion of the 686 keV (E2) transition in 206At [5,18].

D. Lifetimes and transition strengths

Lifetimes were established from a number of sources
including timing with respect to the pulsed beam and also from
the time-γ -γ data. Examples of the time spectra obtained with
the 1 ns / 19 µs pulsing conditions are shown in Fig. 8. The
top panel is a sum of gates on uncontaminated transitions in
the main cascade from the uppermost isomer observed, with
a fit including the prompt component to each of the states in
the path included. The lifetime obtained is 606(20) ns. The
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FIG. 9. Intermediate time spectra obtained with “start” gates in
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LEPS detector.

time curve for the 202 keV transition shows a 48 ns lifetime as
well as feeding from the longer-lived isomer above, whereas
the 165 keV transition placed below the 202 keV transition in
the level scheme shows both prompt feeding and feeding from
both isomers above. The prompt component is principally from
the path via the 247 keV transition depopulating the state at
2176 keV, which does not have a significant lifetime. Similarly,
the time curve for the 433 keV transition has a complex
shape, consistent (in detail) with the proposed level scheme.
Although not shown here, the 181 keV transition that feeds the
3234 keV state shows a lifetime of about 90 ns. As shown in
the level scheme (Fig. 2), we have not identified any transitions
feeding this state to be able to confirm the lifetime through the
time–γ -γ data, although consistent delayed components are
observed in the time spectra for transitions that follow, such as
the 810 keV line.

The lifetime of the 2130 keV state can be isolated, however,
in the time–γ -γ data with gates on the transitions that feed
(passing through states that have no significant lifetime) and
the 202 keV transition that depopulates that state. An example
is shown in Fig. 9 extracted from the coincidence data where
the 202 keV transition is observed in the LEPS detector, which
has a superior time response for low-energy transitions. The
absence of a prompt component in this spectrum, consistent
with its placement as a direct decay from an isomer, is in
contrast to the equivalent spectrum constructed with a gate
on the 165 keV transition. As mentioned above, it is fed via
both a prompt path (through the 247 keV transition) and the
202 keV decay from the isomer.

Transitions strengths for selected states in 209Fr, including
values deduced from lifetime limits in the cases of strongly
populated states with low-energy decays in the main cascade,
are given in Table III.

E. Spin and parity assignments

Assignments have been made taking into account all the
available experimental information including anisotropies,
transition strengths, and conversion coefficients. Some key
points can be made that lead to a number of firm assignments.
At low spins, the 606, 724, and 433 lines that carry the main
intensity can be characterized as stretched E2 transitions,
giving spins and parities of 13/2−, 17/2−, and 21/2− for
the 606, 1330, and 1764 keV states, respectively. In the
parallel path, the 622.7 keV transition to ground and the
466 keV line that feeds it are dipole and quadrupole transitions,
respectively. No significant lifetimes are observed here, so M2
multipolarity can be eliminated for the 466 keV line, whose
K conversion also defines it as an E2 transition. The total
conversion coefficient for the 136 keV line (Table II) defines
it as M1; and this, together with the decay from the 1764 keV
21/2− state via the 539 keV E2 transition to the 1225 keV state
and branches from both the 1225 and 1089 keV states to the 606
keV 13/2− state, leads to the assignments of 17/2−, 15/2−,
and 11/2− for the 1225, 1089, and 623 keV states, respectively.
The 433 and 539 keV transitions are then competing E2 decays
from the same state. The strong favoring of the lower energy
transition, despite the E5

γ energy factor, is attributed later to the
difference in configuration between the initial and final states.

The 165 keV transition is a dipole with a conversion
coefficient that is close to the M1 value (with a small E2
component), thus eliminating an E1 possibility, leading to
Jπ = 23/2− for the 1929 keV state. The situation with the
pair of states at 2130 and 2176 keV is complicated, but the
analysis leads to a clear assignment for both. On the basis
of intensity balances from a number of sources, the total
conversion coefficients for each transition must be small.
This leads to a definitive E1 assignment for the 202 keV
transition and a probable E1 assignment for the parallel
247 keV transition as well, although E2 cannot be completely
eliminated for the latter transition on this basis alone, because
of its slightly higher energy. However, the angular distributions
say that both are dipoles and therefore E1 (and, because of the
low conversion, not M1). Independently, since the 45.4 keV
transition to the 25/2+, 2130 keV state can be characterized as
an M1 (Table II), the 2175 keV state can only have either
Jπ = 25/2+ or 27/2+. However, the higher spin can be
eliminated, since it would require the 247 keV transition to
be an M2, which would imply both a very large conversion
coefficient for the transition and a long lifetime for the
2176 keV state, neither of which is observed. The 2176 keV
state lifetime is in fact short, within the present limit of
sensitivity of about a nanosecond for strong lines, while the
2130 keV state has a 48 ns lifetime.

The total conversion coefficient for the 232 keV transition
defines it as an M1, and this together with its negative
anisotropy leads to the 27/2+ assignment for the 2408 keV
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TABLE III. Branching ratios and transition strengths for selected states in 209Fr.

Initial Final Eγ Iγ a σλ αT B(σλ) Transition
state τ state J π (keV) (e2 fm2λ or µ2

0 fm(2λ−2)) strength (W.u.)

45/2− 4660 keV
606(26) ns 39/2+ 620.2 100.0(2) E3 0.0686 7.48(32) × 104 28.8(12)

41/2+ 335.5 1.1(2) M2 1.602 2.85(32) × 10−1 4.9(9) × 10−3

29/2+ 2425 keV
<1.0 ns 25/2+ 248.8 42(8) E2 0.261 >63.6(14) >0.86(19)

27/2+ 17.1 4.1(3)b M1 124 >8.1(11) × 10−2 >4.5(6) × 10−2

25/2+ 2176 keV
<1.0 ns 23/2− 247.3 350(10) E1 0.0533 >1.62(23) × 10−5 >7.1(1) × 10−6

25/2+ 45.4 18(3) M1 28.3 >1.22(27) × 10−2 >6.8(15) × 10−3

25/2+ 2130 keV
48(3) ns 23/2− 201.9 100 E1 0.0862 1.46(9) × 10−6 6.4(4) × 10−7

23/2− 1929 keV
<1.5 ns 21/2− 164.9 100 M1 3.46 >1.90(13) × 10−3 >1.06(7) × 10−3

aRelative intensities.
bγ -ray intensity deduced from total intensity balances and assuming pure M1 multipolarity.

state. The 2425 keV state directly above is connected by the
unobserved 17 keV transition, and although the conversion
coefficient of the 249 keV transition cannot be easily extracted
because of the proximity of the much stronger 247 keV
transition, its anisotropy suggests a quadrupole (and therefore
E2 rather than M2 multipolarity in the absence of a lifetime)
leading to Jπ = 29/2+ for the 2425 keV state. It is also the
case that the 2130 keV state is fed by only a few transitions
that bypass the 2425 keV state, consistent with the 2425 keV
state being of higher spin, although by itself, this is not a strong
argument.

Considering the main transitions that proceed in cascade
from the higher-lying isomer, only the 409 keV transition is
sufficiently low in energy that a total conversion coefficient
can be extracted from intensity balances (see Table II), and it
suggests M1 multipolarity. The anisotropies for the 691 and
516 keV γ rays are consistent with stretched quadrupoles,
while the absence of significant lifetimes for the initial
states eliminates M2, consistent with the absence of high
internal conversion. This, and the (mixed) dipole character
of the 409 keV transition, leads to the 33/2+, 37/2+, and
39/2+ assignments to the 3115, 3631, and 4040 keV states,
respectively. While a significant angular distribution cannot
be extracted for the 620 keV transition from the isomer, both
because it overlaps with a number of close-lying transitions
and because of attenuation due to the relatively long lifetime,
its conversion coefficients suggest E3 multipolarity, leading
to a natural explanation for the presence of an isomer, as will
be discussed in the section on configuration assignments. The
4324 keV state that decays via a 285 keV transition to the
39/2+ state is relatively strongly populated and is tentatively
assigned as 41/2+. It is observed weakly in coincidence with
the lower cascade in the out-of-beam time region, consistent
with the presence of a weak branch (335.5 keV) to it from the
45/2− isomer.

For the states not in the main cascade, while many of
the transitions are relatively weak, the measured anisotropies
provide significant constraints on the spins and parities. For

example, the 671 keV transition to the 23/2− 1929 keV
state has a positive anisotropy and (given the absence of a
significant lifetime) is probably a stretched E2, a possible
J → J alternative being unlikely given the population of
the 2599 keV state. That gives Jπ = 27/2− for that state.
It is fed by the 528 keV transition which also has a positive
anisotropy, hence a suggested assignment of 31/2− for the
3127 keV state. In contrast, the 566 and 631 keV transitions
that feed the 25/2+ and 23/2− states both have large
negative anisotropies, suggesting mixed M1/E2 transitions,
and therefore Jπ = 27/2+ and 25/2− for the 2696 and
2559 keV states, respectively. A similar argument applies to
the 603 keV transition leading to an assignment of 31/2+ for
the 3027 keV state.

The 810 keV branch from the 3234 keV state to the
2425 keV 29/2+ state is a dipole but with a relatively small
anisotropy, hence the 3234 keV state could be either positive
or negative parity. The other main branch is via the 331.2,
727.4 keV cascade, transitions which are probably mixed-
dipole and quadrupole (presumably E2), respectively, giving
a 29/2+ assignment for the 2903.2 keV intermediate state
and favoring positive parity for the 3234 keV state, hence
the suggested assignment of Jπ = 31/2(+). From its angular
distribution and total conversion coefficient (Table II), the
174.9 keV transition is mixed M1/E2, leading to 33/2(+) for
the 3409 keV state.

Similar considerations lead to the other suggested assign-
ments, but these will not be discussed in detail here.

IV. DISCUSSION

A. Configurations

In moving away from the closed neutron shell at N = 126,
the possible shell-model configurations that will produce rela-
tively low-lying states increases quickly. The configurations
that will give rise to multiplets involve the main proton
excitations (as calculated for 213Fr in Ref. [1]) coupled to
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FIG. 10. Systematic of selected states in the
odd-A francium isotopes.

several neutron-hole combinations. The proton components
listed in hierarchical order with their maximum spins include

πh5
9/2; Jmax = 25/2−,

πh4
9/2f7/2; Jmax = 31/2−,

πh4
9/2i13/2; Jmax = 37/2+,

πh3
9/2f7/2i13/2; Jmax = 41/2+,

πh3
9/2i

2
13/2; Jmax = 45/2−,

πh2
9/2i

3
13/2; Jmax = 49/2+.

The corresponding neutron excitations are exemplified by the
spectrum of 204Pb [19] with the four neutron holes coupled
to spin zero being the ground state and levels from the
configurations (listing only the main couplings)

ν
[
p−2

1/2

]
0+ , f −2

5/2; Jmax = 4+,

ν
[
p−2

1/2

]
0+ , f −1

5/2, i
−1
13/2; Jmax = 9−,

νp−1
1/2, f

−2
5/2, i

−1
13/2; Jmax = 11−,

ν
[
p−2

1/2

]
0+ , i−2

13/2; Jmax = 12+,

νp−1
1/2, f

−1
5/2, i

−2
13/2; Jmax = 15+,

νf −2
5/2, i

−2
13/2; Jmax = 16+,

defining its yrast levels up to about 5 MeV.
The large number of (non-equal) alternatives is one factor

that will lead to a difference in the more neutron-deficient
cases compared to isotopes close to N = 126, in that the core
excitations that tend to dominate once the valence proton spin
is exhausted are less likely to be competitive, since significant
angular momentum is available from the neutrons, particularly
the f5/2 and i13/2 neutron holes. Core polarization is also more
important as holes are added, leading to significant energy
shifts (several hundred keV), and maximum spin couplings
are usually unfavored because of the strongly repulsive proton
neutron-hole interaction for mutual alignment.

These factors act as a background to the consideration of
the selection of states in the energy systematics for the odd-A
francium isotopes shown in Fig. 10. Most connections made
between the states observed and the appearance of specific
configurations in moving away from the closed neutron shell
are straightforward.

At low spin, 11/2−, 13/2−, and 15/2− states related to those
in 211Fr are observed in 209Fr, as well as a second 17/2− state
at 1225 keV, proposed to be from the [νp−2

1/2f
−2
5/2]4+ excitation,

maximally coupled to the 9/2− proton ground state. The
539 keV E2 branch to this state, which is lower in excitation
energy than the 17/2− state from the pure proton excitation, is
considerably weaker than the 433 keV E2 branch to the upper
17/2− state, despite the higher transition energy, consistent
with the difference in configuration between the initial 21/2−
state and the lower of the 17/2− states.

The 21/2− and 23/2− states at 1764 and 1929 keV can
be associated with the h5

9/2 and h4
9/2f7/2 proton configurations,

respectively (with the neutron holes coupled to zero), observed
at 1686 and 1860 keV in 211Fr [1]. The maximally coupled
25/2− state from the h5

9/2 configuration (which does not
produce a 23/2− state) is expected about 750 keV above
the 21/2− state [1], the 25/2(−) state assigned at 2559 keV
therefore being a good experimental candidate. The limit
on the 165 keV 23/2− → 21/2−M1 transition is >1.06 ×
10−3 W.u., which is not a significant constraint on the
configurations proposed (Table III).

These and other suggested configuration assignments, some
of which are discussed further below, are summarized in
Table IV. A zero-order estimate of the energies of states
expected in 209Fr can be obtained by summing the observed
lowest-lying states in 204Pb with well-defined configurations
and those of the low-lying valence proton states known from
213Fr. These will be affected by the residual interactions
between the neutron holes and valence protons which can be
estimated approximately from the known two-particle residual
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TABLE IV. Selected configuration assignments in 209Fr ar-
ranged as multiplets.

Eexp. (keV) J π Main configurationa

0 9/2− πh5
9/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

1330 17/2− πh5
9/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

1764 21/2− πh5
9/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

2559 25/2− πh5
9/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

623 11/2− πh5
9/2 ⊗ ν(p−2

1/2)0+(f −2
5/2)2+

606 13/2− πh5
9/2 ⊗ ν(p−2

1/2)0+(f −2
5/2)2+

1089 15/2− πh5
9/2 ⊗ ν(p−2

1/2)0+(f −2
5/2)4+

1225 17/2− πh5
9/2 ⊗ ν(p−2

1/2)0+(f −2
5/2)4+

1929 23/2− πh4
9/2f7/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

2599 27/2− πh4
9/2f7/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

3127 31/2− πh4
9/2f7/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

2130 25/2+ πh5
9/2 ⊗ ν(p−2

1/2)0+(f −1
5/2 i

−1
13/2)9−

2696 27/2+ (πh5
9/2 ⊗ ν(p−2

1/2)0+(f −1
5/2 i

−1
13/2)9−

3416 33/2− (πh5
9/2 ⊗ ν(j−2)0+(i−2

13/2)12+ )

2176 25/2+ πh4
9/2i13/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

2408 27/2+ πh4
9/2i13/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

2425 29/2+ πh4
9/2i13/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

3027 31/2+ πh4
9/2i13/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

3115 33/2+ πh4
9/2i13/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

3631 37/2+ πh4
9/2i13/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

3234 31/2+ (πh4
9/2i13/2 ⊗ ν(p−2

1/2)0+(f −2
5/2)2+ )

3409 33/2+ (πh4
9/2i13/2 ⊗ ν(p−2

1/2)0+(f −2
5/2)2+ )

4040 39/2+ πh3
9/2f7/2i13/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

4324 41/2+ πh3
9/2f7/2i13/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

4660 45/2− πh3
9/2i

2
13/2 ⊗ ν(p−2

1/2f
−2

5/2)0+

aTentative assignments are indicated by parentheses.
bCalculated energies as described in the text.

interactions using standard techniques (see, for example,
Refs. [15,20]) but with the neutron and proton spin components
Jπ

n and Jπ
p restricted to those of the empirical 204Pb and 213Fr

states.
An unusual feature in the experimental spectrum is the

observation of two 25/2+ states at 2130 and 2176 keV, the
lower of which is an isomer. The upper state is suggested to
be the expected πh4

9/2i13/2 multiplet member (consistent with
the preferential decays to this state from the higher-lying states
in the main cascade), but there are few other possibilities for
obtaining states of this spin and parity at such a low energy,
and no equivalent is observed in 211Fr [1]. This leads us to the
suggestion of an excitation involving the i−1

13/2 neutron hole,

which is less significant in the heavier isotopes. The νf −1
5/2i

−1
13/2

excitation could add 9− to the proton components, but as noted
earlier, the maximum spin couplings will not be favored. The
proposed configuration for the 2130 keV is this neutron-hole
excitation coupled to the proton 9/2− ground state, with J =

Jmax − 1 = 25/2+. The 9− excitation in 204Pb is at 2186 keV
[19], while in the (four valence-proton) isotone 208Rn it has
been assigned at 2319 keV [21]. On the basis of the residual
interactions (see Ref. [1] for representative calculations) the
Jmax = 27/2+ state from the same multiplet would be expected
about 800 keV higher. The 27/2+ state at 2696 keV has a
preferential decay to the lower 25/2+ state and is a candidate
for the Jmax state, given that the residual interactions are likely
to be overestimated.

Both 25/2+ states have retarded E1 decays to the 23/2−
state, but that from the 2130 keV isomeric state is an order
of magnitude slower than the decay from the upper state,
consistent with the larger configuration difference. Only a limit
is available for the 45 keV M1 transition that connects the two
25/2+ states; but again, at >7 × 10−3 W.u., it neither presents
a difficulty nor supports the assignment, remembering also that
there may be some mixing between the 25/2+ states given their
proximity.

Note also that there are no direct decays to the 2130 keV
state from the 27/2+ and 29/2+ states at 2408 and 2425 keV.
The 27/2+ and 29/2+ states are attributed to the same source
as the upper of the two 25/2+ states, namely, the πh4

9/2i13/2

configuration. These states are from the lower seniority
couplings within the h4

9/2 component, with the maximum spin
from that coupling in this configuration (π [h2

9/2]0h
2
9/2i13/2)

being 29/2+. The equivalent 29/2+ and 25/2+ multiplet
members are closer in energy in 211Fr and connected by a
strong 113 keV E2 transition [0.36(5) W.u.], while in 213Fr,
only the 29/2+ state is observed, the 25/2+ being either
higher in energy or bypassed. As discussed in Ref. [1], these
states are sensitive to core polarization [22], which has the
effect of raising the 29/2+ energy and lowering the 25/2+
energy with a concomitant contribution to the E2 strength
because of the introduction of a 2+ → 0+ core component.
A change to a 204Pb core from the 206Pb core active in
211Fr, will enhance the core polarization (see Ref. [21]), thus
accounting for the larger (249 keV) gap observed in 209Fr,
and presumably the higher strength of >0.9(2) W.u. for the
249 keV E2 transition. The limit on the strength of the 17 keV
M1 transition connecting the 29/2+ and 27/2+ states is not a
constraint, as noted with other low-energy M1 transitions; but
at >0.05 W.u., it might be becoming significant. An equivalent
27/2+ state has not been observed in the heavier isotopes. It is
seen in 209Fr because it falls below the 29/2+ state, whereas in
the heavier cases it is predicted to lie above the 29/2+ state [1].

This leads to the assignments for the main cascade, together
with the 29/2+ state already discussed, the 33/2+, 3115 keV
state, and the 37/2+, 3631 keV states being the multiplet
members from the πh4

9/2i13/2 configuration extending up to
the maximum spin available.

As has been discussed previously, the yrast states in the
closed neutron shell nucleus 213Fr are dominated by proton
configurations up to about 5 MeV. The highest spins available
at moderate energies are from the πh3

9/2i
2
13/2 valence proton

configuration which can couple to Jπ
max = 45/2−. In both 213Fr

and 211Fr, this state preferentially decays via an enhanced E3
transition to the πh3

9/2f7/2i13/2 valence proton configuration
with Jπ

max − 1 = 39/2+. The same configurations are assigned
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here to the isomeric state in 209Fr at 4643 keV and to the 39/2+
state at 4040 keV. The 41/2+ maximum-spin partner of the
4040 keV state is presumably the 4324 keV state. The E3
strengths for the 45/2− → 39/2+ decays are 34–42 W.u. in
213Fr [1], 33(4) W.u. in 211Fr [1], and 28.8(12) W.u. in 209Fr
(present work, Table III). In 209Fr we also observe a very weak
branch from the 45/2− isomer to the 41/2+ state at 4324 keV,
with a low M2 strength of ∼0.005 W.u., consistent with
the J -forbidden M2 implied by the proposed configuration
assignments.

Although the information on the states above the 45/2−
isomer, most of which involve single-transition feeds, all
seem to be either spin 47/2 or spin 49/2, with five likely
47/2 states (at least two with negative parity) and two 49/2−
states. Most could be accommodated within the groups
of states expected from the higher lying configurations
listed earlier, viz., πh4

9/2i13/2 × ν(p−2
1/2)0+[f −1

5/2i
−1
13/2]9−

(Jmax = 55/2−), πh3
9/2f7/2i13/2 × ν(p−2

1/2)0+[f −2
5/2]4+ (Jmax =

49/2+), πh3
9/2i

2
13/2 × ν(p−2

1/2)0+ [f −2
5/2]4+ (Jmax = 53/2−),

πh2
9/2i

3
13/2 × ν[j−4]0+ (Jmax = 49/2+), and πh2

9/2i
3
13/2 ×

ν(p−2
1/2)0+ [f −2

5/2]4+(Jmax = 57/2+). (Whether the highest spin
states from these configurations could be identified in the
future will depend on the angular momentum limitation
imposed by the competition with fission, although there is
scope for further enhancement of the angular momentum
input with the present reactions.)

There are a number of non-yrast states for which the spin
and parity assignments are less firm, and it is not possible to
make reliable configuration assignments. However, the group
of non-yrast states with possible positive parity such as those
at 3234 and 3409 keV and the states above and below that
decay eventually through the 25/2+, 27/2+, and 29/2+ states
assigned to the πh4

9/2i13/2 configuration probably have the
same proton configuration but with an angular momentum
contribution from the p- and f -neutron holes, as indicated
(tentatively) in Table IV.

Finally, the weakly populated isomeric state at 3415 keV
has a tentative 33/2(−) assignment and decays only to the

3324 keV state. A possible configuration assignment is the
12+ four neutron-hole state in 204Pb(p−2

1/2i
−2
13/2 configuration)

coupled to the 9/2− proton ground state. The energy difference
between the 9− and 12+ states in 204Pb is 1320 keV, which,
ignoring residual interactions, would imply (relative to the
2696 keV 27/2+ state) a 33/2− state at about 4016 keV,
significantly higher than the observed state. The residual
interactions are likely to increase the gap. An additional issue
is its preferred decay path via a low-energy E1 transition, when
there are several lower-lying states to which it could, in prin-
ciple, decay by higher energy, low-multipolarity transitions.
The origin of this isomer is therefore an open question.

V. SUMMARY

A comprehensive level scheme has been established for
209Fr including three isomers, the uppermost of which arises
from an enhanced E3 decay. The assignments disagree with
earlier work on this nucleus, a discrepancy attributed from
the present measurements, to an isotopic misassignment in
the previous work. The main yrast states observed can be
associated with either valence proton configurations or proton
configurations coupled to relatively low-spin couplings of the
neutron holes. This is consistent with the state properties and
in good agreement with the expectations from the systematics
for the odd-A isotopes. Although more complicated because
of the presence of the higher-spin neutron holes, leading
to alternative ways of producing states of a given spin, the
structures are generally similar to those in the heavier isotopes
arising from spherical shell-model configurations.
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